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This letter report is the second in a series of draf t reports to be >

' published by the WRC-sponsored ORNL BWR Mark II and I~I Parametrics
Program.

The purpose of this letter report is to provide an update on the status
of ongoing work, and to provide a summary of the results obtained to
date. The intent of the Mark II and III Parametrics Program is to apply
the best available BWR severe accident simulation tools and detailed
plant models to provide best-estimate analyses of generic Mark II and
III severe accident behavior, and to assess the potential value of plant.
and procedural modifications. No single computer code provides the
best-available treatment of all aspects of BWR severe accident phe-
nomena. Some potentially important BWR Mark II severe accident phe-
nomena cannot be modeled by any existing computer code. The BWRSAR,
MELCOR, and HEATING cos:puter codes are being employed for the analyses
discussed in this report. Considerable effort has bet.n expended to
develop detailed plant models (i.e., code input decks) which accurately
reflect the most important design features of Mark II and Mark III con-
tainments, while maximis.ing the generic applicability of the analyses
rescits. In this regard, the cooperation of the Pennsylvania Power and
Light Company (PP&L), and System Energy Resources Incorporated (SERI)
{the owners of the Susquehanna and Crand Culf nuclear power plants) is
greatly appreciated. Both PP&L and SERI have provided site visits and
access to detailed plant design and procedural data which has contri- ,

buted significantly to the quality and applicability of these analyses.

This report focuses on the results of the analyses completed before
November 7, 1989.

Sherrell R. Creene, Manager
Mark II and III Parametrics

Program
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EEECUTIVE SLBGERY

This report is the second in a series of letter reports to be published
by the NRC-sponsored ORNL BWR Mark II and III Parametrics Program. The
report focuses on the results of analyses conducted prior to November 7,
1989 to investigate the response of BWR Mark II and Mark III contain-
ments to an unmitigated short-term station blackout severe accident
sequence.

The BWRSAR, MELCOR, and HEATINC computer codes are being ' employed for
t t.e analysis of BWR-4/ Mark II and BWR-6/ Mark III reactor / containment
systems. BWRSAR is being employed to characterise the mass and energy
sources from the reactor to the containment for the scenarios of
interest. HELCOR is employed to calculate the response of the contain-
ment to these sources. HEATING is used to conducted detailed analyses
of the response of Mark II downcomers to core-concrete debris impinge-
ment.

BWRSAR calculations have been completed for the first 900 min. of the
short-term station blackout sequence with automatic depressurisation
system (ADS) actuation for both the BWR-4/ Mark II and the BWR-6/ Mark III
designs. Reactor vessel (bottom head penetration) failure is predicted
to occur in the BWR-4 case at 263 min. into the transient. Reactor
vessel failure is predicted to occur in the BWR-6 case at 218 min. into
the transient. BWRSAR calculations have also been completed for the
BWR-4/ Mark II short-term station blackout accident sequence without ADS
actuation. Reactor vessel (bottom head penetration) failure is pre-
dicted to occur in the BWR-4 case at 246 min. into the transient
(17 min. before vessel failure in the case with ADS).

BWRSAR calculations have also been conducted to examine the potential
impact of the most recent esperimental findings regarding BWR debris
eutectic formation in the lower head of the reactor vessel. [ Debris
relocation into the BWR bottom head would cause bolloff of the water
theret after dryout, reheating of the collected debris would promote the
formation of eutectic mistures.) These calculations indicate that more
unosidised sitconium would be espected to enter the containment early in
the accident than is predicted by traditional modeling methods. This
unoxidised sitconium would oxidise on the containment floor, heating the
debris and providing a direct source of hydrogen to the drywell atmo-
sphere. However, the calculations also indicate that any significant
differences in the predicted containment response would be limited to
the first two hours af ter initial reactor vessel penetration failure.

MELCOR calculations hava been completed for the BWR-4/ Mark II short-term
station blackout accident with ADS initiation. The Mark 11 t.ontainment
model utilised in this study incorporates a deep impedestal drywell
cavity similar to that of WNP-2 (flooded impedestal wetwell region).
The results of the calculations conducted to date indicate that the
impedestal drywell floor would be completely ablated at 810 min. for the
case where all of the debris is held inpedestal, and at 846 min. for the

ES-1
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case where 51 of the reactor vessel debris pour is assumed to flow
directly into the wetwell. The containment pressure at the time of dry-
well floor failure in the first case is predicted to be approximately
120 pois, which is below the espected contair. ment failure pressure of
135 pois. The containment pressure in the second case (51 debris enters
the wetwell pool) is approximately 125 pois. No assessment of the con-
tainment pressure pulse resulting from gross debris / pool interactions'
following drywell floor failure has been made. These results are not
applicable to Mark II designs such as Limerick and Susquehanna which do
not have an impedestal drywell cavity. Additional MF.LCOR Mark II cal-
culations are in progress at the present time.

Detailed HEATING-6 calculations have been conducted to examine the
response of a typical Mark II downcomer to debris impingement. The
debris conditions employed for this analysis are based on the MELCOR/
CORCON results for the short-term station blackout accident sequence
with ADS actuation, and are representative of the most challenging
debris conditions observed throughout the calculation. The results of
these analyses suggest that the downconers may be able to withstand
debris heights of sis inches without failing for the specific initial
and boundary conditions utilized in the study. Fire conclusions regard-
ing downconer survivability cannot be made, however, since several
potentially-important transient effects are ignored by these analyses.

MELCOR calculations are underway for the BWR-6/ Mark III short-term
station blackout sequence with ADS actuation. No calculations were com-
plate as of November 7, due to several MELCOR code problems and
MELCOR/8WRSAR interface issues that have slowed progress in this area.

Several MELCOR code bugs and suggested improvements have been identified
to date, and forwarded to the Sandia MELCOR code development team.
Three of these problems could not be corrected via creative use of code
input options. These three problems were addressed by modifying MELCOR
directly and creating new local (ORNL) versions of the code.

Finally, a short-term study (funded by Oak Ridge Associated liniversi-
ties) has been completed to assess the state of knowledge regarding
core-concrete-water interactions, the potential significant of such
interactions in Mark 11 containment systems, and the efficacy of incor-
porating more comprehensive models for these phenomenon in HELCOR. The
conclusions of this study are that esperimental data for core-concrete- 1

water interactions is virtually non-existent. The presence of hot or
molten concrete and concrete decomposition products in core debris could
significantly alter the dynamics of fuel-coolant interactions. MELCOR's

capability to simulate these phenomena is estremely simplisticcurrent

and limited in scope. The incorporation of concrete properties and the
ability to treat core-concrete-water interactions could be added in a
straigLt-forward way to MELCOR to provide a more versatile parametric
tool for simplistic analyses of this potentially-important Mark II
severe accident issue. -

ES-2
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THE RESPONat OF SWR MARK II AND NARK III CONTAIRMENTS TO
SMORT-TERM ETATION BLACEOUT SEVEEE ACCIDENT SEQUENCES

1. INTRODUCTIDN I
-.

The' ORNL BWR Mark II and III Parametrics Program is sponsored by the j
Severe Accident Issues Branch of the NRC's Office of Nuclear Regulatory ;

Research, and is a major element of the NRC's Mark II and III Contain-
ment Performance Improvement (CPI) Program. The CPI Program is intended
to complement the ongoing Individual Plant Esamination (IPE) ef for'. by
identifying and providing an understanding of generic Mark II and III '

severe accident containmer.t challenges. ORNL's primary responsibility
is to perform best-estimate analyses of severe accident core degradation

,

and containment response phenomena.
|,

Venting for Boiling Water Reactor (BWR) containments has been suggested
as a way to prevent some types of core melt accidents or to avoid
catastrophic containment failure and large consequences resulting f rom
others. A study (Ref. 1) performed at the Idaho National Engineering
Laboratory (INEL) has evaluated venting procedures that were in draft
form for the Peach Bottom Atomic Power Station (a Mark I containment).
A main conclusion from that study on post-core-melt mitigation was that
" based on the draft procedure and equipment in place at the time of the
analyses, containment venting has limited potential for further reducing
the risk associated with accident sequences currently identified as
being important to risk." More recently, Vermont Yankee Nuclear Power
Corporation (Ref. 2) and the Boston Edison Company (Ref. 3) have sub-
mitted to the Nuclear Regulatory Commission (NRC) potential plans for
venting procedures at the Vermont Yankee and Pilgrim plants, respec-
tively. These proposals have also been assessed by INEL (Ref. 4). The'

!
,

ORNL BWRSAT Program has assessed a Mark I plant (Peach Bottom) using the
BWRSAR and CONTAIN codes for the more risk significant (based on draft
NUREC-1150, dated February 1987) sequences with and without assumptions
related to improvements in the Automatic Depressurization System, con-
tainment sprays, and venting (Ref. 5). Similar assessments of Mark II '

and Mark III plants are to be made in this Program.

| The fundamental design characteristics of Mark I, II, and III contain-
; ments are significantly different (Table 1.1). With respect to sise.
|. the major design difference is that the total containment free volume of
'

the Mark II is 30-401 larger than that of the Mark I, while the total
containment free volume of the Mark III is 500-4001 greater than that of
the Mark I. This difference alone would suggest that the basic severe
accident performance of the Mark II and III plants might be signifi-
cantly different than the Mark I plants. However, the three containment
designs also differ in shape and the location of the pressure suppres-
sion pool relative to the drywell floor. The objective of this study

,,

is, therefore, to assess the impact of various severe accident parame- ..

ters on the survivability of Mark II and III containments. Parametric '

analyses are performed to determine the impact of a range of important
parameter values on core melt progression and containment failure
timing.

1-1
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Table 1.1. BWR Mark I, II, and III Containment Characteristics [

MARK I MARK II MAkK III
PARAMETER BROWS FERRY LIMERICK CRAND CULF -

,

Drywell Design Pres. (psis) 56 55 30

Drywell Design Temp. ('F) 281 340 330

Drywell Free Volume (ft ) 159,000 248,900 270,0003

,

Wetwell Design Pres. (psis) 56 55 15

Wetwell Design Ttop. ('F) 281 220 185
'

Min. Wetwell Free Vol. (ft ) 126,200 149,400 1,400,0003

Man. Wetwell Pool Vol. (ft3) 127,800 127.800 136,000

Total containment Free Vol. (ft ) 285,200 398,300 1,670,0003

1

9

.

%
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This report focuses on the short-term station blackout sequence. His-
torically, the station blackout accident has been considered to be the
sequence initiated by loss of off site power and reactor acram combined i

with failure of the station diesels to start and load. Today, this
accident sequence is classified as long-term Station Blackout, in which ,

water is injected into the reactor vessel by the steam turbine-driven r

HPCI or RCIC systems as necessary to keep the core covered for es long
as DC power for turbine governor control remains available from the unit
batteries, a period of about six hours. The reason for today's "long- *

ters" designation is that the definition of station blackout implemented '

by the WRC-sponsored Accident Sequence Evaluation Program (ASEP) has |

been espanded to include two cases that heretofore would have been
classified as Loss of Injection, or TQUV in WASH-1400 parlance. In
these short-term station blackout sequences, the capability f or water ;

injection to the reactor vessel is lost at the inception of the accident '

sequence. (The short-term designation derives f rom the f act that the
core is uncovered relatively quickly in these sequences.)

The early total loss of injection hallmark of BWR short-tere Station
Blackout might be initiated in either of two ways. l'irst, there might

be independent f ailures of both the NPCI and RCIC systems when they are
called upon to keep the core covered during the period while DC power,

remains available. Second, there might be a common-mode failure of the
DC battery systems that, upon loss of offsite power, precludes starting
of the diesel generators and thereby is the cause of the Station Black-
outt without DC power for valve operation and turbine governor control,
the steam turbine-driven injection systems would not be operable.

With respect to the basic characteristics of the severe accident sequ- ,

| ence, the dif ference between long-term and short-ters Station Blackout !

can be summarized as follows: DC power remains available during the ,
,

period of core degradation for short-term Station Blackoutt the decay
heat level is relatively high and the reactor vessel is depressurized
during the period of core degradation and material relocation within and
from the vessel. I'o r long-term Station Blackout, the core remains
covered for more than sin hours so the decay heat level is approximately

| 301 less during the period of core degradation and, since the SRVs ,

cannot be manually operated without DC power, the reactor vessel is
pressurised at the time of bottom head penetration failure and initial
release of debris from the vessel.

Much of the impetus f or basing these BWR containment response studies
upon the short-term station blackout severe accident sequence derives
from the most recent findit.gn of the ASEP in support of the NUREC-1150
effort (Ref. 6). These findings provide the estimate that 49% of the
overall risk of core damage at Peach Bottom and 971 of the core damage
risk at Crand Gulf can be attributed to the overall threat of Station
Blackout. Although no BWR Mark II containment was considered in the
NUREC-1150 effort, there is no reason to suspect that station bisckout
would not be a dominant sequence for Mark II f acili*.ies. I'or Peach
Bottom, the recent ASEP program findings assign 441 of the overall cor? -

4
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damage frequency to long-term station Blackout, 51 to short-term station
Blackout, 421 to ATW4, and 111 to all other possible accident sequences
(Ref. 7). A recently completed study by INEL (Ref. 8) finds base-case

!

,

core damage frequencies for a generic BWR Mark II containment plant to I

be 291 for long-term station Blackout, 121 for short-term station
i

Blackout, 281 for ATWS, and 311 for all other possible sequences. '

A series of BWR-4/ Mark !! and BWR-6/ Mark !!! calculations are cur- '

rently underway at ORNL. The BWR-LTAS (Ref. 9), BWASAR (Ref.10), and
!MELCOR (kef.11) codes are being employed for analysis of the reactor f

and primary containment response for a variety of short-term station '

blackout scenarios. This report describes the results and status of *

calculations for (a) a BWR-4/ Mark II short-term station blackout '

sequence in which the automatic depressurisation system (ADS) is ini-
etlated in the optimum manner to delay the onset of hydrogen generation

and core damage and relocation, (b) a BWR-4/ Mark !! short-ters station
blackout sequence in which the reactor is not depressurised, and (c) a

1BWR-6/ Mark III short-term station blackout sequence in which the ADS is *

initiated in the optimum manner to delay the core damage process.
Although no calculation directly addresses the long-term station black-

,

out accident sequence, it should be noted that the accident sequence
ianalysed in case (b) can also be considered to represent a worst-case

long-term station blackout. (The reactor vessel remains pressurised
during the period of core degradation, but the decay heat levels are
higher than those normally associated with the long-term case.)

Chapter 2 describes the results of the BWR-4/ Mark II analyses. Sec- i

tion 2.2 describes the BWRSAR BWR-4 reactor model utilised to define the -

snvessel accident sequence progression, debris pours, and safety / relief in1ve (SRV) flows necessary to drive the containment model, and the '

| mvessel ace.ident progression and debris pours for the short-ters-black-
t @t sequences analysed to date. Section 2.3 presents a description of ,

-

the Mark II containment design and containment failure mechanisms, the
MELCOR M' ark II containment model and the MELCOR containment response
calculations conducted to date. Section 2.4 describes the results of
detailed heat transfer calculations currently underway at ORNL to assess
the impact of core debris impingement on and interaction with Mark II '

downconers.

Chapter 3 describes the results of the BWR-6/ Mark I!! analyses. Sec- *

tion 3.2 describes the BWRSAR BWR-6 reactor model utilised to define the
invessel accident sequence progression, debris pours, and safety / relief
valve (SRV) flows necassary to drive the containment model, and the

j invessel accident progression and debris pours for the short-term black-
1 out sequehees analysed to date. Section 3.3 presents a description of

the Mark III containment design and containment failure mechanisms, the
MELCOR Mark III containment model and the MELCOR containment response
calculations conducted to date.

The MELCOR computer code is currently under active development at Sandia
National Laboratories. The current version of the code (version 1.8.0)
does not treat scme of the BWR-specific severe accident phenomena such

! 1-4 '
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as core plate failure modes, multi-eutectic debris formation invessel, i
corium spreading on the drywell floor, steam esplosions in Mark II
wetvells, and others important to the current analyses. Many of these
limitations are a consequence of MELCOR's use of other pre-existing '

severe accident analysis codes (CORCON and VAWESA) as physics modules.
The' successful completion of the work described in this report has also I

involved identification and/or clarification of several additional code .

deficiencies and limitations that had initially prevented application of '

MELCOR to the sequences of interest in this study. Many of these prob-
less are artif acts of differences in MELCOR's and BWRSAR's assumptions
regarding the manner in which core debris is formed inves'sel and dis-
charged from the vessel following vessel failure. Appendia A presents a
suammary of the various problems identified and reported to the MELCOR
code development staff at gNL during the course of this study. Appendia
B describes the local MELCOR code modifications implemented at ORNL for i

three cases in which a basic code application problem could not, to an '

acceptable degree, be circumvented via manipulation of code input.
:

Appendia C presents a brief description of the BWR$AR/MELCOR interf ace i

., written at ORNL to provide an automated method for driving the MELCOR
containment models with the BWRSAR BRV flows, vessel leakage flows,
debris pours, and eavessel decay heat levels. Appendia D presents the
results of a brief investigation (funded by Oak Ridge Associated lini- ;

versities) conducte( to evaluate the state of knowledge concerning '

core-concrete-water interactions, the impact of such interactions on
Mark II containments, and the efficacy of implementing modifications to
MELCOR's Fuel Dispersal Interaction module to allow the code to provide
some analysis capability for this Mark !! severe accident phenomenon.
Representative examples of the various code input decks used for the i
analyses are provided in Appendia E (Mark II calculations) and Appen-
dix F (Mark III calculations).

i

1
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2. SWR-4/M&RK II MBALYSR8
.

2.1 Introduction
. ,

There are nine domestic BWR Mark II units (sis plants): Limerick-1 and
-2, Susquehanna-1 and -2, La Salle-1 and -2, WP-2, Nine Mile Point-2, ~

,

and Shoreham.. Limerick, Susquehanna, and Shoreham (five units) employ
the SWR-4 reactor designi while La Salle, WP-2, and Wine Mile Point-2
(four ur.its) employ the BWR-5 reactor design. The basic design charac-
teristics . of these plants are eununarised in Tables 2.1 and 2.2.

.

Although these plants share many generic containment features, the
,

drywell reactor pedestal / cavity design is highly plant-specific (sec
Section 2.3.1). For the purpose of these analyses, s. synthetic " Mark 11
CPI Plant" design is being utilised. This CPI Plant integrates

'

Susquehanna's BWR-4 reactor with a primary containment which incor-
porates elements of the Susquehanna, La Salle, and WP-2 designs. This
combination of features.was chosen, in part, to minimite the impact of
current core-concrete interaction analysis code (CORCON) limitations by
uti'41 ting a drywell pedestal / cavity design (La Sa11e/WP-2) that pre-
vents spreading of the core debris to the expedestal region of the dry- '

well.
,

This chapter presents the results of the Mark II calculations performed '

for this study. Section 2.2 describes the results of the SWRSAR calcu-
lations conducted to evaluate the response of the BWR-4 to (a) a short-
term station blackout in which the automatic depressurisation system s

(ADS) is activated in a manner consistent with (but modified slightly ,

from) esisting plant operating procedures, and (b) a short-term station
blackout case in which the reactor vessel is not depressurised. These,

| BWRSAR calculations define the SRV and vessel leakage flows and the
debris pours needed to drive the containment response calculations.,

The vessel debris pours calculated by the SWRSAR code depend upon a
user-input definition of the pure species and eutectic mistures that v

will form in the vessel bottom head and their melting points. Two .

| distinct cases were evaluated for the short-term station blackout '

scenario in which the ADS is actuated. A "best-estimate" debris pour
calculation was performed in which BWRSAR was directed to generate,

multiple eutectic species in the lower head in a manner censistent with'

the results of the small-scale BWR Core Debris Eutectic Formation and
Melting Experiment (Ref. 1) performed at ORNL by C. W. Parker in
December 1987. However, the CORCON module within MELCOR can not accom-
modate this multi-eutectic treatment. A second case was, therefore,
evaluated in which BWRSAR was directed to form bottom head debris con-
stituents consistent with those utilised by CORCON. The results of both
these calculations are described in Section 2.2, along with the results
of the case in which the ADS is not actuated.i

Section 2.3 describes the results of the Mark II containment response
calculations, and Section 2.4 presents the results of analyses conducted
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Table 2.1. Domestic BWR Mark II Units

REACTOR COMMERCIAL
8NAME NWe LOCATION TYPE OPERATION

i La Salle 1 1036 Seneca, IL 5 10/82
L La Salle 2 1036 Seneca, IL 5 6/84
|

Limerick 1 1055 Pottstown, PA 4 2/86
Limerick 2 10$$ Pottstown, PA 4 89%

Wine Mi. Pt. 2 1080 Scriba, NY 5 3/88
'

! Shorehas 809 Brookhaven, NY 4 100%

Susquehanna 1 1032 Berwick, PA 4 6/83 '

,.
Susquehanna 2 1032 Berwick, PA 4 2/85

|

| WWP-2 1095 Richland, WA 5 12/84

*The BWR-4 plants employ a High Pressure Coolant Injection (HPCI)
; steam-turbine pumping system to provide high pressure makeup to the

reactor vessel via a feedwater line. In the SWR-5 plants, this system,
'

is replaced by a High Pressure Core Spray (HPCS) system, which is
driven by an electric motor. .

[

|

.
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Table 2.2. Domestic BWR Mark II Design Parameters
.

PARAMETER Lim LaS Sus 9Mi Sho WNP

Power (Mwt) 3293 3293 3293 3300 2436 3293
Design Psis 55 45 53 45 48 45

-5 -5 -5 -5 -5 -2
Drywell Design Temp (*F) 340 340 340 340 340 340
Wetwell Design Temp ('F) 220 275 220 212 225 225
Drywell Free volume Ft3 248900 229500 239600 303400 192500 200500
Wetwell Free Volume Ft3 289100 297000 281500 346800 215400 256400
Tot. P.C. Ft 3/Mwt 163 160 158 197 167 139
Wo. Downcomers 87 98 82 123 82 102
Downconer Die (in) 24 23.5 24 23.3 23.3 24
Tot. Downconer Ft r 257 295 242 363 242 309

Lim = Limerick
Las = La Salle
sus = Susquehanna ,

9Mi = Wine Mile Point-2 '

Sho = Shoreham
WWP = WNP-2 .

P.C. * Primary Containment ,

r

x

6

#

#

F

h
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to esamine the response of Mark II downcomers to core debris impinge- ,

ment. Appendia D discusses Mark II core-concrete-pool interaction !issues.
i

2.2 BWR-4 Short-term Station Blackout Core Degradation Analyses
.

2.2.1 Introduction
~

The purpose of these BWRSAR code calculations is to provide the debris ;

pour rates and compositions for an unmitigated short-term station black-
out accident sequence that proceeds beyond the point of reactor vessel
bottom head failure. The BWRSAR code results are being used to drive a
detailed MELCOR code simulation of the BWR Mark II containment response.

The cora degradation analyses performed in support of the studies dis-
cussed in this chr.pter have been calculated with the Boiling Water i
Reactor Severe Accident Response (BWRSAR) code and are based upon the
unmitigated short-term station blackout accident sc:tuence at a proto-
typic BWR of the Mark II containment design. (Initial conditions for
the calculation were provided by the BWR-LTAS code, as discussed in
Section 2.2.2.) The purpose of these BWRSAR calculations is to provide
the reactor vestel gas blowdown rates and the core and structural debris >

pour rates from the vessel for use as input to subsequent MELCOR calcu-
lations of the detailed containment response. Information concerning
the BWRSAR code and its applications to short-term station blackout .le
provided in the following discussion.

The BWRSAR code implements the BWR severe accident modeling strategy
outlined in Table 2.3. It should be recognized that this methodology,
developed at ORNL by L. J. Ott, involves significantly longer times to
reactor vessel t.ottom head penetration f ailure than previous analytical
approaches because of the contention that after the onset of core
degradation and the initial local failures of the core plate, the very
large amount of water in the BWR reactor vessel bottom head must first
be boiled away and the quenched debris must then reheat (to about

1900*F) before the reactor vessel bottom head renetrations can fail. It
should also be noted that, it. general, very little of the det,ris in the
bottom head is molten at the time of penetration failure and, therefore,
the subsequent debris pours from the reactor vessel are controlled by
the rate of debris melting and begin someties af ter penetration fail-

,

ure. However, if the reactor vessel were pressuri;:ed at the time of *

penetration failure, then the metal-water reactions associated with the

|- vessel blowdown through the bottom head debris would produce a large
amount of hydrogen and associated energy release within the debris bed,
and significant debris pours would begin almost immedistely after bottom
head penetration failure.

Additional and more detailed information concerning the operation of the
BWRSAR code and its capabi\ities and limitations can be found in Refer-
ences [2] and [3).

.
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Table 2.3 BWRSAT program Calculational Methodology Employed
to Represent Events Between Onset of Core Degradation

and pour of Holten Materials from

Reactor Vessel for BVRs

1. As canister and control blade material becomes molten, it is
relocated onto the core plate. This causes
a. a. temporarily increased steaming rate
b. core plate dryout and cessation of steaming
c. buildup of mess on the core plate and core plate heatup.

2. Each radial region of the core plate fails due to loss of strength
when its celculated temperature reaches a user-specified value.s.
Each core plate region and its accumulated debris falls into the
lower plenum, producing a burst of steam and lowering the water
level there as the fallen material is quenched.

3. Molten 2r metal flows downward over the lower core fuel rod nodes,
leaving the 002 fuel pellets encased in thin Zr0 sheaths. Steam
rising from the lower plenum cools the core nodes from which all
unoxidised Er has been removed. On the other hand, the rising steam
causes energy release in the core peripheral nodes where 2r metal at
elevated temperature still remains.

4. The standing portions of the core fall into the lower plenum by
radial column. Each core column collapses when its average clad
temperature reaches a user-input value, at which time very little of
the UO mass in the region has become molten. (The actual failure
mechanism is weakening, by overtemperature, of the Zr0 sheaths
surrounding the U03 fust pellets.) The falling mass is quenched by
the water in the lower plenum until the time of botcom head dryout.
After bottom head dryout, the debris begins to reheat.

5. The structure of the control rod guide tubes in the lower plenum is
heated by the surrounding core debris and is veakened to the point
of f ailure when its temperature reaches a user-specified value.
Failure of the control rod guide tubes causes all remaining standing
portiens of the core to immediately collapse. The control rod guide
tube mass is added to the bottom head debris.

6. Bottom head penetrations fail by a simulated creep-rupture mechanism'
as the debris mass in their vicinity reaches about 2100'F. The
reactor vessel depressurises and equalises wath drywell pressure.
When standing molten metal pools develop within debris modes remote
from the vessel wall, leakage pathways are opened through the wall
via the instrument guide tubes.

7. The individual components of the debris mass leave the vessel in the
order that they reach their melting pointe and become liquid. Solid
metallic material surrounding the lower portien of the original
instrument guide tube locations is ablated into the molten material
flowing from the reactor vessel via these pathways.

2-5
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2.2.2 BUR-4 BWESAR Model |
I

The -BWRSAR code input deck for the SWR Mark Il calculations is based '

upon the Susquehanna Plent. Construction of the input deck was greatly
f acilitated by information provided by the Pennsylvania Power and Light
(PP&L) Company with regard to plant-specific design features. !

l
One of the information items provided by PP&L in support of this study
has general application to accident studies based upon all types of BWRs
and is considered to be of sufficient importance to warrant a brief
description here. This item involves Susquehanna Plant data recorded '

during a plant test in which the main steam isolation valves were
tripped with the reactor at power (Ref. 4). Recorded data includes
reactor vessel pressure and water level, feedwater flow, EPCI and RCIC i

system injected flow, and core inlet flow. It has been necessary in I

previous studies to neglect the effect of reactor vessel injection
during feedwater turbine coartdown because information on wh!.ch to base ;
a reasonable estimate of this effect was not available, As a result of
this test, however, we now have the Susquehanna data, which show that
the injection associated with feedwater pump coastdown is sufficient to
increase the reactor vessel water level by about $7 in. The higher
initial reactor vessel water level, in turn, causes a delay of about
16 min. in the time of uncovering of the top of the core and correspond-,

| ing delays in the subsequent events of the accident sequence.

!' Additional detailed plant-specific information provided by PP&L combined
with the experience and insight gained from previous BWR severe accident '

studies at Oak Ridge and recent advances in the state of severe accident
,

research have been utilized to construct a BWRSAR code input deck that
is considered to be an improvement over previous effort.: in the follow-
ing ways:

,

.1. Representation of 9 = 9 fuel assemblies,

2. Axial conduction calculated for the fuel and cladding,

3. Reduced reactor vessel leakage to conform to measured leak rates *

for Susquehanna,

| 4. Safety relief valve (SRV) leakage per Susquehanna experience with
' Crosby valves,

5. Reduced control blade melting temperature (2450*F) in accordance
with recent experimental (DF-4, CORA) observations,

6. Increased core plate and control rod guide tube creep rupture fail-
ure temperatures (2100'F) as recommended by recent group discus-
sions with representatives from EPkI, Sandia National Laboratories,
and Idaho National Engineering Laboratory concerning BWR severe
accident modeling (no emplained in Table 2.3, core plate failure
partise debris relocation into the reactor vessel lower plenum), t

|
'

e
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7. Decreased abistion temperature (2660*F) for the debris material in
the vessel bottom head,

8. End-of-cycle asial pcwer profile as provided by PP&L for
Susquehanna Unit 1 Cycle 4 (equilibriam core),<

9.* Decay heat release from fuel in accordance with current recommenda-
tions of R. A. Lorena (see the discussion in Appendia A, page A-
13. Based on recent esperiments, current release is slower than

' before), and

10. Operator actions, with regard to reactor vessel pressure control in
accordance with Susquehanna procedures.

The BWRSAR calculation was ir.itiated at time 35 aln. into the short-term
station blackout accident sequence. The initial conditions for the
AWRSAR it.pu t deck were taken from the results of a BWR-LTAS (Ref. 5)
calculation that covers the period of the accident sequence from
0.6 min. to 35.0 min. The initial conditions for the BWR-LTAS calcula-
tion were taken from the results of the Susquehanna main steam isolation
valve cloeure test discussed in the preceding parsgraph. Operator
control of reactor vessel pressure du' !ng the period of the BWR-LTAS
calculation and the period of the SWR' LR calculaticn before ADS actua-
tion is modeled as follows:

Event Time (ein)
Begin manual control of reactor vessel 2.00
pressure and begin depressurisation to
765 psia.

Complete controlled depressurisation 2.00-33.33
maintain vessel pressure in range
715-665 psia.

With water level near the top of the core, 33.33-78.0
allow vessel pressure to increase. Then
maintain vessel pressure in the range
935-1075 psia.

With water level at 257.5 in, above 78.0
vessel aero, open one BRV) when vessel
pressure falls to 715 psia, manually
actuate the ADS.

The pressure control strategy described above reflects a final adjust-
ment to the BWRSAR input deck for the purpose of increasing the general
applicability of the calculated results. This adjustment was to repre-
sent earlier (manual) actuation of the Autoestic Depressurisation System
(ADS) than currently specified by the Susquehanna emergency proce-
dures. Under short-tere station blackout conditions, the Susquehanna
procedures require the operators ta manually actuate ADS at a reactor

2-7
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vesselt water level equivalent to 28% of' core height, which occurs at
. |

84.25 min. after scram. However, BWRgAR calculations indicate - that a= |

substantial amount of hydrogen (about 80 lb.) would be generated by clad
metal-steam reactions by this time. It is believed that the general
adherence to Revision 3 of the BWR Owners Group Emergency Procedsres
Cuidelines (EPCs) is better' represented by earlier actuation of the ADS,
before significant hydrogen has been generated. Accordingly, the BWRSAR'
calculations' have been repeated for use in this study to represent
manual ADS : actuation at time 78.0 min., when the reactor vessel water
level is at 33% of core height and less than 10 lb. of hydrogen has been -

e generated. ADS actuation at this time provides steam cooling of the l

-uncovered portion of the core and delays any further hydrogen generation- )for a period of ebout 20 minutes.
I

2.2.3 Short-tern Station Blackout Response (with ADS and,

simplified outectics)

2.'2.3.1 Calculated events prior to reactor vessel bottom
Mad penetration failure.

.

'

The sequence of.avents and event timing for the BWR Mark II short-term
s tation . blackout with ADS actuation accident sequence .se calculated by
the BWRSAR code are provided - in Table 2.4. It is assumed that . the I

reactor had been operating at 100% power at the time of scram and that
. no reactor vessel injection source ~is ever recovered. As indicated, the

ADS maneuver is carried out in two steps in accordance with the
provisions of Revision 3 of the EPCs. First, a single SRV member of the

.

ADS family is manually opened when the reactor vessel water level has
1fallen to one-third core height. Then, as the vessel pressure decreases

through 715 psia, the ADS is actuated, opening the remainder of the ADS
family of valves. This results in a total'of six open SRVs.

Plots of key parameters representing events within the reactor vessel as
predicted by the BWRSAR code are provided in Figures 2.1-2.12. These
plots represent events from time 35 min., when the BWRSAP. calculation is

: initiated, until time 300, min., which 'io about 37 min. after reactor
|, verss' bottom head penetration failure. As indicated in Figure 2.1, the
L AD6 nr.suver'is initiated at time 78 min, when the reactor vessel water
L ' levs : scigure 2.2) is at about one-third core height; this causes the

opening of six SRVs. Since the SRVs are modeled as Crosby valves,-the'

ADS valves remain open once actuated. [This would not be true of the
| Target . Rock-type SRVs . installed at earlier BWR plants such as Peach
l- Bottom and Browns Ferry for which the open or closed status depends upon

the differential pressure between reactor vessel and drywell.] The
associated SRV flows from~the reactor vessel to the pressure suppression '

pool are shown in Figure 2.3. |

[ The swollen reactor vessel water level, the calculation of which,

| includes consideration 'of the effects of voids, is shown in Fig-
i ure 2.2. The calculated water level rapidly falls below the core plate

|
L as-a result of the water loss by flashing when the ADS valvas are
L
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. Table 2.4. Calculated sequence of events for BWR (Mark II)
Short-Term Station Blackout with ADS Actuation i<

Time i
Event (min)

Station blackout-initiated scram from 100% 0.0
.

power.- Independent loss of the steam turbine- 1

driven HPCI and RCIC injection systems
'

Swollen water level falls below top of core- 37.2 |

Open one SRV 78.0

ADS system actuation 79.5
,

Core plate dryout 81.2

Relocation of core debris begins 124.1
'

First local core plate failure- ,129.2

Collapse of fuel pellet stacks in central core 220.0 ,

Reactor vessel bottom head dryoutt structural 263.2
support by control rod guide tubes falls; <

remainder of core falls into reactor vessel.
bottom head

Initia1' failure of bottom head penetrations _ 263.3

,

t -
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SUSQUEHANNA
SHORT TERM STATION BLACKOUT

EFFECT OF ADS
JUNE 15,1989
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Fig. 2.1. Reactor vessel pressure for BWR 4/ Mark II short tenn station blackout accident*

sequence with ADS (simple cutectics).
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Fig. 2.2. Swollen reactor vessel water level for BWR-4/ Mark II short term station
blackout accident sequence with ADS (simple cutectics).
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Fig. 2.3. Total SRV gas flow for BWR-4/ Mark Il short terrn station blackout accident
sequence with ADS (simple eutectics).
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opened. ;Small temporary increases in level subsequently occur because
= of , displacement of water in the bottom head whenever large masses of
core debris are introduced af ter core plate f ailure. The decay heat

' associated with the fuel pellets relocated into the bottom head at time
220 min. causes a bolloff of the remaining water in the reactor vessell

? bot, tom head dryout is predicted at time 263 min.

Figure 2.4 shows the extent of hydrogen generation by metal-steam reac-
tion in the core region. Approximately 23% of the clad, 10% of the
channel box walls, and 1% of the control blade stainless steel is pre-
dicted to be oxidised during the portion of the accident sequence before
bottom head penetration failure, producing about 1060 lb. of hydrogen in
the core region within the reactor vessel. This hydrogen does not
accumulate within the reactor vessel, but rather is transferred into the
wetwell via the open SRVs.

Selected primary containment response characteristics predicted by the
BWRSAR code for the period until one-half hour after reactor vessel
bottom head penetration failure are provided in the individual plots of
Figures 2.5_through 2.12. (The results of a more detailed MELCOR cal-
culation of contair. ment response for this same period as well as for the
remainder of the accident sequence when significant amounts of core
debris have entered the drywell are discussed in Section.2.3.)

As ' indicated in Figure 2.5, ADS actuation causer a small increase -in
drywell pressure, but this pressure increase is soon erased as the con-
tainment heat sinks sor.k up energy af ter core plate dryout. The con-
tainment pressure does increase notably in response to debris relocation
into the reactor vessel bottom head and again af ter collapse of the
central fuel pellet stacks. (For both of these occasions, hydrogen
generated within the reactor vessel is swept into the pressure suppree-
sion pool together with the steam release, which is condensed.) On the
other hand, bottom head penetration failures do not significantly
increase the containment pressure because the reactor vessel was pre-
viously-depressurised by means of the ADS actuation.

The drywell atmosphere temperature, shown in Figure 2.6, increases by
means of compression and increased heat trcnsfer from the reactor vessel
whenever flow is initiated from the safety / relief valves (Figure 2.3),
then decreases as the drywell heat sinkt absorb the energy of the
atmosphere. The effect of bottom head penetration failure is slight.
At the completion of- the reactor vessel blowdown, neither the drywell
pressure nor the calculated drywell shell temperature (Figure 2.7) is of
sufficient magnitude to threaten the integrity of the drywell pressure
boundary.

The temperature of the wetwell atmosphere responds to the events
occurring within the reactor vessel as shown in Figure 2.9, but does not
increase to a threatening value. The watwell atmosphere temperature
increases af ter reacte: vessel bottom head penetration failure because
of the ' fission products and associated decay heat release within the
pressure suppression pool and in the vetwell atmosphere. (The pool
remains subcooled, however. Its response is shown in Figure 2.12.)
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Fig. 2.4. Total hydrogen generated invessel for BWR-4/ Mark II short term station
blackout accident sequence with ADS (simple cutectics).

.

2-14

+

..
.--_---- - -- - |-



. .. - -

.

gr ;

<

;

SUSQUEHANNA.
SHORT TERM STATION BLACKOUT 5

EFFECT OF ADS
'

' JUNE 15,1989
34-

. Bottom head '
dryout'

t' 220-

:et .

rd ' . -M
Cal -

|||c 200-

h 28 -

,

O
2

'Q. 180-

.& 25' -

4 '

Collapse of central

f core fuel pellet '

160- F,
p g stacks -

' ' '

h -E 22 -

,s s, w
O

140-
,gc . .

i. %- gg .

D ADS . '

W \
M 120-

4 16 -
.

g Debris relocation into
bottom head begins

100
-

|: -

.

13 -
-

80-

L
| ~- 10 ' ' '' '- ' ' # #- - - .

,

0 30 80 90 120 150 180 210 240 270 300

TIME (MINS)

o
I. Fig. 2.5. Drywell atmosphere pressure for BWR 4/ Mark II short tenn station blackout
l: accident sequence with ADS (sunple cutectics).
1

2-15

.

'

;

| .__ __ _ . . _ _ . _ _ _ , . . . _ . _ _ _ . . . . . _ . . . . . . . - - . . . . _ , . . ._ ,.___ . . _ _ . . . . . - _ . . , _ . . . _ _ .
.



--

.

SUSQUEHANNA 4'

SHORT TERM STATION BLACK 0UT-

EFFECT OF ADS
JUNE 15,1989

280 ,

Bottom head
dryout

}
400280 --

M''

cr. :
M 240

' '

-

| E
i V3.

O' 380-

3 220 -

<

200 -

|- > g- Q
i cc w 360- v

R MS
\g 180 -

| V g
.

E Collapse of central coreD 160 -

| fuel pellet stacks
|" 340-

e
\W

140 i-

_
Debris relocation into.

QQ . bottom head begins '

E*

120 -

320-

.

' '''''' ' ' ' ''''100 '

0 30 60 90 120 5 80 210 240 270 300

Fig. 2.6. Drywell atmosphere temperature for BWR 4/ Mark II short term station blackout
accident sequence with ADS (simple cutectics).

2-16

.

----<--~ - - - . - - - - - - - - - - - - - - - - - - - - - - - - - _ . . , -, -r ,- ,, ,,..v-.,, , . .m...--,. p~v.. , - - . , , . , , , , . , , , - . .n..

-



. .- -,

.

Y 4

.)'

a
,

SUSQUEHANNA .

u

SHORT TERM STATION BLACKOUT
"

.

EFFECT OF ADS ~
.

JUNE 15,1989
-;-'

170 -

iBottom head - 348-
dryout

.

.

163 -
y 3

,

344-

-156 -

M 340.-M
. g >

. 3 149 - .

338
{

' -'

.

Collapse of central
k ,~ 142 .

core fuel pelletp stacks
CC ,

Q.
~~ Cr b 135 - , V
C.

-

328-

- Cd Debris relocation into
. D 128 - bottom head begins

Q-,

324
f -%-

-

$ 121
'

-
.

E
Esa -320-

8
114 -

.

316-

107 -

,

312-

' ' ' ' ' i ' ' -' ' ' - - -

100
0 30 80 90 120 150 180 210 240 270 300

TIME (MINS):

|

| Fig. 2.7. Drywell liner temperature for BWR 4/ Mark II short term station blackout
accident sequence with ADS (simple cutectics).;

[.

|
,

2-17

I-

I~
,

'

.

,,.E . - , . . m - , m ,.- p .- -t -w - = . - w-rw . - - - , . -,- ,w. m. 4, ,,.- u m a _ e _m, ..m. - . _ . ,



d

'SUSQUEHANNA
o

SHORT TERM STATION BLACK 0UT
EFFECT OF ADS
JUNE 15,1989

360
160-

,

l
Bottom head "

,

320 .' penetration
failure !

,

Tal '

ig. -280 -

.-
' C, 120' I-

to
O 240 -

-

'

100 .,

-

a
iy 200 -

j,

>- [ g..

.h 4 80- g-

Q 160 -

Z
}

m 60-

'E' 120 -

"
4s

O .
'

CO
;

k 80
'

40-
-

m
>

. .

40 - Debris relocation 20-

into bottom head ;,

begins
.

,

0 ' ' ' 'I '' ' ' ' ''
' ' '

0'

0 30 60 90 120 150 180 210 240 270 300
TIME (MINS),

Fig. 2.8. Hydrogen mass in drywell atmosphere for BWR-4/ Mark II short. term station
-

I
blackout accident sequence with ADS (simple cutectics).

,

s

2-18

.

V



y
~

}q-
# ,

i

,

SUSQUEHANNA-
SHORT TERM STATION BLACKOUT

EFFECT OF ADS
JUNE 15,1989-..-

,

162 343.

1

'

154
} )

-

340- )
-

Bottom
W heed . '

@ penetration '

. { 146 failure
-

,

4 335-

CO Collapse of central core
C fuel pellet stacks \X :. '

.k.
138' -

330-
. g

J
.

W 130
'

-
.>

b 325 b-

- k
g 122 - Debris relocation into

io bottom head begins '

\M '

320= -

1 114 -

, &-
.

-

m.
"

. 106 - ADS' !
'

f .
.

N 31098 - -

Open one
SRV

' ' ' ' ' ' ' ' ' '90 ' ' ' ' '

O 30 60 90 120 150 160 210 240 270 300

TIME (MINS)

Fig. 2.9. Werwell atmosphere temperature for BWR-4/ Mark Il short term station blackout r

accident sequence with ADS (simple cutectics).

2-19

.

.e-- ,y -c,.,-w--- --, - -- ,,1%a . - - - e _,,e , e,- w . _ - m _ _ _ _ - - - - - - - _ _ , - - - - e--- - _ -- - - - - - ~ -



- - - . . . - . - - -

ig
,

e

.

.j

The calculated interchange of gas volumes between the drywell and fwetwell as necessary to- maintain the pressure . dif ferential within the !

user-specified range is shown in Figure 2.10. Since all of the i
indicated volume transfers are negative, the calculated gas transfers '

are exclusively from wetwell to drywell. In the Mark II containment ,

design, these transfers ata through vacuum-breaker valves . that open
mechanically to permit flow whenever the wetwell pressure exceeds the '

drywell pressure by some minimum amount (0.5 psi was assumed for these |
BWRSAR calculations). As indicated, the necessary gas transfers are
largest during the initial periods of debris relocation into the reactor
vessel lower plenum when the attendant steam generation flushes large
amounts of hydrogen from the vessel atmosphere into the wetwell.

A large amount of hydrogen is predicted to have accumulated within the
wetwell airspace (Figure 2.11) and the drywell (Figure 2.8) by the time
of reactor vessel bottom head penetration failure. Some additional

L hydrogen (about 25 lb.) is generated by metal-water reactions instigated
! by the passage of steam through the bottom head debris bed during the

first 60 min. after penetration failure. A slow rate of hydrogen
generation by this mechanism continues as long as water remains in the
downcomer region of the reactor vessel. This water is boiled by
radiative and conductive (through the vessel wall) heat transfer from
the bottom head debriel since passage through the SRVs would require-
dislocation of the water occupying the lower 16 ft. of the SRV tail- ;

|- pipes, the steam follows the path of least resistance and passes through i

the debris bed on its way out of the vessel.

L 2.2.3.2 Calculated reactor vessel debris pours
:

The reactor vessel debris pours calculated by the BWRSAR code depend
upon a user-input definitian of the pure species and eutectic mixtures
that will form in the vessel bottom head and their melting points. The

l "best-estimate" debris pour calculation performed for the BWR Mark II
study is based upon code input specifying that multiple eutectic species
are formed in the lower head of the BWR reactor vessel in a manner con-
sistent with the results of the small-scale BWR Core Debris Eutectic
Formation and Melting Experiment [1] performed at ORNL by C. W. l'arker in
December 1987. The debris components and melting temperatures assumed
in the "best-estimate" calculation are shown in Table 2.5. In the
experiment, metal pours occurred in three mixtures over the range 2640*F

L to 2920*F. An oxide pour occurred- at 4172*F, leaving the majority of
L the UO pellets within the simulated lower plenum regions. This remain-
'

ing UO2 would be expected to melt at approximately 4800*F.

| The CORCON module within MELCOR can not accommodate this multi-eutectic
treatment. Currently, CORCON can accept only UO , Zr, steel, Zr0 ,2 2steel oxide, and B.,C. Accordingly, for the purposes of this study, the

L BWRSAR code input was modified as necessary to specify the formation of
I' two eutectic mixtures that are compatible with the CORCON module within
| the MELCOR code. These are
L
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blackout accident sequence with ADS (simple cutectics).
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Fig. 2.12. Suppression pool temperature for BWR-4/ Mark II short term station blackout
accident sequence with ADS (simple cutectics). >

2-23

, - _- . _ _ . . . . . ~ . . . - - _ . . _ . . . - - _ . _ _ . . _ . . _ _ _ . _ - - _ - ~_. ___



- . . . . .- -

J

- ,

;

Table 2.5. Best-estimate BWR bottom
head debris compositions

Melting
Component Composition Temperature (*F)

Eutectic 1 Zr - Fe - Cr 2642

Eutectic 2 'Fe - Cr - Ni 2660

Eutectic 3 Zr - Fe - Ni 2912

Remaining Zr/Fe/Cr/N1 2920
Metals

Eutectic 4 Zr02 - U02 4172

Remaining Fe0/Fe30 4172
Non-fuel NiO/B.C
Oxides.

Fuel Pellets UO 4800

i

!

.

|

|

.
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1. All metals in one riist ure melting at 2750'F (mole fractions Zr
0.210, Fe 0.579, Cr 0.151, Wi 0.060),

2. All Zr02 and UO in a mixture melting at 4800'F material (mole frac- |
tions 2ro 0.170, UO 0.830).

,

-.

t'

The remaining orides are also specified to asit at 4800'F.

While these melting temperatures are significancly higher than those of
some of the pours observed in the small-scale experiment, temperatures
of this magnitude are nocessary with the current version of CORCON
within MEl,COR. Otherwise, the containment calculation would initially
treat these introduced pours as fros.en material and the latent heat of o
fusion would bs lort from the calculation. At any rate, use of these q
higher melting temperatures - is conservative in that a moro severe
challenge to the containment is introduce! st the time of the initial I

pour.
,

L. The integratet mass of material that has lef t the teactor vessel for the
BWR Mark II calculations based upon Susquehanna is shown as a function
of time in Figure 2.13. Although the initial bottom head penetration
failure occurs at time 363 min., the initial debris pour dc.es not begin
until time 270 min. because of the time interval required for the
metallic debris to hest to its assumed melting temperature of 2750*F.
[The mass-averaged temperature of the release is shown in Fig-
ure 2.14.) About 850,000 lb. of debris is predicted to have left the

,

vessel by the end of the calculation, at time 900 min. This is equiva-'

lent to about 981 of the total original mass of bottom head debris. The
composition of the teleased debris is provided in Table 2.6. The decay

j heat (proportional to the mass of U0 ) included in the relessed debris3

is shown in Figure 2.15.

It should be noted.that the BWRSAR code predicts that the pertion of the
reactor vessel bottom head beneath the point of a'.t a chment of the
support skirt has been completely removed by time 483 sein. [The removal<

is by the process of ablation of surrounding wall structure by the
molten' debris pouring through the failed bottom head panetration
sites.] There are no specific models within BWRSAR to address this
phenomenon since it is believed that the 340,000 lb. of debris remeining
withir. the vessel at this time would merely relocate downward about

(. three feet onto the control rod drive housing support structure (see >

1 Figure 2.16). After relocation, the debris would continue to melt, with
the molten portion flowing down onto the drywell floor in the same
manner as if the portion of the bottom head surrounding the penetrations
had remained intact. [This statement is true even if the debris were
not held up by the housing support structure; the rate of release of
molten material over the drywell floor is deterisined by the rate at

,

which the debris melts, regardless of where the debris is located.]
Within the BWRSAR code, heat transfer from the debris to the reactor
vessel wall by convection and conduction is discontinued at the time
that the debris is predicted to relocate onto the CRD housing cupport
structure.
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Table 2.6- Composition of the debris released
from the reactor vessel by the end of the

BWR Mark II calculation with ADS

1

Constituents Integrated Hass.(ibs)
{

Metals
i

Zr 113,869 ' l
Fe 283,737 !

Cr 47,702
Ni 21,218
BC 768%

Total 467,294

Osides
Zro 33,565-

,

Fe0 96 1,

Fe30.- 184 |
Cr:03 74 I

NiO 11 |
B03 39 i2

UO2 347,379
j

Total 381,348
Grand Total 848,642

f

,

4
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2.2.4 Short-tern Station Blackout Response (with ADS and
best-estinste outectics) )

It is obviously necessary to consider the differences in the debris
ipours predicted b/ BWRSAR when the best-estimate (Parker) bottom head ;

debris compositions are used as opposed to the two-eutectic mixture-

compositions that drive the MELCOR calculations of containment response
described in Section 2.2.3, and to attempt to determine if these differ-

';
ences are important. The two debris composition sets are compared in
Table 2.7. The characteristics of the two resulting debris pours are
compared in Tables 2.8 and 2.9 and in Figures 2.17 through 2.20. The
calculated results are identical through the time of initial reactor
vessel bottom head penetration failure, which is predicted to occur at
263 min. after s: ram.

tAs indicated in Table 2.8, the best-estimate debris pours precede the ,

two-eutectic debris pours during both the early metallic matting period
(263-275 min.) and the early oxidic melting period (345-385 min.). '

There is, however, no significant difference in the debris masses accu-
mulated on the drywell floor during the other periods of the pour calcu- '

lation.

The differences in the rates of debris pour from the reactor vessel are
shown in Table 2.9. The pour rates for the unoxidized tirecoium metal
are of special significance, since this metal will be oxidized on the
drywell floor. (The zirconium metal pours are listed separately, but
are also included in the adjacent " Metals" column.) The oxidation of

'

zirconium releases large amounts of energy and increases the temperature
of the debris that attacks the concrete floor, floor drains, and (in
some Mark II designs) the stainless steel downcomers.

As expected, the best-estimate eutectic representation of the lower-head
debris results in a broader (and more finely structured) spectrum of
pours (as predicted by BWRSAR) f rom the reactor vessel. The zirconium
metal, U0 , and total debris pours are shown in Figures 2.17 through2

2.19 for both sets of debris compositions. The mass-averaged tempera-
tures of the pours are' compared in Figure 2.20.

The important question is, of course, "What is the significance of the
differences in the two debris pour spectrums with respect to the calcu-
lated containment response?" Unfortunately, a satisfactory answer to
this question could only be obtained by performing the associated MELCOR
containment response calculations for both sets of pours. For the rea-
sons discussed previously, the MELCOR calculation for the best-estimate
case cannot be run until improvements are implemented into the CORCON
module. Nevertheless, it does seem probable that any significant dif-
forence in tne predicted containment response would be limited to the
two-hour period after initial penetration failure when the major metal-
lic pours occur and the oxidic pours are being initiated. During this
period, the best-estimate debris pours are more rapid and thereby
provide a more severe containment loading; however, the total released
masses are not sufficient to threaten the Mark II containment
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Table 2.7. Bottom head debris composition sets
utilized'in the two BWRSAR calculations

|

The Two-Eutectic Mixture The Best-Estimate (?arker) Eutectics

Melting Melting
. Temperature Temperature..

Component *F Component *Fi.

Zr-Fe-Cr 2642
Fe-Cr-Ni 2660

,

| All metals 2750
Zr-Fe-Ni 2912,

IRemaining metals 2920

Zr0 -DO: 41722

Remaining non- 4172
fuel oxides

| All oxides 4800 Fuel pellets 4800

,

i

.

I
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Table 2.8._ Integrated masses (1bs) of debris expelled from
the reactor vessel for the two sets of debris compositions j

.

The Best-Estimate
The Two-Eutectic Mixture (Parker).Eutectics

Time *-
(sin)- Zr Metals Oxides- Zr Metals Oxides

265 0 0 0 926 3279 0

275 3490 11482 0 7871 27736 0
285 12610 -41383 0 13055 45993 0 .{
345- 40108 80928 0 41036 82319 3606 !
365 .40108 80928 0 50741 107475 31538 ;
385 45792 95236 14782 53778 115726 35899

'

405 84273 192090- 82745 85266 195405 79657

885 113869 466323 380184 113518 469493 384959

*The initial bottom head penetration failure occurs at 263 minutes after
scram.

,

|

<
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-Table 2.9. Debris pour rates (1bs/ min) for
the.two sets of debris compositions

,

'The Best-Es:imate
The Two-Eutectic Mixture (Parker) Eutectics-

Period
(_ Min) Zr Metals. Oxides Zr Metals Oxides

263-265 0 0 0 463 1640~ 0 .

'
265-275 350 1148 0 695 2446 0
275-285 911 2990 0 518 1826 0
285-305- 1375 1977 0- 1399 1816 180
305-325 0 0 0 0 0 0
325-345- 0 0 0 0- 0 0 -

345-365 0 0 485 1258 1397
365-385 284. 715 739 152 413 218
385-405 1924 4843 3398- 1574 3984 2188 ''

405-425 1221 3371 1767 1157 3479 2243-

*The initial bottom head penetration failure occurs at 263 minutes
|' after scram.

|

L

l-

, .

L

'

.

1'

.-
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Figure 2.17. Zirconium metal pours from the reactor vessel br the short term station
blackout accident sequence with ADS actuation,
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Figure 2.18. Uranium dioxide pours from the reactor vessel for the short term station
blackout accident sequence,with ADS actuation.
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Figure 2,19. Total debris pours from the reactor vessel for the short term station blackout
accident sequence with ADS actuation.
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:

integrity.- (These dif ferences in initial debris pour characteristics
would be of such more significance in the smaller Mark I containments.)
As indicated in Figures 2.19 and 2.20, differences in the overall
characteristics of the two debris pour spectrums are small after
390 min. into the accident sequence.

2.2.5 short-tern station Blackout Response (simplified
outectics and no ADS)

2.2.5.1 Calculated Events prior to reactor vessel bottom
head penetration failure

If the reactor vessel depressuritation initiated by manual actuation of
the ADS docs not occur. either by system malfunction or by failure of
the operator to follow procedures, then liquid water would remain in the
lower core region during the early portion of the core degradation phase
of the short-term station blackout accident sequence. As will be demon-
strated, the result is a euch-highet degree of metal water reactinn
within the core region and an accelerated core degradation rate by means
of the associated energy release.

The calculated sequence of events for short-term station blatkout with-
out ADS is provided in Teble 2.10. For consistency with the asJumption
that the ADS is either not available or not actuated by the operators,
iht code input deck for thi6 calculation has no provision for manual SRV
ectuation of any kind, including operetor control of vessel pressure
during the early part of the accident sequence. As indicated by a tom-parison of Tables 2.10 and 1.4 tne absence of eporator pressure concrol
causes a one-minute delay in the calculated time of uncovering of the
top of the core. This is in itself, of course, not significant.

Plots of key parameters as calculated by BWRSAR for events within the
reactor vessel for the case without actuation of the ADS are shown inFigures 2.21-2.24 These plots represent events from 35 min. after the
inception cf the accident sequence, when the BWRSAR calculation is
initiated, to time 250 min., which is about four ein. after the pre-
dicted initial f ailure of reactor vessel bottom head penetrations and
onset of debris pours onto the drywell floor. As indicated in Fig-
ure 2.21, the calculated vessel pressure decreases significantly af ter
core plate dryouti this occurs because steam generation ceases within
the core region while steam leakage and heat transfer from the vessel to
the drywell steosphere continue. Subsequently, the vessel pressure is
restored to the range of the safety / relief valve setpoints af ter local
core plate f ailures introduce core debris into the water in the lower
plenum and restore invessel steam generation. The associated SRV flows
are shown in Figure 2.23.

The predicted swollen reactor vessel water level for the case without
ADS is shown in Figure 2.22. The decreasing watet- level initially
traces a smooth curve througL the core region, panctuated by spikes at
each SRV actuation. Subsequently, after the onset of downward material
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Table 2.10. Calculated sequence of events for BWR (Kark II)
Short-Ters Station Blackout wa hout ADS Actuation.

The bottom head debris is modeled to separate
into a misture of metals melting at 2750'r and

a misture of osides melting at 4350'r

Time
Event (min)

_

'n blackout-initiated scram from 1001 0.0.

power. dependent loss of the steam
turbine-driven HPCI and RCIC injection
systans

$wollen water level falls below top of core 38.2
'

Relocation of core debelo begins 90.6

Core piste dryout 135.3

Finst local core plate failure 155 8.

Collapse of fuel pellet star.ks in central 163.8
core

..

Reactor vessel bottom head dryout.s structural 193.8
supoort ry ec4;rol rod s. side tabes fainst
amainder of core falls into reactor vesse's

bottom head

Initial failure of bottom head penetrations 246.1

Pour of ac1 ten debris from reactor vessel 246.5
begins
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Fig.,2.21. Reactor vessel pressure for BWR-4/ Mark Il short term station blackout accident
sequence without ADS (simple cutectics). 1
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Fig. 2.22. Swollen reactor vessel water level for BWR-4/ Mark 11 short. term' station
blackoutaccident Jequence without ADS (simple cutectics).
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Fig. 2.23. Total SRV gas flow for BWR 4/ Mark U short. term station blackout accident
sequence without ADS (simple cutectics),
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relocation and quenching, the rate of level decrease is accelerated and |
proceeds in a more steplike fashion. Core plate dryout occurs with the
water level just below the core plate (rather than several feet below as
in the case with ADS actuation); consequently, water again enters the

,

core region af ter core plate failure as a result of displacement . of )
water in the lower plenum by the falling debris from the central region J

of the core. The decay heat associated with the fuel pellet stack col- !

lapse at time 164 min. causes a rapid bolloff of the remaining water and i

bottom head dryout occurs at time 194 min.

Figure 2.24 shows the total hydrogen generated in the core region as a
function of time. Approximately $3% of the clad, 12% of the channel bos
walls, and 11 c.f the control blade stainless steel is predicted to be
oxidised in the core region during the accident sequence, producing
about 2210 lb. of hydrogen. Comparison with Figure 2.4 reveals that
this is ~ slightly more than twice the hydrogen produced in the cord
region during the accident sequence with ADS actuation. As indicated
previously, the primary reason for this great increase in calculated
hydrogen generation during core degradation is that liquid water remains
in the lower portion of the core region at the tisse that large portions
of the core have escoeded the runaway sitconium oxidation temperature.
Steam generation by heat transfer to this water from the subtoerged por-
tion of the core and by the mechanism of quenching of the relocating

1

debris then provides a steent-rich atmosphere (rather than the steam- !

starved atmosphere in the case with ADS sctuation) to fuel the, saetal- |

water reactions in the care reglen. I
1

|
| The selected primary containment respcnse charac.teristics as predicted
' by the BWRSAR code for the case wichout ADS are provided in the indivi-

dual plots of Figures 2.25 through 2.32. Since the gWRSAR code has no

models to represent the effect of core debris entering the drywell, the
plotted code results are terminated at time 250 min., which is about
four min. after the initial reactor vessel bottom head penetration fail-

| ure. In this accident sequence without ADS actuation, the reactor
vessel is pressurized at the time of vessel penetration failure so that i

there is a rapid blowdown of steam from the vessel atmosphere through )the debris bed. The consequent hydrogen generation as the entering
steam reacts with the unoxidised sitconium metal within the bed and i
attendant energy release induces rapid setting of the metals within the l

bed. The result is a large amount of hydrogen generation and a signifi-
| cant release of molten metals onto the drywell floor almost immediately
'

after the initial bottom head penetration failure.

The drywell pressure trace as calculated by gWRSAR is provided in Fig- )
ure 2.25. As shown, the containment pressure is predicted to be about |
40 psia at the time of reactor vessel bottots head failure and to then
increase rapidly in response to vessel blowdown and the large amount of
hydrogen generated in the bottom head debris bed during blowdown. A
more precise MELCOR calculation of the drywell (and wetwell) pressure
response will be discussed in a later section of this reports however,
it is evident from Figure 2.25 that the peak containment pressure imme-
distely following reactor vessel blowdown would not exceed 120 psia.
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Fig. 2.24. Total hydrogen generated invessel for BWR 4/ Mark 11 short term station
blackout accident sequence wnhout ADS (simple cutectics).
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Fig. 2.25. Drywell atmosphere pressure for BWR 4/ Mark U short term station blackout
accident sequence without ADS (simple cutectics).
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There is also a large increase in the predicted drywell atmosphere
temperature at the time of reactor vessel blowdown as shown in Fig-
ure 2.26. This is caused by the large energy release within the vessel
bottom head by metal-water reactions during vessel blowdown and the
associated heating of the escapirig gases. Again, the HELCOR calculation

,

of the drywell response, which employs a multi-cell representation of !
the drywell volume, provides a much more precise description of contain- i

ment temperatures than does the single-cell BWRSAR representation of the '

drywell. The BWRSAR containment results discussed here pre intended
only to provide the reader with a general introduction to the contain-
ment response, to be refined in later sections of this report.

The calculated temperature of the drywell shell, shown in Figure 2.27,
increases rapidly after the onset of reactor vessel blowdown, but does
not approach threatening values. The mass of hydrogen in the dryvell
atmosphere (Figure 2.28) increases during vessel blowdown as hydrogen
generated in the bottom head debris bed directly enters the drywell
atmosphere.

The temperature of the wetrell atmosphere responds to the events
occurring in the reactor vessel and, af ter vessel bottom he'sd f ailure,
to events in the drywell as indicated in Figure 2.29, but is not pre-

3dicted to approach threatening values. A large flow is initiated from i

the dryvell to the wetwell as the drywell is pressurized af t.er reactor
vessel bottom head failure, as shown in Figure 2.30, The calculated
pressure suppression pool temperature does not enesed 180'F, as indi-
cated in Figure 2.32.

The amount of hydrogen predicted to have accumulated in the drywell and |

wetwell for the case without ADS actuation (Figures 2.28 and 2.31) is
much greater than the corresponding amounts predicted for the same acci-
dent sequence when the reactor vessel is depressurized (Figures 2.8 and
2.11). Much of the additional hydrogen (about 2200 lb.) is predicted to
be generated by the passage of steam through the debris bed during the
period of reactor vessel blowdown. (It is emphasized that this hydrogen
generated within the bottom head debris bed is in addition to the
approximately 2210 lb of hydrogen predicted to be generated in the core '

region, as discussed previously.) The uncertainties associated with ,

this BWRSAR calculation are large, but it is obvious that much more
metal-water reaction would occur within the bottom head debris bed if
the vessel were pressurized at the time of penetration failure than if
it were not.

4

2.2.5.2 Calculated reactor vessel debris pours for the case
without ADS

Based upon the two-eutectic-mixture approach described in Sec-
tion 2.2.3.2, for which all metals melt at 2750'F and all oxides melt at
4800*F, characteristics of the reactor vessel debris flows as calculated
by the BWRSAR code for the case without ADS actuation are shown in
Figures 2.33 through 2.38. Once again, the very important effect of the
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Fig. 2.26. Drywell atmosphere temperature fcr BWR 4/ Mark II short term station
blackout accident sequence without ADS (stmple cutectics).
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blackout accident sequence without ADS (simple cutectics).
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Fig. 2.29. Wetwe.Il atmosphere temperature for BWR 4/ Mark U short term station
blackout accident sequence without ADS (sunple cutectics).
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large energy release associated with the blowdown of steam through the
bottom head debris bed and the associated metal-water reactions is ,

evident, this time manifested by the very large initial pours of molten !metals. Subsequent to the effects of the vessel blowdown, the releases
,

of additional molten materials onto the drywell . floor are controlled
simply by the magnitude of . the decay heat and the ' melting temperaturesa

;

of the component mixtures.
i

The composition of the debris that has been released from the reactor
vessel by the end of the SWRSAR calculation at time 900 min. is provided
in Table 2.11. Comparison with the similar informat.ito for the case :
with ADS actuation provided in Table 2.6 shows that significantly lesa '

debris is predicted to have lef t the vessel at time 900 min. for the
case without ADS actuation. The reason for this can be discerned by
noting the large difference in predicted airconium metal release. .The
pressurised blowdown of steam through the bottom head debris bed for the
case without ADS actuation converts much of the sitconium metal to 2r0
within the bed. Since the Zr0: is modeled to melt with the other oxides
at 4800'F, whereas the airconium metal melts with the metals at 2750'F,
it will tahe longer (for the same decay heat rate) for the tr0: to **lt
and pour from the vessel. Indeed, the BWRSAR calculation predicts that '

102.000 lb. of tros rammins in the vessel at time 900 min. for the case
without ADS.

2.3 Mark II Containment Response to Unmitigated short-term
St.ation Blackout

2.3.1- Mark II Containment Design Description
.

The Mark II Containment udlites the 'over-undet ' design in its suppres-
sion pool arrangeoeat. This t.) pe of containment is used on only a
limited number uf late model EKR/4 an all WR/$ reactort (Table ?.1). i
Typical Mark II contLin'cer t e are illustw.ed in Figuns 2.39 and 2.40.

]Typical Nerk JJ contdmens desiri specificatitna are listed in
iT ate 2.2.

The hark 17 de3igh provides a taore compact drrangement of the pressure
suppression systam sod r2 actor klHhig than flees the Herk I design. ;'the ec,ntains4nt is cens;ructeJ n prestressed or reirforced concrete l

uith the suppression cha.c.cr located diyectly below the tryet*1 in the
same stxucture. The base hundatior. slab is a ".inforce:1 concrete mat
approximate.ly seven feet thick. The top of the base foundation slab i

withia the containment is lired with stainless steel plate that serves I

as tl.e at.ppression pool floor.

The drywell and suppression pool are steel lined structures constructed |of either prestressed or reinforced concrete in the shape of a truncated
cone and cylinder, respectively. The drywell head is bolted to a steel
ring girder which is attached to the top of the concrete containment
wall. The floor of the drywell serves as a pressure barrier between the
drywell and suppression chamber and provides lateral positioning for the
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i Table 2.11. Composition of the debris released from
the reactor vessel by the end of the BWR

Mark Il calculation without ADS

:

Constituents Integrated Mass (1bs)

Metals
2r 38,045
Fe 263,391
Cr 49,062
Wi 21,825

,

B., C 189
Total 372,512

|
' 0 ides

2ror 37,217
Teo 25
Fe30,, 44
Cr 03 18
Nio 2

Br s 8o
002 326,073

| Total 363,387
Crand Total 735.899

1

,

|

l

,
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reactor pedestal and ' support . for the downconers. The drywell cone and-,

suppression pool cylinder are eighty feet end. sixty feet high, respec- |
tively. The drywell floor is approximately three feet thick.

The reactor pedestal wall thickness in the drywell region varies between
four and' sia feet thick. - The reactor pedestal stands 84 f t tall from
its base to- the vessel support lip. The pedestal may be either hollow )(Figure - 2.39) or solid (F!sure 2.40) in the suppression pool region j(plant dependent). Figure 2.41 depicts the reactor pedestal designs

|employed in each of the six Mark II plants. All Mark II plants except |
La Salle have hollow pedestals in which the wetwell inpedest'al volume is' .|
open to. the suppression pool via openings in the pedestal wall, and the l
region inside the pedestal is partially filled with water. The hollow
pedestal region directly beneath the vessel in the drywell is accessible
through open aanways. In some plants, the drywell floor elevation.
inside the reactor pedestal is several- feet lower than that outside the '

pedestal, forming a concrete cavity directly beneath the reactor vessel
(Figure 2.41). Shoreham and Nine Mile Point-2 have downcomers located

'

,

within their reactor pedestal directly beneath the reactor vessel (four
at Shoreham, eight at Nine Mile point-2). At Shoreham, an inpedestal
curb has been fitted around the inner circumference of the pedestal to
prevent the escape of core debris into the expedestal region above the
dryvell flocr. La Salle, Limerick, and WNP-2 have inpedestal drain

-lines which penetrate the inpedestal drywell floor.

Vacuum breakers are provided to equalize the static pressures between
the suppression chamber and the drywell. They secomplish this by pro-
viding a controlled return flow path from the suppression chamber tc the
drywell to assure design operation of the suppression chamber in the
event of a small steam leak. In contrast to the Mark I system, only one
of the Mark II plants (WNP-2) provides vacuum relief between the incide
of the primary containment and the reactor building atmosphere. The
concrete containment structure has the ability to accommodate subatmo-
spheric (negative) pressures of about five pounds per square inch
absolute.-

The reactor building completely encloses the reactor and its primary
containment. The structure provides secondary containment when the
primary containment is closed and in service, and primarj containment
when the primary - containment is open, as it is during the refueling
period. The reactor building houses the refueling and reactor servicing
equipment, the new and spent fuel storage facilities, and other reactor
auxiliary or. service equipment, including the reactor core isolation
cooling system, reactor water cleanup system, standby liquid control
system, centrol rod drive system, the emergency core cooling systems,
and electrical equipment components.

The reactor building exterior walls and superstructure up to the refuel-
ing floor are constructed of reinforced concrete. Above the level of
the refueling floor, the building structure is fabricated of structural
steel members, insulated siding, and a metal roof. Joints in the super-
structure paneling are designed to assure leak tightness. Penetrations
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of the reactor building are designed with leakage characteristics con-
sistent with leakage requirements of the entire building. The reactor
building is designed to limit . the inleakage to 100% of- the reactor
building iree volume ' per day at negative 0.25 in. H 0 gauge, ' while
operating the standby gas treatment system. The building structure
above the refueling floor is also designed to contain a negative-.

interior pressure of 0.25 in. H 0 gauge.

2.3.2 Mark II Containment Failure Modes and Mechanisms

Historien11y, the dominant primary containment failure mechanism con-
sidered in BWR severe accident analyses was over pressure failure of the
steel primary containment shell (Refs. 6 and 7). The pressure and loca-

' tion at which f ailure would occur are plant-dependent. Failure pres-
sures for Mark II containments have been predicted to range between 133
and 140 psig (Refs. 7-9). The most probable over pressure failure loca-
tion for Mark II plants appears to be the primary containment -liner in
the wetwell altspace above the surface of the pressure suppression
pool. A potentially-important feature of this failure location is that
primary containment- blowdown would enter the lowest portions of the
reactor building, thus af fording the maximum opportunity for scrubbing-
of fission products and aerosols prior to their release to the environ-

However, the associated release of steam into the building wouldment.

-also preclude the performance of any subsequent equipment recovery
efforts in that locale.

A second potential mechanism for BWR primary containment failure is
primary containment shall or penetration failure due to collapse of the
reactor vessel caused by ablation of the reactor's concrete supportpedestal or the drywell floor. Recent ORNL studies have revealed that
more than 75% of the reactor pedestal wall . thickness may be eroded due
to concrete oblation in some cases (Ref. 10). The probability of the
failure mode is a strong function of the amount of zirconium metal
available for oxidation on the drywell floor. It should be noted that
the weight of the reactor vessel and internals would be decreased prior
to pedestal f ailure due to expulsion of the core and core support mate-rials following reactor vessel failure. The resulting load on the
reactor pedestal would, therefore, be significantly reduced. Unfortu-
nately, the most probable location for primary containment failure fol-
lowing pedestal or drywell floor collapse is not known with certainty(and is probably plant-specific).

A third type of primary containment failure in Mark I and II plants is
failure of the drywell head flange seals (Ref. 11). The Idaho National
Engineering Laboratory and Sandia National Laboratories have recentlyconducted thermal performance tests of seals similar to those esployed
in BWRs (Refs. 12 and 13). These experiments indicate that the seals
lose their elasticity and structural integrity when subjected to tem-
peratures of 700 to 750*F. Recent ORNL calculations indicate that
drywell head flange temperatures of 900 to 1068'F may be reached in some
Mark I accident sequences. Failure of these head flange seals is a
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particular concern, since drywell blowdown via this pathway would enter
the region between the drywell head and the drywell shield plugs located
in the floor _of the refueling bay - and then directly into the refueling
bay . itself. This is - a particularly undesirable path, because the
reactor building and the various reactor building fission product reten-
tion mechanisms would be bypassed. The actual. flow area available for
leakage through this path is a function of both the seal elasticity
(springback) and the drywell head flange clamping force (Ref. 11). The

~

clamping force is, in turn, a function of the reactor system pressure,
head closure design (type of closure arrangement, number of closure
bolts or pins, bolt length, bolt diameter, etc.), the thermal gradient
across the' closure fixtures, and the head flange bolt preload (Refs. 11,
14, and 15). Reference 11 indicates- that head seal leakage at the Peach
Botton Plant would begin at 82 psig f or zero gasket springback. These
results are widely applied by other plants, but are probably applicable

-only-to Peach- 30ttom since the head closure designs (Table 2.12)- and,
head flange bolt preload are highly. variable, plant-specific character-
istics. .It is, therefore, probable that the actual conditions under
which the drywell head closure would leak are very plant-dependent.

:

2.3.3 NELCOR Mark II Containment Model Description

The Mark II primary containment model employed for these calculations is
based on a synthetic containment that incorporates- elements of the
Susquehanna, La Salle, and WWP-2 designs. The containment volume and
heat sink surface areas are based on the Susquehanna design, while the
inpedestal region of the dryvell is based on the WNP-2 design. The
WNP-2 and La Salle designs incorporate a deep inpedestal drywell cavity
with a volumetric capacity substantially larger than the volume of core
debris resulting from a 100% core-melt accident. This cavity design was
selected primarily to minimize the impact of core-concrete interaction
modeling limitations associated with the application of CORCON (stand-
alone or as module in MELCOR) to pedestal designs that do not incor-
porate a cavity (such as the Limerick and Susquehanna designs). CORCON,-

which was originally developed to model the results of core-concrete
interaction experiments that were performed in well defined crucible
geometries, does not have the capability to model the flow and spreading
of core / concrete debris that would occur in flat-ficored designs.

Figure 2.42 is a schematic representation of the ORNL MELCOR Mark II
containment model employed in these analyses. Table 2.13 summarises
some of the more-important model parameters. The model consists of nine

.

control volumes representing the interior pedestal region of the wet-
well, the remainder of the wetwell, the 87 downconers (single cell), the
interior pedestal region of the drywell, the remainder of the dryvell
(4 cells), and the annular gap between the reactor vessel and the inside
of the reactor shield wall.

Fif teen flow paths are employed to represent the architectural features
(such as ports in the reactor pedestal and shield wall) which facilitate
circulation between the drywell and wetwell, and between the inpedestal

2-68

- - - - - _ _ _ _ _ _ _ . _ _ . . . . . . _ . . . . . .. .



-. - -

-o,

.

:

Table 2.12. Mark II drywell head closure design data
.

Head No. Bolt- Bolt
Closure Diam. Bolts /- Diam. Length

. Plant Type (ft) Pins (in.) (in.) -
;

Peach Bottom * Bolted Flange- 32.25 68 2-1/2 44Limeriek Bolted Flange 37.63 80 2-3/4 32La Salle Bolted Flange 31.45 '60 3 30
,

Shoreham -Bolted Flange 30.17 128- 2 19
.

>

Susquehanna Bolted Flange 37.63 80 2-3/4 329-Mi-Point 2 Horizontal Finger 34.00 48 3 -

Pin Joint

* Peach Bottom (Mark 2) shown for reference only. (Other Mark I
Plants have different drywell head closure designs.)

.

l

.

i

+
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Table 2.13 ORNL Mark II containment model parameters-o

Free
Control Volume Heat Material

Volume Name (ft 3)- Slab Name inner / middle / outer

|Drywells
',

Impedestal 11,018 pedestal wall I concrete
pedestal wall 2 . concrete I

RPV bottom head steel.
|

floor steel / concrete / steel |
Expedestal 705'-723' 65,685 exterior wall- steel / concrete i

floor steel / concrete / steel-
misc. steel steel

Expedestal 723'-758' 91,677 exterior wall steel / concrete ;
shield wall steel / concrete / steel .

misc. steel steel
Expbdestal 758'-779' 25,497 exterior wall steel / concrete.

'

mise, steel steel i

Expedestal' 779'-809' 37,151 drywell head steel
'

drywell head. flange steel
RPV head steel
exterior wall steel / concrete

. mise. steel steel
Reactor-Shield Wall 636 shield wall steel / concrete / steel

Annulus RPV wall steel
..

Downcomers 11,689 downcomer wall steel
n (airspace)

downcomer wall steel
(submerged)

Wetwell

.Inpedestal 15,821 pedestal wall steel / concrete / steel
(airspace)
pedestal wall steel / concrete / steel .;
(submerged) ~

floor steel / concrete
i. Expedestal 264,330 exterior wall . steel / concrete
; (airspace)
I.

exterior wall steel / concrete
(submerged)

[ -

support columns steel
(airspace)

L support columns steel
i

!

(submerged)
floor steel / concrete

Reactor Well 11,159 exterior wall steel / concrete
shield plugs concrete
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and expedestal regions of the drywell and wetwell. Special care was
taken in the modeling of the wetwell-to-drywell vacuum breakers in an '

iattempt to provide a means to estimate the number of valve opening and +

closing cycles that would be associated with the accident sequence. To
do this, it'is necessary to consider that, although the valves are of
the~ same design, small variations in the as-manufactured status of the
valves . would ensure that small pressure differences developing over
periods of several minutes would cause the opening:of only one (lowest-
set) vacuum breaker. With this in mind, the following strategy is

'

employed for these calculations. ,

l' The five . wetwell-to-dryvell vacuum breakers are modeled as six I
e

| independent, parallel flow paths between the wetwell airspace and the
|< drywell. The first four flow paths each represent 25% of the flow area

of a single vacuum breaker, and are staged to open over the first 20% of
the actual measured pressure differential required.for full opening of a
vacuum breaker valve.' The fif th flow path represents s' second vacuum
breaker (100% of the flow path area of a single vacuum breaker), and is
programmed ' to open- over the second 20% of the actual measured vacuum

L breaker opening pressure interval. The sixth flow path represents the
L remaining three vacuum breakers (300% of the flow area of a single j

vacuus breaker), and is programmed to open over the last 60% of the-
total opening pressure differential. Thus, if the pressure differential
between the wetwell and drywell reaches 40% of the. differential required-

' ' for ful1~ opening, the model would provide that five flow paths are open,- i

representing that two vacuum breakers are fully open while the remaining 1
,

! three are totally closed. This is in lieu of a more straightforward - si

(but : less accurate) model that would represent that all five valves -

would each be 40% open.

l The relative complexity of the vacuum breaker model was dictated by
h the desire to provide a detailed analysis of the expected number of

opening ' and closing. cycles during an accident sequence, and to provide
the-input necessary to estimate the likelihood of a stuck-open vacuum
breaker. The vacuum breaker models are based on actual test data sup-

I~ plied to ORNL by Pennsylvania Power and Light (PP&L), and may not be
representative of those employed in other Mark II plants.

Thirty-one heat slabs are incorporated in the model to represent the
various floors, walls, and structures that provide heat sinks within the
primary containment (Table 2.13). Water vapor and CO2 is released from
concrete structures as the structures are heated. The outgassing model
implemented in the 0RNL codel assumes that the Iree water is released

I: from concrete structures over an interval of 190*F to 221*F. The
L - chemically-bound water is released from concrete structutes over the
l '- interval of 221*F to 968'F. The CO2 is assumed to be released from[ concrete structures over the interval of 1021*F to 1472*F. These input
h assumptions are based on e:perimental data from Sandia National Labora-
| tories (Ref. 16).
J-
,

The model incorporates two primary containment failure modes. The first
failure mode is a simple over pressure failure which opens a 0.1 ft 2
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hole- in the wetwell airspace region when the pressure in that region
exceeds =135 psig. The second f ailure mode simulates the. combined over-

. pressure /over-temperature f ailure of the drywell head flange seals (see
Section 2.3.2). .The model is constructed in accordance with the Chicago

- Bridge and Iron Company results for Peach Bottom (Ref. 11) so that the
|m drywell head > flange seals begin leaking , when the drywell pressure is

grafater than 82 psig if- the head flange temperature has ever exceeded:

|. 700'F at any previous . time in. the transient. The seal leakage area
'

ramps from 0.0 in.2 at 82 paid to 662 in.2 at 200 psid. This leak
enters the reactor well in' the region between the reactor shield plugs
(in the refueling bay floor) and the drywell head. This region is
modeled as a separate control volume in the ORNL model (Figure 2.42).

Both a " single-cavity" and< " dual-cavity" version of the model wasa
'- developed. The single-cavity version of . the model employs a single-

. active CORCON cavity (for core-concrete interaction simulation) in the
|' .

inpedestal region of the drywell. This model is useful for examination
of scenarios in which all of the debris escaping the reactor vessel is

' held within-the inpedestal drywell region. The dual-cavity version of
the model employs both the inpedestal drywell cavity as well as a cavity I

representing.the inpedestal region of the wetwell. This anodel is useful (for examination of , scenarios in which debris enters the inpedeotal
region of the wetwell via inpedestal dowacomers, or due to melt-through
of the drywell floor drains.

The interface between the BWRSAR and MELCOR codes is provided via use of
the External Data File (EDF) option in MELCOR. The utilization of the|

'

EDF option necessitated (a) modification of an existing BWRSAR Post Pro-
3cessor code, and (b) the addition of an " interface" control volume to !

the ORNL primary containment model.,

|

I The MELCOR code input is constructed to source the BWRSAR generated SRV

lL
~

flows into , the interface cell, the vessel leakage flows into the
. inpedestal region of the drywell, and the debris pours. into the appro-

|- priate CORCON cavity (inpedestal drywell or inpedestal wetwell), as
) required for the specific case under investigation. Because MELCOR will

permit externally-sourced hydrogen to be injected into water pools,I not

) a special interface cell was required for the containment structure.
| The details of the method employed to interf ace BWRSAR and MELCOR are

provided in Appendix C.

l 2.3.4 Mark II Containment. Response Short-tern Station Blackout
| With ADS, Simplified Butectics, and All Core Debria
|' Retained in Drywell Pedestal
I

| This Section presents the containment response results obtained by
| NELCOR analysis of the short term station blackout scenario assuming
j operation of the ADS system and retention of all core debris in the
| drywell pedestal. The scenario is described in Chapter 1 and the

invessel BWRSAR analysis is reported in Section 2.2. The ORNL Mark IIi.

| primary containment MELCOR model is described in 1:ection 2.3.3. The
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containment failure models -described in Section 2.3.3 were disabled for
thie calculation.

x
The MELCOR analysis of the containment response was performed subsequent
to completion of the BWRSAR calculations and represents the same period
of the accident sequence. The initial containment atmospheric-

L conditions for MELCOR were specified to be the same as those used by
L BWRgAR and the time dependent conditions were ' calculated in response to'

the mass and energy sources generated by BWRSAR. These sources consist
of SRV steam and hydrogen-into the wetwell pool, leakage of water from
the reactor coolant system, discharge of steam and hydrogen flows from
the bottom head of the reactor vessel af ter the head penetrations fail,
and core / bottom head structural material debris pours from the failed-g . g

,
' reactor vessel bottom head. The containment calculation progressed from-

L the time of core uncovery (35 min.) and continued throughout the core
I: degradation and relocation period. The calculation was terminated when

the drywell floor within the inpedestal region cavity was calculated to
have been completely ablated in the asial direction (3.6 feet ' at time
810 min.).

Because BWRSAR models the Mark II drywell as a single cell,z it is not
possible to specify the initial atmospheric temperature and composition
spatial distributions. Likewise, it is not possible to specify the-
corresponding spatial temperature distributions of the drywell struc-
tures. For the current MELCOR analyses, uniform initial atmosphere
temperatures and compositions were specified consistent with the BWRSAR
results. (This is reasonable since significant intercell differences
would-not develop by time 35 minutes.) The thermal conditions for'the
structures were cunservatively initialized to the- steady state values
consistent with the input atmospheric temperatures. This leads to a
somewhat higher energy state of the structures than that corresponding

| to BhRSAR at the beginning of the calculation. This is conservative -
.

1with respect' to calculated containment pressures as the following
paragraphs indicate.

The phenomena of concrete degassing at elevated temperatures provides a '

source of containment water vapor in addition to the BWRSAR sources
described above. :Because containment atmosphere temperatures- are
elevated in the latter phases of severe accidents, the structures may
reach temperatures high enough to cause significant gas loss and con-
tainment pressurization. Figure 2.43 presents the calculated expedestal
wetwell pressure for similar calculations differing only in whether or
not desassing is modeled. The desassing case exhibits an initial pres- i

sure rise not calculated by the case in which structural desassing is
not considered. This initial degassing pulse is due to the initial

|. drywell concrete structural temperatures which are slightly above the
threshold for steam evolution. The pressure rise is approximately
10 psi and is maintained / increased throughout the remainder of the cal-
culation. This approach is conservative because the degassing calcula-

| tion provides a continuous.aource of gas which pressurizes the contain-
ment. Thus, the MELCOR Mark II analyses were performed with this con-
servatively high initial structure temperature and degassing approach.

l-
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Figure 2.44 presents the time dependent pressure distribution calculated
for the Mark II primary ~ containment. As can be seen, the pressure for- ;

the impedestal drywell region experiences a large pressure spike
(35 psi) due to the initial gas - release from the concrete reactor +

pedestal. However, the containment does not reach the 135 psig level ,

required for wetwell failure at any time during the calculation. r

Because the pressure is continuing to rise at the time of floor rupture,
it would not be reasonable = to conclude that the maximum pressure had j

been reached or' that the containment would-not fail due the the steam ''

spike which is espected to occur when the drywell debris: falls into the
- suppression pool. (An estimate of the magnitude of this steam spike and^

the resulting containment pressure spike will be . included in a future
report.)

There are distinct discontinuities exhibited by the pressure traces of

L Figure 2.44. These are caused by significant events in the progression
E of the transient. At times 130 and 220 min., the pressure increases,

! markedly due to the discharge of steam and hydrogen gases through the 1

SRVs into the wetwell pool. At 270 min., another rise occurs as the
reactor vessel bottom head is calculated to fail and debris begins to
pour onto the drywell floor. Another break occurs as the-second debris ,

pour cosusence s at 380. min. A final pressure increase is noted at
675 min. This corresponds to the rapid release of carbon monoxide from
the debris as the' carbon from the coking reaction begins to burn with
the carbon' dioxide and water vapor released from the concrete (see dis-
cussion below).

.

Figure 2.45 depicts the primary containment atmospheric temperature
distribution as a function of time. Once again, there are noticeable
discontinuities in-the temperature traces. At times 130 and 220 min.,
the temperatures rapidly increase in response to the SRV discharges men-
tiened earlier. It is also interesting to note that the maximum tem- i
perature occurs in the annulus between the biological shield and the l

outer surface of the reactor vessel. The reason for this is the
boundary condition employed at the inner surface of the reactor vessel

L wall. For these calculations, it was assumed that the inner surface was 4

L at the SRV gas discharge temperature. I
l

Notice also that.there is no obvious increase in the inpedestal air tem-
perature at the time of reactor vessel bottom head f ailure (270 min.).'

This is because the debris falls into a shallow pool of water created by
normal primary coolant system water leakage prior to failure of the
bottom head. By 290 min. however, this water has been vaporized and the
debris immediately begins to heat the inpedestal atmosphere so that the
temperature increases rapidly. At 380 min., the second major debris
pour-commences and the inpedestal air temperature rapidly increases. At
about 550. min., the upper oxide layer top crust melts, and rapid heat
transfer to the inpedestal atmosphere ensues.

.

.#
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A final note on the atmosphere temperature distributions as shown in
Figure . 2.45, the drywell head atmosphere temperature reaches approxi-
mately 720'F by the end of the calculation at 810 min. In contrast, the
calculated results also indicate that the drywell head flange reaches jonly 573'F. This is because the head flange is bounded on the inner

t

' surface by the dryvell head atmosphere but on the outside by the cooler,.

|atmosphere within the reactor well (see Fig. 2.42). Although the cal- !

culated temperature of the atmosphere within the reactor well increased
from 109 to 427'r due to the modeled heat transfer during this accident
sequence, the head failure criteria as described in section 2.3.3 were
not met and.the head flange was not predicted to leak.

It is also to be noted that there is a substantial temperature differ-
ence (350'F st 810 min.) between the hottest and coldest regions of the
primary containment. The ability to consider regional temperature
differentials within the containment is a result of the' detailed *

nodalisation scheme employed for the Mark II containment and these could
not be calculated if simpler nodalisations were used. Determination of
regional temperatures within the drywell is necessary if judgements
concerning local effects such as failure or survival of drywell head
flange seals are to be made.

Figure 2.46 reports the calculated debris temperatures for the drywell
floor inpedestal cavity. It is seen that both the heavy oxide and metal
layer temperatures rapidly increase as the debris begins pouring from '

the failed reactor vessel at 270 min. The layer temperatures reach a
local peak of about 1900'F at 300 min. due to the termination of the
pour from the reactor vessel ,(Figure 2.14). The debris accumulated on
the drywell floor up to this point consists mostly of metals and
contains very little decay heat. because there is no additional pour
f rom 300 to 380 min., the debris cools and the temperatures decrease.
The debris temperatures once again begin to increase as the second
massive debris pour cosasences at 380 min.

At about 400 min., the debris reaches- the ablation temperature of the
,- limestone common sand concrete (2245'F) and concrete ablation begins.
i| Because the pouring debris contains a misture of low melting temperature

<

l metals (2750'F) and higher melting temperature oxides (4800*F), the
debris pour temperature is intermediate between the two melting tem-
peratures and the cavity debris temperatures continue to rise. Because
the heavy oxide layer is at the bottom of the debris pool and because it
has a much higher melting temperature than the overlying metal layer, it

! initially develops thick crusts that insulate the bulk of the oxide
layer and the oxide layer temperature increases more rapidly than the;

'

overlying metals. This is the reason for the diverging layer tempera-
tures between 400 and 490 min.

.

At around 460 min., it is noted that a light oxide layer formed on top
of the metal layer. This is due to - the small content of UO in the2debris. pour after 460 min. Because UO is extremely dense and because,

L . it constituted a large f raction of the earlier portion (380-460 min.) of
I the second pour, all of the oxide pouring from the reactor vessel froml

300 to 460 min. settled to the bottom of the 6ebris pool and no upper
2-79
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oxide layer could form. After 460 min., the UO content of the debris
pour is small and when the debris pour oxide combines with the concrete
oxide rising through the metal layer, a buoyantly stable upper oxide
layer formed.-

'

Af ter 490 min., the heavy oxide loyer temperature begins to decrease due
to the increased heat losses from the heavy oxide layer. The. increased
heat losses stem from the melting of the heavy oxide and metal layer
crusts resulting in the calculation of large intralayer convective heat
transfer coefficients. This resulted in effective homogeni,sation of theY debris temperature distribution-decreasing the heavy oxide layer tem- ,

perature while increasing the metal and light oxide . layer tempera-
tures. _The melting of the heavy oxide layer in turn is due to the
increasing concentration of the concrete oxides in the heavy oxide
layer. Since the concrete oxides (Sior and Ca0) melt at lower tem-
peratures than the core debris oxides (UO and Zr0 ), mixing the two2

oxides results-- in a lowering of the heavy oxide solidus temperature.
Thus the heavy oxide layer experiences thinning of its crusts which
lowered the thermal resistance to conduction heat transfer at the
boundaries of the layer and the heavy oxide layer temperature began to
decrease.

.

Concrete oxide dilution of the heavy oxide layer continued until about
585 min. At this time, the heavy oxide layer density was calculated to
be less than the overlying metal layer density and the code performed a
" layer flip" of the metal and heavy oxide layers. In addition, the
material of. the formerly heavy oxide layer was combined with that of the
light oxide layer so that the resulting mixture of light- oxides was
placed on top of the metal layer.

At 675 min. the debris temperatures drop due to the exhaustion of the
unoxidized zirconium and the reduction of the chemical power supplied to
the debris. At this time the carbon inventory which had been accumulat--

ing in the metal layer begins to react with the CO released by the
ablation of concrete and produces large quantities of CO 'according to
the'following seaction:

C + CO --> 2C0 .
.

As can be-seen, there are two moles of gas produced by this reaction for
every mole of gas consumed. Figure 2.47 shows the cumulative debris gas
releases for CO, CO , Hr, and Br . The CO release is very rapid and2 o
occurs only af ter the oxidation of all of the zirconium. This is the
reason for the increased rate of pressure rise at 675 min. as shown in
Figure 2.44.

Figure 2.48 depicts the axial and radial concrete ablation distances
calculated for this transient. The concrete floor of the drywell is

]. 3.74 feet- thick and the cavity is 9.55 feet deep. Thus the bottom
p (lower surface) of the drywell floor is located at the depth of

13.29 feet. It is seen that the floor is penetrated at 810 min.
Because the floor is ruptured, the calculation is terminated.
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-It must be realised, however, that one should not generalize this result
and conclude that all Mark II drywell floors would be completely ablated-

,

|for a depressurised short tera station blackout scenario. The main ;'

. reason for this is that the current calculation assumes that a deep '

cavity'esists such that the core debris will be maintained in a crucible I

. type - geometry. In the current calculation, Figure 2.49 shows that the
total debris thickness is about 8.2 feet at- 810 min. and is well below-
the 13.3 ' feet thickness required before overflow onto the remaining
drywell floor can occur. In this configuration, the debris has limited
surface area through which it can lose heat to the atmosphere. Thus j

,

= note heat is transferred downwards into the underlying concrete and more !

concrete is ablated. - Asial (downward) ablation would be less severe in !
'

Mark II designs (such as Limerick and Susquehanna) that do not incor-
porate a deep impedestal cavity.

<

2.3.5 Mark II containment Response Short-ters Station {Blackout With ADg, Simplified Butectics, and pool-Debris |Interaction
!

This Section presents containment response results obtained by MELCOR
analysis of the short tera station blackout scenario assuming operation
of the ADS system and entrance of some core debris into the pressure
suppression pool. The transient addressed is identical to the one. '

discussed in Section 2.3.4 except that it is further assumed-that an
arbitrarily small fraction of the core debris leaving the reactor vessel
is immediately transferred into the water pool of the wetwell. This is
an important consideration because most Mark II containments have
inpedestal drywell floor. drains (and some have inpedestal downcomers)

;which could provide an avenue for'early entry of core debris into the I

wetwell pool.-
q

Because the extent of debris relocation to the wetwell is highly uncer-
tain, a parametric analysis approach is being employed. - This section
presents results of the first such study, in which 5% (by mass) of the
time . dependent debris pour is directed into the wetwell pool'while the
remaining 95% of the debris pour is assumed to reimain on the inpedestal
floor of the drywell. (Future calculations will examine cases in which
20%, 50%, 80%, and 95% of the pour directly enters the wetwell pool.)

The debris / pool interaction is calculated by the Fuel Dispersal Interac-
tions (FDI) package within MELCOR. The documentation of the package is
incomplete. As a result, considerable effort was expended to utilize
the package in a manner consistent with the approach which would have
been employed if the MELCOR COR package had been used to generate the
debris transfers to FDI. Since the COR package was not used to ctl-
culate the debris pours leaving the reactor vessel, additional informa-
tion that is not normally required from BWRSAR was needed as input to
the MELCOR FDI calculation. This information consists of the hole
diameter through which the debris leaves the drywell, the debris speed
through the hole (assuming the hole is completely filled with flowing
debris), and the time-integrated total enthalpy of debris having passed
through the hole.
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|: For the current application,-it is desired that the initial velocity of
| the flowing debris as it. passes through the drywell floor be small.
L Accordingly, it was assumed that the hole diameter was 4.6 feet. The|; debris speed is then that corresponding to 51 of the total debris volume

flow leaving the reactor vessel flowing through this assumed hole.
Finally, the cumulative debris enthalpy was evaluated by time integrat- !

,

ing the enthalpy flow leaving the reactor vessel-(see Appendix C). The
specific enthalpy of each debris species was~ evaluated as a function of
temperature utilising the enthalpy tables employed ' by MELCOR so that
consistency in enthalpy definition was assured. (Subsequently, after
consultation with the MELCOR code development- staff, it was found that
this cumulative enthalpy parameter has no effect on the calculation.) '

It is important . to note that MELCOR does not have the espability to i

L . directly model the flow of molten debris from above the drywell - floor
L through openings- (downconers ~or failed drain pipes) in the drywell-'

floor, the subsequent acceleration of the debris as it falls through the ,

wetwell airspace, the debris-coolant interaction as the debris then
falls through water, the debris bed formation as the quenched material
accumulates.on the wetwell floor, and the debris / concrete interaction at i

the bed-floor interface. What can and has been done by manipulation of
code input'is to direct part of the debris pour from the reactor vessel
directly into the wetwell pool and to then utilize the FDI package for
debris / water interactions. A second cavity is specified in order ' to
calculate the' debris / concrete interaction occurring once the debris has
settled to the bottom of the wetwell inpedestal water pool. The geo-

-metric characteristics of the CORCON cavity representing the wetwell
inpedestal region were assumed identical to that employed in the drywell !

m CORCON cavity.
i

A further distinction between this analysis and that reported in Sec-
tion 2.3.4 consisted of the provision to allow the containment to either
leak or fail. As discussed in Section 2.3.3, two failure modes are
modeled.- First, is the failure of the wetwell by direct overpressuriza- !

I' tion at a pressure difference between primary and secondary containments
of .135 pwi. Second, is the leakage through the dryvell head flange.
This is modeled to occur once the drywell head seals have thermally
degraded (temperature of 700*F) and the drywell-to-refueling bay pres-i

'

sure difference has reached 82 pai.

Figure 2.50 presents the time dependent pressure distribution calculated,-

ifor the Mark II primary contairusent. As can be seen, the pressure does
not reach the 135 psig level required for wetwell failure. The calcula-
tion is terminated when the drywell concrete floor is calculated to have
been ruptured by axial concrete ablation at 846 min. [This is 36 min.
later than for the case in which all debris is represented to remain

- within the inpedestal region.] Because the pressure is continuing to
L . rise at the time of floor rupture, it should not be assumed that the
!; maximum pressure had been reached or that the containment would not fail

by the steam spike incurred when the drywell debris inventory dumps into
j the wetwell pool.
|.
T
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There are distinct discontinuities exhibited by the pressure trace of
.

Figure 2.50. These'are caused by significant events in the progression '
-

of the , transient. . At times 130 and 220 min., the pressure increases
markedly - due to the discharge of steam and hydrogen gases through the

' SRVs into the wetwell pool.- At 270 min., another rise occurs as the
reactor vessel bottom head is calculated to f ail and debris begins to .

pour onto the drywell floor. Another break occurs as the second debris
'pour commences at 380 min. A final pressure increase is noted at

675 min. This corresponds- to the rapid release of carbon monoxide- from
the debris as the carbon ' from the coking reaction begins to ~ burn with'

'the carbon dioxide and water vapor released from the concrete (see
A . discussion below).

i

Figuren2.51 depicts the primary containment atmospheric temperature
distribution- as a function' of time. Once again there are noticeable
discontinuities in the temperature traces. - At times 130 and 220 min.,
the temperatures are predicted to increase rapidly in response to the

- SRV discharges mentioned earlier. It is also interesting to note that-
'

the maximum temperature occurs in the . annulus between the biological'

l shield and the outer surface of the reactor vessel. The reason for this
is the boundary condition employed at the inner surface of the reactor
vessel wall., For these calculations, it was . assumed that th- inner

,

surface of the reactor vessel was at the SRV gas discharge temperature.

Notice also that there is no obvious increase in the inpedestal air tem-
perature at the time of reactor vessel bottom head f ailure (270 min.).
This is because the debris falls into a shallow pool of water created by
primary coolant system : water leakage prior to failure of the bottom
head. At 290 min. however, this water has been vaporized and the debris
immediately begins to heat the inpedestal atmosphere and the temperature
jumps.. At 380 min., the second major debris pour commences and the
inpedestal air temperature rapidly increases. At about 550 min., the

'upper oxide layer top crust melts and heat' transfer to the inpedestal
atmosphere increases..

As shown in - Figure 2.51, the drywell head atmosphere temperature
reaches approximately 700*F by . the end of the calculation at 846 min.
In contrast however, the results also indicate that the drywell head
flange reaches only 590*F. This is because the head flange is bounded
on-the inner surface by the.drywell head atmosphere but on the outside
is-bounded by the cooler surrounding atmosphere. Thus the head failure
criteria as described earlier are not satisfied and the head is not
allowed to leak.

It is also to be noted that there is a substantial temperature differ-
ence (350*F at 846 min.) between the hottest and coldest regions of the
primary containment. This is calculated as a result of the detailed
nodalization scheme employed for the Mark II containment and would not
be calculated if simpler nodalizations were used.

Figure 2.52 reports the calculated debris temperatures for the drywell
floor inpedestal cavity. It is seen that both the heavy oxide and metal
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layer -temperatures rapidly increase as the debris begins pouring from
the f ailed reactor vessel at -270 min. The layer temperatures reach a
local peak of about 1900'F at 300 min. due to the termination of the
pour from the reactor vessel (Figure 2.14). Because there is no addi-
tional pour from 300 to 380 min., the debris cools and the temperatures
dactorth. The debris temperatures once again begin to increase as the-

secund massive debris-pour commences at 380 min.
1
.

At about ~400 min., the debris reaches the ablation temperature of the
limestone common sand concrete (2245'F) and concrete ablation begins.
Because the pouring debris contains a mixture of low melting temperature l

,

metals (2750*F) and higher melting temperature oxides (4800*F), the
4

debris pour temperature is between the two melting temperatures and the 1

cavity debris temperatures continue to rise. - Because the heavy oxide
layer is at the bottom of the debris pool and because it has a much
higher melting temperature than the overlying metal layer, it initially !
develops. thick crusts which insulate the bulk of-the oside layer and the !

caide layer; temperature increases more rapidly than the overlying I

metals. This is the reason for the diverging layer temperatures between ;

400 and 490 min. '
u

At around 460 min., it is noted that a light oside layer forms on top of
the metal layer. This is-due to the small content of UO in the debris i
pour after 460 min. Because UO2 is estremely dense and because it cen-
stitutes a large fraction of the earlier portion (380-460 min.) of the
second pour, all of the oxide pouring from the reactor vessel from 380
to 460 min. settles to the bottom of the debris pool and no upper oxide

ilayer.can form. After 460 min., the U0r content of the-debris pour is !small and when the debris - pour oxide combined with the concrete oxide
rising through the metal layer, a buoyantly stable upper oxide layer is iformed.

After 490 min., the heavy oxide layer temperature begins to decrease due
.

'

to the1 increased heat losses from the heavy oxide layer. The increased
heat losses stem from the melting of the heavy oxide and metal layer

,

!

crusts,-resulting in the calculation of large intralayer convective heat '

transfer coefficients. This results in effective homogenization of the
- debris temperature distribution--decreasing the heavy oxide layer tem- '

perature- while increasing the metal and light oxide layer tempera-
tures. The melting of the heavy oxide layer in turn is due to the
increasing concentration of the concrete oxides in the heavy oxide
layer. Since the concrete oxides (Sio and Cao) melt at lower tempera-r
tures than the core debris oxides (UO and Zr0 ), mining the two oxides2

results in a lowering of the heavy oxide layer solidus temperature.
Thus, the heavy oxide layer esperiences thinning of its crusts which
lowers the thermal resistance to conduction heat transfer at the bounda-
rios of the layer and the layer temperature begins to decrease.

Concrete oxide dilution of the heavy oxide layer continues until about
585 min. At this time, the heavy oxide layer density is calculated to
be less than the overlying metal layer density and the code performs a
" layer flip" of the metal and heavy oxide layers. In addition, the

2-91
1

.

. . . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .-. -_-



|'
L

,

; material of the formerly heavy oside layer is combined with that of thei light-oxide layer so that the resulting misture of light osides is
placed on top of the metal layer.e

At 675 min., the debris temperatures drop due to the exhaustion of the
unesidised airconium and the reduction of the chemical power supplied to
the debris. At this time the carbon inventory which has been accumulat-
ing in the estal layer begins to react with the CO: released by the
ablation of concrete and produces large quantities of CO according tothe following reaction

C + C0 --> 200 .

As can be seen,"there are two moles of gas produced by this reaction for
every mole of gas consumed. Figure 2.53 shows the cumulative debris gas
releases for Co, 00s, We, and Wr . The Co release is very rapid ando
occurs only af ter the osidation of all of the sitconium. This is the
reason for the increased rate of pressure rise at 675 min. as shown inFigure 2.50.

V -

i Figure 2.54 depicts the amial and radial concrete ablation distances
| calculated for this transient. The concrete floor of the drywell is

3.74 feet thick and the cavity is 9.55 feet deep. Thus the bottom of the
'

cavity is located at the depth of 13.3 feet. It is seen that the floor
is penetrated at 846 min. Because the floor is ruptured, the calculation
is terminated.

It must be realised that one should not generalise this result and con-
clude that all Mark 11 drywell floors will be completely ablated for a
depressurised short ters station blackout scenario. The main reason for'

this is that the current calculation assumes that a deep cavity esists
such that the core debris will be maintained in a crucible type
geometry. In the current calculation, Figure 2.55 shows that the total
debris ' thickness is about 7.9 feet at 646 min. and is well below the
13.3 feet thickness required before overflow onto the remaining drywell
floor can occur. In this configuration, the debris has limited surface
area through which it can lose heat to the atmosphere. Thus, more heat
is transferred downwards into the underlying cor4+ote and more concrete
is ablated. For Mark II drywell floor geometries that do not incorporate
a deep cavity, the core debris would spread into a configuration havinga much larger surf ace area. Thus less heat would be transferred into
the concrete and less ablation would result.

Figure 2.56 tahibits the cumulative steam generation by the falling !

debris through the water pool as a function of time. Only 19,100 lb of
steam are predicted to be produced as a result of this interaction. The,

I

conclusion to be made la that a 5% debris relocation to the wetwell
inpedestal pool does not result in pressures that threaten the contain-

Figure 2.57 shows the calculated temperatures of the debris lyingment.
on the wetwell floor. It is seen that they are very low and that there
is no calculated debris / concrete interaction.
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2.4 Eesponse of Mark II Downconers to Contact With Core Debris

2.4.1 Introduction

As previously noted in Section 2.3.1, two Mark II containments (Shoreham
and Nine Mile Point-2) incorporate downconers inside the reactor
pedestal. Shoreham's downromers extend only 1/2 in. above the floor of
the drywell, while Nine Mile Point's downcomers eatend 3-6 in. above the
drywell floor. All Mark II plants employ downconers in the expedestal
region of the drywell. Susquehanna's downconers extend the farthest
above the drywell floor (18 in.) of any of the plants. Given an unmiti-
sated severe accident, it is highly likely that core debris would enter
the pressure suppression pool via the downcomers in the Shoreham and
Wine Mile Point-2 facilities. However, in the other Mark II plants core
debris would have to either (a) melt-through impedestal floor drains, or
(b) spread into the espedestal region of the drywell and either spill
over the top of the downconers or melt-through the sides of the down-
comers, or (c) melt-through the inpedestal drywell floor prior to enter-
ing the pressure suppression pool. This is a potentially significant
issue, since the entrance of core debris into a downcomer could result
in downconer failure vis either direct ablation or due to a steam explo-
sion in the submerged region of the downconer when the core debris
enters the pool. Failure of a downconer or floor drain is an estremely
undesirable event, since such f ailures constitute ' pressure suppression
pool bypass.

The purpose of the effort described in this Section is to investigate
the impact of core debris-downconer interactions on Mark II downconer
survivability. The focus of these investigations is the question of how
deep the debris surrounding the upper portion of the downconer (the por-
tion estending above the drywell floor) must be to melt-through the
downcomer wall. This is an estremely complicated problem, since debris
composition, depth, and temperature are actually plant , sequence , and
time-dependent parameters. The approach adopted for these analyses is
to perform time-dependent downconer thermal response calculations for
selected prototypical debris conditions based upon BWRSAR/MELCOR/CORCON
results from the short-term station blackout case with ADS as described
in Section 2.3.4. For the purpose of these calculations, the debris
characteristics are assumed to be time-independent, and the . debris
height is varied in a parametric manner. These analyses are performed
with the HEATINC-6 three-dimensional thermal analysis code (Ref. 17).

2.4.2 Black II Dowocomer Design Description

Downconers (vent pipes) connect the drywell airspace to the wetwell
put . These downconers are designed to facilitate condensation of steam
in the event of a design-basis loss of coolant accident. The majority of
these vent pipes are approximately two feet in internal diameter, but
the pipe sites do vary within some containments (WNP-2 utilizes both
24 in. and 28 in. downconers). This analysis is performed for the most
common expedestal vent pipe (Susquehanna's type II downconer with an
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inner diameter of 24 in. and a wall thickness of 3/g in). The down-
comers are surrounded with a steel ring or collar, with a thickness of
3/4 in. and outer radius of 21-in. at the upper surface of the drywell
floor. The vent pipe penetrates the 3.74 ft concrete drywell floor
slab, and extends far below the surface of the suppression pool
(Fig. 2.58). A long portion of the pipe is esposed to the atmosphere in.

the wetwell airspace. The vent pipe estends 1.5 f t. above the concrete '

drywell floor. The top of the vent pipes are open, but shielded by a
downconer jet deflector plate. Any accumulation of molten debris above
the 1.5 ft depth would, in this configuration, result in immediate flow
of molten debris down into the vent pipe.

.

2.4.3 Description of the MEATINC Themal Analysis Code '

The following paragraph taken from the HEATINC (version 6.1) manual
briefly describes capabilities of the HEATING code (Ref. 17):

"HEATINC is a FORTRAN program designed to solve steady-state and/or
transient heat conduction problems in one , two , or three-.

' dimensional Cartesian, cylindrical, or spherical coordinates. A
model may include multiple materials, and the thermal conductivity,

.

density, and specific heat of each material may be both time- and
'

temperature-dependent. The thermal conductivity may be aniso- -

tropic. Materials may undergo a change of phase. Thermal proper-
ties of materials may be input or may be estracted from material
properties library. Heat generation rates may be dependent on

. time, temperature, and position, and boundary temperatures may be
time- and position dependent. The boundary conditions, which may
be surface-to-boundary or surface-to-surface, may be specified tem-

4

peratures or any combination of prescribed heat flux, forced con-
vection, natural convection, and radiation. The thermal effective-
ness of certain finned surfaces may be modeled. The boundary con-
dition parameters may be time- and/or temperature-dependent.
General gray body radiation problems may be modeled with user-
defined factors for radiant eschange. The aesh - spacing may be
variable along each asis. HEATINC is variably dimensioned and
utilizes f ree-f orm input."

2.4.4 EEATINC-6 Downcomer/ Debris Model

A schematic drawing of the model geometry is shown in Fig. 2.59. The! model is set up in two-dimensional (r,s) cylindrical coordinates (no
L angular dependency is considered). This geometry represents a typical
, vent pipe surrounded by molten debris. The outer boundary of the
! modeled region coincides with the outer radius of the steel ring. The
[ debris is above the steel ring and divided into several regions. Near
| cold surfaces where thermal gradients are large (cold as compared to the
| initial temperature of the molten debris) such as near the vent pipe

enterior surf ace and above the steel ring, debris regions have smallert

l modes than the other regions do. The portion cf the vent pipe in
L contact with the molten debris is also highly nodalized compared to its
t

~

I
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remaining regions. Dark thin areas on initially cold steel surfaces
represent crust. Beneath the steel ring, there is a thick concrete
diaphrase slab (45 inch) which acts as a heat sink.

The MgATING-6 model of a vent pipe surrounded by debris is considered to
be "a typical region" in the espedestal area. The neighboring regions
are represented by boundary conditions. No heat losses are considered
from the concrete to its surrounding (indicated by sero derivatives in
Fig. 2.$9). The steel ring does not transfer heat from its outer sur-
face to the surrounding concrete (indicated by a aero derivative in the
radial direction). The debris from its top surface and the vent pipe
from its outer vertical surface can transfer heat to air by natural
convection and radiation. because vent pipes are submerged in the pres-
sure suppression pool, air flow from the bottom of the vent pipes is not
possible. West transfer to air inside the vent pipes is neglected
because of low heat capacity of air. West loses through small top and
bottoa surfaces of the vent pipe are neglected. The debris outer surface
toeperature is fined by a bulk debris temperature and heat transfer into
the modeled debris region depends on local thermal gradients at this
boundary.

Internal heat generation occurs only in the debris and crust regions due b.to decay heat. Chemical heat generation is not considered because the i#floor is covered by the steel ring in the model. No chemical heat
generation due to debris-concrete react.on can therefore occur. The
initial debris, structure and air temperatures, decay heat generation
rate, material properties and boundary conditions were based on the
results of the short-term station blackout discussed in Section 2.3.4.
h. bot- debris suddenly comes in contact with cold surfaces at time
zero, a crust is formed. The HEATIWC-6 model of the vent pipe / debris
interaction reserves a thin layer of crust on the steel surfaces.
Assuming perfect contact between molten debris and cold steel surfaces,
an interfacial temperature is calculated from the following equation
which is based on conduction heat transfer and material properties:

T, + T, ( k, o, Cg )D*5/(k ,o ,C ,)o*5
i 1 + (k, o, C ,)0'6/(k,o, C ,)0'6p p

where

C

pE,,,C(=specificheatofsteelandmoltendebrisrespectively,= thermal conductivity of steel and molten debris respec-
tively,

r,,r,= density of steel and molten debris respectively.
7 interfacial temperature,
T,1 a= molten debris temperature, and
T, = steel temperature. *

,
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,

2nitial temperatures of the thin steel layers and the crust are speci-.,

fied as arithmetic averages of the steel temperature and interfacial
temperature. The luitial crust thickness is a, = 0.1 mm in the model.
Thickness of the thin steel layer ( ) whose temperature is increased
due to initial contact with molten deb'ris is calculated from

(p,C s/k,)D*5p* **
s e (o C e/k )0'5mp

:

'

The top surf ace of the molten debris transfers heat to air by natural
convection and radiation. Natural convection heat transfer coefficients
for horizontal surfaces cooled from the top are calculated from
(Ref. 18)

Wu , = 0.14 (Cr Pr)0'33 for 2 = 107 < Crt r < 3 = 10 8 0Pg
'where

Nu,g * Crashof number,
Cr

;
= mean Wusselt number = h L/k 4

Pr * Prandt1 number, ;
,

h = heat transfer coefficient,
!L = characteristic length, and '

k = thermal conductivity of air.

Natural convection heat transfer coefficients for the vertical surfaces
of the vent pipe are calculated from the correlation for vertical plates
(Ref. 18): !

Nu, = 0.10 (Cr Pr)D*83 for Cr Pr > 108g .

Radiation heat transfer coef ficients between the surfaces and air is
calculated from,

hr " (1/g + /g - 1) (T, + T,) (Tr, + Tr,) ,

r

where
C = Stefan-Boltamann constant (5.675 10-12 W/ce2 K"),

h, = radiation heat transfer coefficient, *

e, a surface emissivity,
e sir emissivity,
7, = air temperature, and=

7,, = surface temperature.

The emissivity values used in calculations are

e, = 0.6 , and
e, = 0.6 for air above the molten debris (MELCOR's default value).
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2.4.5 Analysis Results

A series of calculations have been conducted to investigate the response
of. the downcomer to debris impingement. The initial structure and
debris temperatures for these analyses are specified, and the atmosphere
temperature and debris decay heat rate are treated as constant boundary
conditions. Chemical heat generation due to debris-concrete and metal ~
water reactions is not considered since the steel collar around the vent
pipe would (at least initially) impede the flow of concrete decomposi-
tion products into the debris that is in close proximity to the down-
comer wall.

Four sets of 4alculations have been conducted. The first set is
intended to identify the " critical debris height" (the maainua debris
height at which the downconers would not be . espected to melt-through
within 30 min.) for the specified initial and boundary conditions. The
choice of a 30-min. period is intended to provide insight into the
espected behavior of the downcomer during the initial (metallic) period
of the debris pour from the reactor vessel. The boundary conditions are
based on the gWRSAR/MELCOR/CORCON results for the short-term station
blackout case with ADS, as described in Section 2.3.4, and are appro-
priate for a point in time in the accident at which the debris is near I

,

its maaimum temperature, and contains a significant amount of U0s. The
actual initial values assumed in the analysis aret

Downconer melting temperature = 2796'F,

Constant debris decay heat rate = 1144.1 Btu / min /ft 3,

Initial (constant) debris temperature = 3715'F,

Initial downcomer temperature = 291'F,

Initial collar temperature = 291*F,

Initial concrete temperature = 219'F, and

Initial (constant) air temperature = 869'F.

A set of scoping ca.'culations were performed in which various flued
debris heights were assumed, and the response of the downconer/ debris
system was predicted. After the hot debris comes,into contact with the
cool vent pipe, heat is transferred from the debris into the vent pipe,
steel ring, and surrounding atmosphere. The structures rapidly heatup
in response to large teoperature differences. As thermal gradients
become small, heat transfer to the downcomer in reduced. The results of
these calculations indicate that the critical debris height for the I

initial and boundary conditions predicted by MELCOR is approaimately
6.3 inches. Figure 2.60 depicts the downconer/ debris temperature con-
tours at 30 min. for this case. The maaimum downconer temperature at
the end of 30 min. is predicted to be 2670'F (130'F below the downcomer
asiting temperature). The calculation for a similar case in which the
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debris height is 12.6 in. indicates that the downconer would reach its I
melting temperature in about seven minutes.

.

A second calculatfon was conducted to investigate the downcomer's
response for a " limiting" critical debris height (6.3 in.) case in which
there is no heat transfer from the downconer and debris to the surround-

,

ing air. Figures 2.61, 2.62, and 2.63 depict the downconer/ debris tee- !

perature contours at 10, 20, and 30 min., respectively, for this case. |The maximum inner surface temperature for this case is predicted to be '

2787'F (very near the melting point of carbon steel) at the inner sur- |

f ace of the downcomer. This temperature was reached at about 20 min. [
into the transient, and remained roughly at that value for the remaining !

10 minutes.

A third set of calculations was performed to investigate the lepact of r

the containment atmosphere temperature on the debris /downcomer response ,

for a debris height of 6.3 inches. Since the air temperature is fined !
in the calculations, it acts as an infinitely large heat sink. In ;

actuality, the air temperature, debris composition, and debris height !
w'ould all very with time. Depending on the magnitude of the air tee-
perature, heat loss to the atmosphere can become equivalent to decay
heat generation because radiation heat transf er becomes very ef f ective -

at high debris temperatures. This renders the results of calculations
such as those discussed here potentially sensitive to the assumed air ;

temperature, air emissivity, and debris surf ace emissivity. Two cal-
culations were performed in which the containment atmosphere temperature
was assumed to be 1160'F and 1340'F, respectively. The inner surface ;
temperature of the downconer at the end of 30 min. were predicted to be ;

2694'F and 2713'F (compared to the base case of 2670'F). Thus, a large
increase in assumed air temperature results in only a small increase in
downconer temperature during the 30-min. analysis period. Modest varia-
tions in the atmosphere temperature alone, do not, therefore, appear to ,

significantly influence the peak downcomer temperature for a debris *

depth of'6.3 inches.

Finally, a calculation was performed to investigate the combined effect
of low atmosphere temperature (480'F) and high air emissivity
(e ir=1.0), on the downconer's response for a debris height ofs
12.6 inches. peak downconer temperatures remained below 2600'F during
the 30-min. analysis period.

I In summary, the limited-scope calculations performed to date suggest
that the downconers may be able to withstand contact with core-concrete
debris of depths less than six inches for the specific initial con-
ditions and boundary conditions assumed in the analyses. While the
boundary conditions employed for debris temperature and internal heat

!generation rate were selected to represent the most conservative debris '

conditions predicted by gWRSAR/MEl.COR/CORCON for a short-tere station
|

blackout with ADS, the initial downcomer and concrete temperatures may
be non-conservative. This non-conservatism is due to the feet that the

|-
debris would actually buildup around the outer surface of the downcomer
throughout the accident. Thus, the initial downcomer and concrete

,
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temperatures f or the present analyses cannot be accurately known. It
is, therefore, inappropriate to draw first conclusions regarding
downconer survivability from these calculations.
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3. SWR-6/ MARK III AEL1.YSRS

3.1 Introduction

There are currently four domestic BWR Mark III units in operation
Crand Culi 1 Clinton 1, Perry 1, and River Send 1. All four units
employ the BWR-6 reactor design (Table 3.1). Crand Culf and Clinton
employ a steel-lined, reinforced concrete cylindrical. containment struc-
ture, while Perry and River Bend employ a free-standing steel contain-
ment shell which is enclosed by a cylindrical concrete structure
(Figure 3.1). The NRC Technical Monitor has requested that ORNL conduct
some preliminary limited-scope Mark !!! severe accident analyses to pro-
vide information desired for resolution of near-tere Mark III severe
accident issues. The Crand Culf Mark III design is being employed for
these evaluations. This choice is dictated, in part, by the short time
frame available for these analyses, as well as the desire to employ a
plant design for which a PRA has been conducted. (The Crand Culf plant
is .being utilized as the prototypical Mark III plant in the NRC's
NURtC-1150 PRA effort.)

3.2 BWR-6 Short-tern Station Blackout Core Degradation
Analyses

3.2.1 Introduction

The Boiling Water Reactor Severe Accident Response (BWRSAR) code has
been applied to perform the core degradation analyses described in this
section. Information concerning the operation of this code is provided
in Section 2.2.1, and a more detailed discussion of the code and its
capabilities and limitations can be found in References 1 and 2. The ;

accident sequence considered is short-term station blackout, which is i

described in Chapter 1. The accident is assumed to occur at the end of
core life, and to be unmitigated.

3.2.2 SWESAR BWR-6 Model

The SWRSAR code input deck for the BWR Mark III containment calculations
;

is based upon the dimensions and emergency procedures of the Grand Culf
i

Plant with modifications as described in the following paragraph.
Plant-specific information was provided by System Energy Resources,
Inc., as necessary to define reactor vessel SRV setpoints, emain steam
isolation valve leakage rates, core radial and asial power factors,
reactor vessel leakage rates, and heat transfer from the reactor vessel
to the dryvell atmosphere.

The BWRSAR calculations were performed, however, with one very important
difference in assumed operator action as opposed to the procedures
currently in effect at Crand Gulf. This difference has to do with the

3-1
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Table 3.1, Domestic Mark III plants
,

Reactor CommercialWane MWe Location Type Operation

Clinton 1 930 Clinton, IL 6 4/87
,

Grand Culi 1 1142 Port Gibson, MS 6 7/85
Crand Culf 2 1142 Port Gibson, MS 6 33%

Perry 1 120$ Worth Perry, OH 6 11/87
Perry 2 1205 Worth Perry, OH 6 57%

River Bend 1 936 St. I'rancisville, LA 6 6/86
.

t

6

O

3-2

. . . - _ _ _ . . . . . ._ -._ . - . . . . . _ . _ . _ _ - .



_ _ _ _. . . . _ . . . _ - . _ _ . . _ . _ - . . _ _ . . _ . . . _ _ . _ _ _ . _ . _ . _ . _ _ . . _ _

1

,!

;

1

1
I

I
1

)

, 4

| ;

I \

l

'

,

i

-- .- - _ _ -)
'

;

|

l |
;=

.

Grand Gulf Clinton Perry & River Bend ;

Fig. 3.1. Domestic Mark III containment designs.
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time in the short-term station blackout accident sequence at which the !

operators would manually actuate the ADS. Crand Culf has implemented
Revision 4 of the BWR Owners Group Emergency Procedures Cuidelines j
(EPCs), which provide [ Contingency $3 (Steam Cooling) and WS-10 (RPV 1

Variables Worksheet)) for manual ADS actuation at a water level equive-
lent to 71.33% of core height, or 323 in. above vessel sero. In con ,
trast, the Susquehanna (Mark II) procedures are based upon Revision 3 of
the EPCs and call for manual ADS actuation under station blackout condi-
tions at a water level of 28% of core height and, as explained in Sec-
tion 2.2, the BWR Mark II degraded core analyses performed for this
study were based upon ADS actuation at a water level of 33% core height
or 266 in. above vessel sero.

In considering the question of the optimum time to manually actuate the
ADS under conditions in which the core is partially uncovered and no
reactor vessel water injection systems are available, it is important to
consider both the temporary core cooling to be achieved and the effect
upon'the subsequent metal-water reactions when the core has reheated to
runaway oxidation temperatures. With the core partially uncovered at '

the time of ADS actuation, the flashing attendant to vessel depressuri-
sation will cause the water level to fall below the core plate so that
the core will later be in a steam-starved condition during the period of
runaway metal-water reaction.

Although actuation of the ADS with the reactor vessel water level at
either 71% or 33% of core height will result in rapid dryout of the core
region, there is a significant difference in the amount of core cooling
that is achieved during the blowdown. By the time that r.colant bollaway
has reduced the reactor vessel water level to 33% of core haight, BWRSAR
predicts the highest clad temperature in the uncovered portion of the
core to be about 1650*P. Three min. later the steam cooling provided
by the ADS' actuation is predicted to have reduced the maximum clad tem-
perature to about 950*F. The ADS maneuver thus delays the onset of core
degradation, buying time for the operators to continue efforts to
restore reactor vessel water injection capability. The maximum clad,

temperature does not again reach 1650'F until about 15 min. after the
time of ADS accuation.

If ths ADS is actuated with the recctor vessel water level at 11% of
core hcight, the maximum clad temperature in the uncovered portion of
the core et the time is only about 700'F. Therefore, only a small tem-
parature reduction is achieved by steam cooling. Table 3.2 provides a
comparison of the times at which major core damage events occur for the
two ADS strategies. As indicated, delaying the manual ADS actuation
until the water level has decreased to about one-third core height
results in a corresponding delay of 25 to 30 min. in the onset of debris
relocation and the subsequent core degradation events. Obviously, the
delay shoold not be too longl it would be very undesirable to have the
core alresdy in the process of runaway metal-water reaction at the time
that ADS was actucted.

3-4
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Table 3.2. Calculated timing of significant events for two
ADS actuation strategies for the short-term station

blackout accident sequence at Crand Culf

Time (min.)
-.

ADS at 331 ADS at 711*

core height core height

Station blackout-initiated scram from 0.0 0.0
*1001 power. Independent loss of the

steam turbine-driven EPCI and RCIC
injection systems

Swollen water level falls below top
of core 42.0 42.0

ADS system actuation 75.0 48.2

Core plate dryout 75.6 50.3

Relocation of core debris begins 106.9 79.0'

First local core plate failure 111.0 82.8

Collapse of fuel pellet stacks in central 184.2 153.1
core

3-5
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The BWKgAR calculations performed for this study are based upon an -

assumption that the manual ADS actuation for the BWR Mark III plant is
delayed until the reactor vessel water level has decreased to one-third
core height. This was done at the direction of the NRC Technical
Monitor for the purpose of evaluating the efficacy of what is believed
to be the most effective accident management procedure.

3.2.3 short-tets Station Blackout Response (with ADS)

3.2.3.1 Calculated events prior to reactor vessel bottom
head penetration failure

The sequence of events and event timing as calculated by the BWRSAR code
for the BWR Mark III short-term station blackout accident sequence with
ADS actuation are provided in Table 3.3. It is assumed that the reac*;or
had been operating at 100% power at the time of scram, that the accident
is initiated at the end of core life, and that no reactor vessel unter
injection source is ever recovered.

1

Plots of key parameters representing events within the reactor vessel as
predicted by the BWRSAR code are provided in Figures 3.2-3.5. The !

BWRSAR calculation was begun at time five min. af ter the main steam
!isolation valve closure and reactor scram that immediately follow the

initiating loss of electric power for this accident sequence. The <

initial conditions for the BWRSAR input deck were taken from the results
of a BWR-LTAS (Ref. 3) calculation that covers the period from 0.60 min.
to 5.0 min. The initial conditions for the BWR-LTAS calculation were
taken from the results of the Susquehanna main steam isolation valve I

closure test discussed in Section 2.2.2.

Reactor vessel pressure, shown in Figure 3.2, is maintained by
automatic SRV cycling until time 75 min., when the ADS is manually I
actuated' with the reactor vessel water level at about one-third coreheight. This causes the opening of eight SRVs, which then remain open
throughout the remainder of the accident sequence. After the initial
depressurisation, the vessel pressure increases slightly during periods j

!

of rapid steam generation initiated by the quenching of molten debris
relocated into the water in the vessel lower plenum. The associated SRV

|flows from the reactor vessel are shown in Figure 3.4.

The swollen reactor vessel water level is showr in Figure 3.3. The
BWRSAR input deck for this calculation provides sn initial collapsed
water level of 524 in. above vessel sero and the swollen level, which
reflects 'the presence of steam bubbles within the water, fluctuates
significantly with the pressure changes induced by SRV cycling. It is
the calculated height of the swollen level within the core shroud and
steam separators that is actually plotted in Figure 3.3 and therefore
the upper limit for the plotted points is the top of the steam separa- ;

tors, 607.5 in. above vessel sero.
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Table 3.3. Calculated sequence of events for BWR Mark III
Short-Tere Station Blackout with ADS Actuation. The

bottom head debris is modeled to separate into
a misture of metals melting at 2750'r and a

;
misture of caldes melting at 4350'r ;

Time '

Event (min)

Station blackout-initiated scram from 1001 power. 0.0
,Independent loss of the steam turbine-driven HPCI !

and RCIC injection systems

Swollen water level falls below top of core 42.0
i

ADS system actuation 75.0
,

Core plate dryout 75.6 -

Relocation of core debris begins 106.9

First local core plate failure 111.0 I

Collapse of fuel pellet stacks in central
core 184.2 i

Reactor vessel bottom head dryout; structural 218.1 !
support by control rod guide tubes failst remainder >

of core falls into reactor vessel bottom head
iInitial failure of bottom head penetrations 218.2

,

I

e

t

f

|-
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Since manual control of reactor vessel pressure during the period before
ADS' actuation is not represented in the BWRSAR calculation for the BWR

- Mark III plant but was represented in the BWR Mark II calculation, the
top of the core is predicted to be uncovered about five min. later for-
the BWR Mark III case, as may be seen by a comparison of the event
timings listed in Tables 3.3 and 2.4. When the SRVs are manually-

a c t'ua t ed , they are held open longer for each opening than when they
actuate automatically so as to achieve a greater reduction in reactor
vessel pressure per valve operation and thereby reduce the total number i

of valve actuations (compare the pressure traces before ADS actuation as
shown on Figures 2.1 and 3.2). The additional loss of coolant from the ;

reactor vessel associated with the manual valve actuation strategy
hastens the uncovering of the core. However, it should be noted that
the purpose of the strategy is to more evenly distribute the release of
steam into the pressure suppression pool and to reduce the probability
that a SRV will stick open. When the vessel pressure control is left to
automatic SRV actuation, the lowest set valve repeatedly discharges into
the same location within the pool . When the SRVs are manually actuated, ;

a different valve is selected for each opening.
i

The calculated water level rapidly drops below the core plate as a '

result of flashing when the ADS valves are opened [ Figure 3.3). Sub-
sequently, small temporary level increases occur as a result of water
displacement in the lower plenum whenever large masses of debris are
introduced after core plate failure. The decay heat associated with the
fuel pellets introcueed into the lower plenum at time 182 min. causes a

;boiloff of the remaining water in the reactor vessel and bottom head
dryout is predicted at time 218 minutes.

The integrated amount of hydrogen generated in the core region is shown !
in Figure 3.5. Approximately 25% of the clad, 12% of the channel box |

walls, and 31 of the control blade stainless steel sheaths are predicted
to be oxidized during the accident sequence, producing about 1300 lbs of

shydrogen in the process. The generated hydrogen does not in general
accumulate within the reactor vessel but rather is passed to the pres-
sure suppression pool via the SRVs.

Selected primary containment response characteristics as predicted by
the BWRSAR code for the period of the accident sequence ending one-half
hcur after reactor vessel bottom head penetration failure are provided
in Figures 3.6 through 3.13. (A more dstalled calculation of contain-
ment response for this accident sequence performed with the ME1.COR code
is provided in Section 3.3.) Since the free volume of the Mark III con-
tainment (1,670,000 ft3) is more than four times the free volume of the
Mark II containment (380,000 ft3), it is not surprising that signifi-
cantly smaller containment pressure and temperature increases are pre-

-dicted to occur during the same accident sequence. For example, the
Mark III drywell pressure [ Figure 3.6) is only about 18.5 psia at the
time of bottom head dryout as opposed to 31.5 psia for the Mark II dry-
well [ Figure 2.5). Weither of these pressures is of sufficient magni-
tude to pose any threat to containment integrity, but with the reactor
vessel floating on the containment pressure through the open SRVs after
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ADS actuation, the difference in - containment backpressure will ~ affect
events within the reactor vessel. The effect of this lower containment
bachpressure for the Mark III case as well as the faster coolant boiloff
as a result of having a larger core (800 vs 764 funi assemblies) in the
same size vessel may be seen by a comparison of the timings of events
after ADS actuation listed on Tables 2.4 and 3.3.

The drywell atmosphere temperature, shown in Figure 3.7, varies less
than 6*F during the portion of the accident sequence represented; never--2

theless, there is an observable response to invessel events. The time
delay between the onset of debris relocation into the reactor vessel-
bottom head and the associated increase in drywell pressure (Figure 3.6),

should be noted. This delay occurs because the wetwell-to-drywell
vacuum breakers. require electric AC power for operation and hence gas
flow into the drywell as the wetwell pressure. increases must be by-
leakage through the drywell wall. [This is not true of the Mark II con-
tainment design). As indicated in Figure 3.8, the temperature of.the
drywell liner is virtually unchanged during this period.

- Very little hydrogen'is predicted to accumulate within the Mark III con-
tainment drywell during the period before bottom head penetration f ail-
ure, es indicated in Figure 3.9. Since the path for hydrogen release
from the reactor vessel is via the SRVs into the pressure suppression
pool and .f rom there upward into the wetwell atmosphere, the movement of
hydrogen into the drywell during this period is limited by the leakage
rate-through the drywell wall. After reactor vessel bottom head pene-

- tration~ failure, a direct path exists from the vessel to the drywell and
the increase in drywell hydrogen by this pathway is apparent (starting
at time 216 min.) in rigurs 3.9. Much more hydrogen is substquently
generated by the core debris-conc.ete interaction on the drywell floor,
as described in Section 3.3.

The calculated temperature of the wetwell atmosphere does respond
directly to the invessel events as indicated on Figure 3.10, but does
not increase to threatening values during the period of the BWRSAR cal-
culation. The gas volume transfers representing leakage between the
wetwell and drywell are shown in Figure 3.11. It should be noted that
the ceiculated' volume transfers are very small relative to the wetwell
free volume of 1,400,000 ft3 Inleakage to the drywell is predicted to
continue after reactor vessel bottom head penetration failure. BWRSAR
predicts this continued inleakage for two reasons. First, the reactor
vessel is depressurised at the time of penetra61on failure so there is
no vessel blowdown into the drywell (see Figure 3.6). Second, BWRSAR
has no models to calculate the effect of core debris-concrete interac-
tions and the associated release of gases into the drywell atmosphere.
The MELCOR calculation of containment response, dir. cussed in Sec-
tion 3.3, does represent the effects of core debris-concrete interaction
as well as provide a more detailed calculation of containment events
during the period before reactor vessel bottom head penetration I4ilure.

.

As previously discussed, sost of the hydrogen released from the reactor
vossel during the short-term station blackout accident saquence for the
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BWR Mark _ III containment is- predicted to accumulate in the wetwell
atmosphere (compare Figures 3.12 and 3.9). Since the Mark III contain-
ment is not inerted during reactor operation (as are the smaller BWR 1Mark I and Mark II containments), there are obvious concerns with
respect to ' hydrogen deflagrational this issue is discussed in conjunc-
tion with the more detailed results of the MELCOR containment response
calculations in Section 3.3. '

i

The ' temperature response of the Mark III containment ipressure suppres- '

sion pool is shown in Figure 3.13. Although the free volume of the Mark
-

!III containment is much larger than that of the Mark II containment, the !

pressure suppression pool water volumes are similart therefore, the pool.
temperature ; increases associated with the short-term station blackout

i

;

accident sequence with ADS actuation are .slallar (compare Figures 3.13
and 2.12).

N

3.2.3.2 Calculated reactor vessel debris pours

After reactor vessel dryout, the conversion of the constituents of the
bottom head debris bed from solid to liquid is determined for the BWRSAR I

calculation by user-input defining the eutectic mixtures tobe formed
and their melting points.

j

For the reasons discussed in Section 2.2.3, the BWRSAR code input used !in this study . to provide the reactor vessel gas blowdown rates and
debris pours for the MELCOR calculations of detailed containment

i

;

response are based upon formation of one metallic eutectic mixture melt-
ing at 2750*F . sad one oxidic eutectic mixture melting at 4800*F. This
approach is consistent for both the BWR Mark II containment (Sec-

J
tion 2.2) and BWR Mark III containment (Section 3.2) calculations.

The predicted pour rates of zirconium metal for the BWR Mark III calcu-
lation are- shown in Figure 3.14. The release of unoxidized tirconium
metal onto the drywell floor is of special significance in BWR severe
accident studies since this metal then becomes available for oxidation
(and the associated energy release) on the drywell floor.

The predicted release of molten UO is- shown in Figure 3.15. Theinitial oxide release legs the molten metal release because of the
higher melting temperature of the oxides. The combined flow of molten
metals (airconium and stainless steel) and oxides (primarily Zron andU0 ) is provided in Figure 3.16.2

The mass-averaged temperature of the debria pour (Figure 3.17) increases
with the oxidic fraction of the pour. It-should be recognized that the
BWRSAR code does not treat the bottom head debris bed as a homogeneous
mixturel rather, models provide that melting of oxides can be occurring
in the center of the bed et the same time that melting of metals is con-
tinuing in cooler regions near the upper surface of the bed and near the
vessel walls. In addition, molten metal formed in the upper part of the
bed will become superheated as it flows downward through the hotter
center of the bed on its way out of the vessel.
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The integrated mass of material that has lef t the reactor vessel for the
BWR Mark III calculations based upon Crand Gulf is shown as a function
of time in Figure 3.18. About 850,000 lbs of debris is predicted to

ihave,left the vessel by the end of the calculation; the composition of !

the released debris is provided in Table 3.4. - The decay-heat (propor-
tional to the mass of UO ) included in the eavessel debris is shown in2

Figure 3.19. It should be noted that the eavessel decay heat is pre-
dicted to pass through a maximum at about time 640 min.; subsequently,
the reduction of the decay heat with time is greater than the rate at
which decay heat is added - to the eavessel debris by- the release of
additional UOr from the vessel.

3.3 Mark III Short-term Station Blackout Containment Response -

to Unmitigated Short-term Station Blackout

3.3.1 Introduction

Mark III containment systems are employed on all BWR-6 plant s. These
Mark III' containments are the only BWR containments that are not
inerted. Figures 3.20 and 3.21 are illustrations of two versions of the j
Mark III containment concept. Figure 3.21 is the Mark III design uti- ;
lised at the Crand Gulf nuclear plant. The designs differ in that the i

Grand Culf approach utilizes a reactor enclosure building as part of the j
secondary containment system rather than a shield building. Tables 3.5
and 3.6 summarize a listing of typical Mark III primary containment

.,

design specifications. !

i- 3.3.2 : Mark III Containment Design Description

3.3.2.1 Mark III containment design - Perry and River Bend

The containment vessel is a f ree standing, vertical, cylindrical steel
pressure vessel with an ellipsoidal head and a flat bottom steel liner
plate. The cylindrical shell has hcrizontal external stiffeners and is
anchored 5 f t into. the concrete mat foundation. The containment is a- !

seismic Category I structure. The flat bottom liner plate is approxi-
mately 3/4 in. thick and is continuourly supported by the concrete mat.

The containment has an inside diameter of 120 ft and is 183 ft in over-
all height with an internal volume of 1,168,000 ft3 It is designed to
withstand an internal differential pressure of 15 psi, an external
differential pressure of 0.8 poi, and an internal temperature of
185'F. The containment vessel surrounds the drywell and suppression

. pool and forms the primary leaktight barrier to limit fission product
leakage during a LOCA. To avoid exceeding the containment design nega-
tive pressure, redundant AC powered vacuum breaker systems are provided
to connect the containment volume to the annulus volume bounded by the
steel containment and the shield building.

.
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' . Table.3.4. Composition of'the debris released
from the reactor. vessel by the end' <- ''

of the bWR Mark III Calculation !

,

Integrated mass
Constituents (1bs.)..:

,

Metals
a

2 105,335
Fe 268.131 --

Cr 50,'216
N1 .22,391~
BC 67.1S

'
<. Total 446,745

0xides-

Zro 37,773 i
Fe0 195 -|

r '. Fe3 94 i0
| Cr:03 78~ |

| Nio 8 |
*

B03 7 'I3

UOr 359,567

Total. 397,722.

Grand Total 844,467

,
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G

i

w
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|
8

3-29

_. . - - . . . . .. , . . . - . . . .. .. .



;; | ;!i|j|!!l)Il1i)

?
-
-

C8O7 7cO

6 4 2 0
1 j 1' 1 a C 4 n~ 0 0

N_~*1
. 0

1

-

0
' 4

7
,

n- o
i

. t
aO ts' O'

G m
N re

tW -
- t

r
O~ - h

o
DT 0 s
TU .

2 I'
I

LO~ G I

EK~ k.
raMC M

-

A /EL 6
0 -

RHS_ 0 )S W
R'

5U C
S NI 0 N B-

SOT 0 I e'-

EI C0 M h
t

TE1 ( r

R A T o0 E f,

PT 0'

U 0 s5M i )..S 1 rW E I bs c
OM T T ei

dt-

LR OC c
l eWO suetF E 0 s cT 4 eLT ve'

4 lxpUT emGR ni- is

D O (t

I ~ a ne oNI 0 hiS 0 t'

A 3 au
ya

R cte cG Da-

S
.D9

0 .. 1. A2 3h
'

3 t
.igwi

Ft- uo
k

0 ca
8 0 l

2 b.

-

0
- - -

- - - - - - 2
0

0 0 0 0 O 0 0 0 0 0 O0 9 8 7 G 5 4 3 2 11

2O4DHmv4, * e*-

: Q W Q A N g) $ :> | X N .g P 4 N C p < O M AaA
|

uO



. - - - - . --

. - .. w.

'
''; * . 4' ;;[.

j
~ '

s - -

<

a

,

'

owe.-owo es-sets tro ,

, ,- -
,

:
.

-- -~ x
//

____ ,g,/
. 'N ,

| \,,
__

I
-g _

, - . .__,
... .

-

.

|
.

.I
._

I 4

.
.

; -

y
.

: f .- ( -- -,

,,
.

7. ,

.A- - ,

- .
,

y 3 |.
- -

,

C
: : -

m ;. [E
,_ ,,

. <: w . - - -- -. .

,
'~ g ,,c 000 ---

- =:.=
| :

- '.

y .?
-

r[ ,
.

- - - -- y.
, . ,

- -n; r
T i- |

.__
. -r -i,

- -
*

,

_I_r- --.- c__. .. . . . ,
.

I4 ,
. ] || [

- -

| =a J |'
_

.
. < .

-

, r
. .

. .
..'

E ! =
|-

x. .. 2 ;; -
..

.. V:5. 5 , 1
- p

-
- . s -.. ,

! __s::id2aC: __i- ' M4: - 0. d : .d @ -- s c - ' _ < e- J'
, .

| 4 .:r n '/

| I
'

,
i

!
i
1 Fig. 3.20. Mark III containment design as employed at River Bend

j and Perry. ,
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Table 3.5. Typical'MK III containment design
characteristics - perry and River Bend-

Suppression
Drywell chamber

_,

Internal design pressure, psig 30 15

Eaternal-design pressure, paid 21 0.8
Design temperature. *F 330 185
Free volume, ft3 '275,000 168,000
Suppression pool water volume, it 3 (max.) 12,000 120,000
Shield building volume, ft. 400,000

*
.

3-33

, -



|$

Table 3.6. Typical NK III containment.
design characteristics

-1

Suppression i

Drywell chamber

Internal design pressure, pois 30 15 -

,

External' design pressure, paid 21 3
'

Design temperature, 'F 330 185

Free volume, it3 275,000 1,400,000

suppression pool water volume, f t. 13,000 '125,000

Auxiliary building volume, ft3 3,000,000
|

Enclosure building volume, it3~ 600,000 i

i

!

!

j,

i

_'

|

1

1

-.
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The containment vessel is free standing and receives no structural
support except at the embedment in the f oundation mat. Likewise, the
containment provides no major structure support. The contalment shell
has an average thickness of 1 3/4 inch. Major platforms and floors
within the containment are supported by the drywell. However, the con-- . .

tainment walls do support an overhead 125 ton capacity polar crane, some
attached piping such as the containment spray headers, and miscellaneous
electrical- connections, personnel locks, f ans, ladders, and walkways.

Some postulated loss of coolant accidents may require flooding the
containment '. to remove the fuel from the reactor and affect repairs.

' Although it is anticipated that defueling of the reactor f or most acci-
dent sequences would be accomplished by the nc~ma*. procedures and equip-
ment, the containment can be flooded to r b. - above the top of the
active fuel ir. the core as a continger t; over undefined damage
resulting'from a LOCA.

The drywell (Figure 3.22) is a cylindrical reinforced concrete structure
with a removable steel head to allow vertical access to the reactor
vessel for refueling or maintenance. The.drywell is constructed of 5 ft
thick reinforced concrete walls and roof, has an inner diameter of
273 ft, a height of 91 ft, and has a volume of 274,500 cubic feet. The
drywell is designed for an internal pressure of 30 psi gauge, an exter-
nal differential pressure of 21 pai, and an internal temperature of
330*F.

Two reinforced - concrete walls 4 ft thick and 25 f t high are located
across the drywell top slab. These comprise the longitudinal walls of
the upper containment pools and serve as the supporting structure for
the operating floor and structural stiffeners for the drywell top slab.

The ruppression pool, both inside and outside the drywell, is an open
top,' steel lined structure. The carbon steel of the containment vessel

is clad with stainless steel up to about 1-ft above the normal suppres-
sion pool level. This clad provides. a maictenance free, easily decon-

- taminated - surf ace and eliminates the need for a protective paint coat-
ing. The water used to fill the pool is either condensate or demin-
eralized water. The water is generally ~ air saturated and stagnant, but
retains high purity. The suppression pool contains 129,550 ft3-of water
at the low water level. The normal pool level may vary between a depth
of about 20.5 ft (high level) and about 20 ft (low level). This condi-
tion allows a normal vent submergence of nearly six feet (minimum) and a
minimum freeboard height of about 5.5 feet. A weir wall forms the inner
boundary of the- suppression pool, and is located inside the drywell.
The wall is built of reinforced concrete two feet thick and lined with
steel plate on the suppression pool side. The weir wall height is
25 feet. p

The Mark III arrangement uses horizontal vents to conduct the steam from
the drywell during a LOCA to the suppression pool. In the vertical
section, the drywell wall is penetrated by a series of 27.5 in. diameter

.
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horizontal pipes. There are three rows of these horizontal vent pipes
with their centerlines 7.5, 12, and 16.5 ft below the surface of the
suppression pool. Any buildup of pressure in the drywell forces the ,

water down in the vent annulus. When the water is depressed to the
level of the first row of horisontal vents, steam is vented to the sup-
pression pool. If the pressure in the drywell is high enough, the water '

in the annulus is depressed further, thereby uncovering the second and
third row of vents. In eddition to the LOCA steam condensing function, ,

the pool provides a heat sink for gRV and RCIC exhaust steam, and an
alternative source of water for the emergency core cooling systems.

The reactor vessel support pedestal is located below the reactor vessel
and the reactor shield wall. The pedestal, which is supported by a
massive concrete base located on the containment base slabr supports
both the- reactor vessel and reactor shield wall. The support pedestal
is a reinforced concrete circular cylinder about 21 ft high with a *

constant outside diameter of 32 f t and an inside diameter which varies
from about 21 f t at the lower part to about 19 ft at the upper part. It t

has openings for access, control rod drive piping, and neutres moni-
toring instrumentation. The vessel support skirt is attached to the
pedestal. Due to the recessed floor level inside the pedestal, a cavity
is formed which would receive any material leaving the reactor vessel in
the event of a melt-through cf the lower vessel head.

:
The reactor shield wall, which rests on the reactor pedestal, has a
cylindrical-shape and surrounds the reactor vessel up to the main steam
line penetrations. The shield wall is penetrated by numerous pipes
which connect to the reactor vessel. Because of the number of piping
penetrations, the reactor shield wall is made of composite structural
steel and concrete. Both surfaces of the shleid wall are lined with
carbon steel plate for strength. High-density concrete is placed
between the plate surfaces for shielding. The reactor shield wall

| effectively reduces radiation levels in the drywell to permit inspection
and maintenance when the unit is shut down.'

The containment upper pool walls are above the drywell and within the '

containment volume. The outer valls f orm -a rectangular pool which is
subdivided by two interior sections. All of these walls are joined to
the dryvell roof slab which constitutes the pool base slab. The pool is
completely lined with stainless steel plates. The pool consists of five

,

regionst a moisture esparator storage areal the reactor wellt a steam
dryer storege areal a temporary fuel storage areal and a fuel transfer
region. The overall pool is 36 f t wide, 96 ft long, and 24 ft deep,
while the fuel transfer and sterage area is 42 ft deep. The upper pool
provides the follo* ting functionst radiation shielding when the reactor
is in operationi storage space for the dryer, separator, and fuel
assemblies during refuelingt an area for . fuel transfer during refuel-
inal and 4 large volume of water as a suppression pool makeup water
source.

|
|
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The suppression pool makeup system ( WMS) provides additional water from
the upper containment pool to the suppression pool by gravity flow
durios accident conditions. The SPMS piping consists of two lines that
penetrate the drywell and of the upper containment pool through the
side-walls. The elevation of the pool penetrations limits the volume of
water that can be dumped to a 13 f t 7.75 in. thick slice across the
entire upper pool surface area.

The upper pool is dumped by gravity flow af ter opening two normally
,closed motor operated valves in series on each dump line. The upper

pool dumps on receipt of s suppression pool low-low level signal (18 in. '

below low water level) or 30 min. after receipt of concurrent low
reactor vessel level and high drywell pressure signals (i.e., a LOCA

50-min delay in the thCA-inducea pool dump is implementedsignal). The

by means of a timer, which is tripped on receipt of the thCA signal. :

The secondary containment is the physical boundary which encloses the '

primary containment boundary, those systems esternal to the primery con- i
tainment which would contain reactor coolant af ter a LOCA, ar.d the areas

;
i.n which spent fuel is stored and handled. The purpose of the secondary *

containment is to prevent the uncontrolled ground level release of fis-
sion products to the environment in the event of a 14CA or a fuel

;handling accident. It serves as a dilution and holdup volume for
fission products which may leak from the primary containment following
an accident. Structurally, this is accomplished by the leak tight
design of the secondary containment buildings, which are designed to
leak no more than 100% of their contained volume in a 24-hour period at
design negative pressure. These buildings tre constructed to maintain
this leak tight functional integrity in the event of an earthquake. ;

The esternal walls of the secondary containment also provide tornado
missile protection for enclosed safety related components. The double
doors which connect portions of the secondary containment to other areas
of the suaillary buildir:3 are designed so that one door can always
remain closed. During normal operation the secondary containment areas
are maintained at a ptessure slightly less than atmospheric by the heste
ing, ventilating and air conditioning (AIVAC) systems serving these

The fuel building and the suailiary building are maintained at aareas.
minimum of 0.325 in. of water below ambient pressure.

The normal exhaust air flow from the secondary containment is to the
plant vent exhaust. This ashaust air flow is diverted to the Standby
Cas Treatment System (SCTS) during abnormal or emergency conditions.
There are, howevnt, potential lhCA fission product leakage paths through
the primary containment boundary that could bypass the secondary '

containment and thus be relested to the environment without filtrationby the SCTS. These consist of process piping containment penetrations '

that are routed through or terminated outside the secondary containment
areas.

.

Several containment design features are provided in order to eliminate
the potential for secondary containment bypass leakage. A system is
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provided to either collect any leakage past the HS!Ys or to prevent
leakage' altogether by providing back pressues downstream of the '

valves. The feedwater lines are provided with a positive water seal
i

f rom the Residual Heat Removal (RHR) System to preclude leakage past the '

feedwater containment isolation valves. The HVAC scpply e.nd enhaust :
'ductwork penetrating the containment is provided with three contaltunent

isolation valves (two outside and one inside) in which the duct between i

the two isolation valves outside containment is vented to the annulus. i

The secondary containment structural boundaries encompas,s the shield
~,

building-to-containment annulus (hereaf ter referred to simply as "the t

annulus"), all of the fuel building except the stairwells and elevator
vestibules, and the portions of the availlary building housing the
emergency core cooling system (ECCS) pumps, the Residual Beat Removal

|(RHR) System hast eschangers, and the Reactor Water Cleanup (RWCU)
System pumps. It encloses the primsry containment boundary (escept for ,

the reactor building foundation aat, portions of the main stessi and
feedwater guard pipes and the main steam isolation valves in the steam

,

tunnel), those systems enternal to the primary containment which would
,

contain reactor coolant after 14CA, and areas in which spent fuel is
stored and handled. -

The shield building is a 130 ft diameter cylindrical-shaped, conven- !

tionally reinforced concrete structure with a shallow domed roof, i

three-feet thick wall, and an overall height of.197 feet. The radial
annulus, the space between the containment vessel and shield building,
is five feet wide with a minimum done clearance of 7.5 f t and a volume '

of 433,000 fta. The walls of the shield building, which encompass the
containment vessel, function as a secondary containment barrier, form
the annular space for the collection and filtration of fission product
leakage from the steel containment vessel, and provide biological
shielding for plant personnel and the public. During normal and emer-
gency operations, this annulus space is maintained at a slightly nega- '

tive pressure relative to atmospheric pressure [approximately mir.us
.

5 in. of water) so that any leakage through the shield building or |
containment vessel will be into this space.

The auxiliary building is located adjacent to the reactor building and
opposite the f uel building. It is supported by a reinforced concrete
mat. Concrete walls and structural steel members carry vertical loads,
provide lateral stability, and afford tissile protection. Steel
framing and grating platforms provide support to interior equipment '

compartments. The principal structural requirement of the auxiliary
building is the support and protection of the safety and operating
systems, equipment, and piping it encloses.

The emergency core cooling system (ECCS) pumps and equipment and Reactor
Core Isolation Cooling (RCIC) system equipment are supported at the
foundation level of the auxiliary building in watertight compartments

L fitted with bulkhead doors. The exhaust duct penettations from these
| rooms are constructed to prevent flooding of an adjacent compartment if

one of the compartments is flooded due to a pipe break. The RHR System
|
l
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neat enchangers are situated in vertical compartments on either side of

L the steem tunnel (the co.spartment through which the main steam lines are }
,

3
,

'

routed to the turbines). ,

!
;

The ausiliary building stems tunnel and RER system rooms are designed to
|| handle the ceasequences of high energy pipe breaks. The RER system 1

|, rooms are designed for a differential pressure of two poi and the asso ,
j ciated temperature changes and jet forces. glowout panelt in the steam 1

1

tunnel walls are provided to reliere pressure following a steam line
rupture within the RWR system compartments.

The - auxiliary building is divided into sewes for ventilation. purposes.
The sones are necessary because of the possibility of radioactive
releases or estreme ecfir6nasents in the secondary containment portions
of the ouilding. The ductwerk routes air flow from areas of low rattio-
active levels to areas of potentially highar contaminetton. backdraft,

L #4mpers are provided in the ducts serving areas of high radioactivity
levels.- A preusure gradient is meintained between areas of low and
potentiolly high radioactivity levels by eahausting more air from areas
of potentially high radiation than is supplied. This prevents migration
of the tedioactive contaminants from the rooms. *

P

The fuel building is the structure located adjacent to the reactor
;tuilding and opposite to the auxiliary building. The fuel building

houses equipment and facilities for receiving, storing, shielding,
shipping, and handling fuel. A continuous reinforced concrete founda-
tion anat supports the fuel building. The fuel building is enclosed by
concrete walls and a concrete roof which are designed for tornado and :{ missile protectich The central part of the building it occupied by the'

fuel pool ar.d equipment comp.srtment s formed by concrete walls and
slabs. stainless steel ifner' plares seal the interior pool surfaces.

| 4he fuel building personnel and equipment entrances are provided with
| airtight doors to maintain the leak tightness of the building. The

access doors are provided with an electrical system indicating when a,

door is open. A transfer tube passes fuel from the transfer compartment,

l i

to the reactor building. The fuel building exhaust fans, the SCTS .l
equipment, and the annulus recirculation /eshaust fan equipment are

ilesated in separate compartments within the building.

3.322.2 M=rk III containment design differences - Grand Gulf

The Grand Calf nuelaar plant incorporates a costaineer.t design that
differs in several respects from the design employed at perry and River
Bend. The Crand Culf design consists of an ausiliary building that
completely surrounds the lower portion of the concrete contains> cat and
an enclosure building that completely surrounds the containment above
the ausiliary building roofline.

|
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1The containment is a reinforced concrete structure consisting of a flat '

circular foundation mat, a right circular cylinder, and a hemispherical l

donc. Its internal surf ace is completely lined with welded steel plate
,

which forms a leaktight barrier. The containment wall is a right cir- I
cular cylinder, 3-6 ft thick, with an internal diameter of 124 f t and a |

height of about 145 feet. The containment dome is a hemispherical shell '
..

2-6 it thick, with an internal diameter of 124 feet. The containment ;
provides vertical support for a number cf intermediate platforms and ;
directly supports a 125 ton polar bridge crane. Two personnel access :

locks with double, interlocked doors, and one equipment hatch are pro- !
vided for access into the containment. 1

There are three vacuum relief systems associated with the Crand Culf
Mark III containment design. The ' Wormal Drywell Vacuum Relief System,
consisting of a valved penetration from the cestainn.cnt to the drywell.
is provided to reif tve a vacuum in the drywell which may occur due to ,

neraal temperature and humidity changes in the drywell that cannot be
accommodated by the Drywell Cooling System. This is not a safety system
and is not connected with the other vacuum relief systems. An interlock

' is provided through the Drywell Purge System to keep the normal vacuum
relief lire closed during a 14CA.

The second vacuum relief system is part of the Dryvs11 Purge System.
Each dryvell purge air comptessor discharge line has a vacuum relief ,

line tied into it. This vacuum relief function is ;,rovided only af ter a |
LOCA. Each of these two vacuum relief lines would draw air from the
containment volume and discharge into the drywell to relieve the vacuum
in the drywell due to steam condensation following thCA blowdown. The
vacuum breakers in the drywell purge compressor discharge lines open" outomatically when drywell pressure falls to within one psi above
containment pressure.

.

The third vacuum relief system is the Post-LOCA Vacuum Relief Syotem.
This system consists of two separate vacuum relief lines which share a -

consson penetration to the drywell. This vacuum relief function is also i
provided only af ter a LOCA and serves to backup the vacuum relief lines
associated with the Drywell Purge System. The post-lhCA vacuum relief

,

lines open to draw air from the containment to the drywell when drywell
pressure falls 0.5 psi below that of the containment.

The auxiliary building is a reinforced concrete structure with walls
several feet thick. The building, which is a multilevel structure,
houses both normal and emergency auxiliary systems, the nuclest steam
supply system and fuel handling facilities. The normal auxiliary
systems include the Residual Beat Removal (RHR) System, Reactor Core '

Isolation Cooling (RCIC) System, Low Pressure Core Spray (LPCS) System,
and Standby Cas Treatment System (SCTS). The building also houses
electrical and instrumentation piping penetration roomst ventilation
equipment for the auxiliary building, containment, fuel handling area,
and SCTSI electrical equipment such as load centers, motor r,ont rol
centers, and emergency cable traysl and normal and emergency process
piping.
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The enclosure building is a limited leakage, steel-framed, seismic i

Catestery I structure with un-inculated metal siding and insulated roof !

deck. It cocpletely encloses the portions of the containsect above the ;

ausiliary building roof levels and ik designed and constructed to limit
leakage of radioactive materials into the environment following a loss-
of-coolant accident. The structural steel frame is supported solely by i

etruts attached on the containment shell. To maintain the required
leakage limits, a flexible seal is provided around the entire' periphery '

of the enclosure /ausiliary building interface. This seal is designed to ;

absorb all anticipated differential seiss.ic movements between the con- ;
tainment and the auxiliary building without loss of the seals' leaktight !

integrity.

The annulus area between the containment and the enclosure building is |
mair.tained at a slightly negative pressure (0.25 in. w.s.) during acci-
dent conditions by the Standby Cas Treatment System. .

1

3.3.3 Mark III Containment Failure Moses and Mechanisma

As indicated in Tables 3.5 and 3.6, the design pressure of domestic Mark
III containments is +30 paid for the drywell, and +15 paid f or the wet-
well. The actual containment f ailure pressures are, however, espected
to be significantly higher than the design pressure, and would be plant
dependent (since Crand Culf and Clinton employ a steel-line concrete
containment, while Perry and River Bend utilise free-standing steel con- -

tainments). -

Few ilark III containment strength analyses have been documented in the
open literature. However, Reference 4 reports the results of a static

,

L pressure capability analysis for the perry plant which yielded an esti -
mated outer containment (wetwell) shell failure pressure estimate of

,

100 psig. A uniform static internal pressure was used and strain duc-
tility was taken at the failure criterion. The failure was predicted to I

'occur just above the junction of the hemispherical containment head and
the cylindrical sidewall. A preliminary dynamic study was conducted to |

investigate the response of esplosively (dynamically) loaded hemispheri-,

! cal heads. Approximate analysis methods were developed, compared to
L element results, and applied to the containment heads. It was deter- 1

mined that the containment's dynamic resistance for a 500 microsecond '

pulse is approximately ten ti;nes the static strength.

Reference 5 reports the results of an analysis conduued for the Crand
Gulf Nuclear Station, which yielded an ultimate static containment pres-
sure capability estimate of 56 pois. The ultimate capacity was defined
in this analysis as the pressure at which a general yield state is
reached at a critical structural section. This report also indicates
that the ultimate pressure capability of the upper containment air lock
could be as low as 32.7 psig. Dynamic pressure effects were not con-
sidered in the Crand Culf analyses.

I
1 1

|
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3.3.4 Mark III Contalement Model Description

The modeling of the Grand Colf Mark ,III containment has been governed by
two basic principlest

2., Compartmentalize the building as necessary to represent the actual
*

physical layout.

2. Represent all containment system components (i.e. sprays, vacuum
breakers, etc.), even if these components are not operational in the
initial cases, so that only minor changes will be required to
investigate new scenarios.

The ORNL Mark III containment model employed for these at.alyses is
illustrated in Figures 3.23 and 3.24 (drywell and wetwell, respec-
tively). The model consists of 26 control volumes and 35 flos paths. A
tabular listing of the control volumes and flow paths is given in
Tables 3.7. and 3.8.

A i.cntrol volume noding sche:nc was selected for the drywell that dupli-
cated the noding used in the " steam line break in the drywell head area"
analysis referenced in the Crand Culf FgAR. This was done so that pre-
viously calculated parameters such as friction factors, loss coeffi-
cients, etc., could be employed in the model. The only changes from the
FSAR noding scheme are that the cavity is a separate control volume, and
modes 1, 2, and 3 in the FSAR have been combined into a single control
volume.

The main criteria used f or selecting the noding scheme of the wetwell is
the physical compartmentalization resulting from the equipment,
gratings, and solid concrete structures present at various elevations
within the outer containment. Thus, the control volumes represent the
physical space between floors in the wetwell . Various smaller rooms
such as the main steam tunnel, filter domineraliser rooms, etc., are
modeled as separate control volumes. Since the FSAR had analyzed a
steam line break in each of these areas, flow path characterization
information from the PSAR could be used directly in the MELCOR model.

The large, relatively open area above the upper pool poses a dif ficult
modeling problem. There are no floors or other physical structures to
subdivide the volume into smaller compartments and the use of a single
large control volume would not accurately represent the local conditions
near the hydrogen ignitors in the done area. To resolve this issue, the
hemispherical portion of the containment was modeled as a single control
volume. The regions directly above the upper pool floor and the annulus
between the upper pool support structures and the containment are
modeled as concentric cylindrical volumes, the radial area of each
corresponding to the physical area of the modeled . portion (floor or
annulus). The flow paths between these volumes are equivalent to the
open air space between each control volume. The goal of this modeling
approach is to capture the effects of any natural circulation currents
that might enhance hydrogen alaing.

3-43

|
1

- _ - - _-____



- _ _ _ _ - _. ___ _ _ . _

;

!

1
.

J

,-
' ic designates flowpaths

1

CV209
e
o

. . .......

| i9 %%%J6 Y m OW 7
ik ~204 $ e, N; 210 f;.

% Y h | si'/
L @: U" ":" # T"

.

Sj u M / U is %
" '

k RPV' h@ $ 215 CV206
... . ... ***'' ' * * "

| 5 "a s $ a X
~

$% N $ 5A W
5p u !3 t$ R
rd 4... - ... w ..... . . . .

/d / y, gj y CV205y ,

@6 8e' 7N ,.o a d < iops N h4 tjd. '
q;.t CV207

'

g. u pt
% N M d $8p4 e s .. ,

#'
i. Eg - / ; * gj
;d .i - is CV208N s - s a
% h. -

b r o d!

h[4 f.ff /" CV203ijl
.

V

. . . . . . . ..... .

& ( . V*&)'
M

"

,$ (to. Efi 209 B-
A i 208

. : ; 211

4 ; A / 212m .
e 3

-

Ei AMOA4v/rW4Edm e n w W S M is } |I' ? 213

/
CV202

1
1

Fig. 3.23. ORNL Mark III containment model (outer containment nodalir.ation).
i

3-44

-
. - _ _ - _ . - _ . . . - . .-..- . - - . . . - -.



_ ._

_1
i

i

]
,

.\
-

1

- *-+- designates flowpath
3 2 0' 3 * - - - - - - -

,

|

CV316 |
,

I

Es 8 CV315 I

/n -
;

243' 6* y '-hf'''~~''' ----~ f I
,,,,,9y3 3 g

!. E Q 306
~ .

m #
oi n .

n . CV314g- .----- ..g.............- ---226' 2" ).
<

:,# ;
-

I;
o CV317@op305- ; .>

: .. t n , n e

CV313
'

208''10' b 4~"''- - - - - - - - -- :- ,

::::. ::. :. :: - - ' CV319
'X'''X X X -< *'' - 312

'

184' 6* u- p'-

r::::::::=:::, o -s .CV312, "
> . . . . ,r::: - ::=:::,

-(e
,,

161' 6' *- "- " ~
- -

!

!, N
c = o CV311n /!. ,.e -- -

,

t "
: o ,

i
135' 4" i |

---- .- -

} h'

ov3'o)s -
.

.
.

'
: M, .

{ :::::.-' >

t m||C00Ct Cl
*

4 . ::::,3 -:::> . *n u ::.--:::''')!/g'
. 3# li''''''''\

g
?93' 1/4' i SUPPRESSION. . .

POOL

\

i

| Fig. 3.24. ORNL Mark III containment model (drywell nodalization).
!

I

i'
:

|

;-

( ..
i. 3-45
i

.

I

I

I.
|

|

. - - . . - . . . . . . - . - . . . - ..-.... --- . . . - - - . . - . . - . --- . -



(

. Table 3.7. Mark III containment model control volume

CV
No. physical description

201 area between top of shield wall and drywell head seals
202 pedestal cavity beneath reactor pressure vessel
203 annulus between weir wall and drywell containment wall
204 area from grating at 161'10" to 180'3"
205 RpV - shield wall annular region
206 area from grating at 147' 7" to 161'10"
207 area from top of weir wall to grating at 147' 7"
208 area from drywell floor to top of weir wall
209 RpV - drywell head annular region
310 suppression pool floor to bottom of concrete floor at 135' 4"
311 wetwen annular region from 135' 4" to 161' 6"
312 drywell-wetwell annular region from 161' 6" to 184' 6"
313 upper pool / refueling pool
314 wetwell airspace above upper pool (208' 10" to 226' 2")
315 . etwell airspace above upper pool (226' 2" to 243' 6")w

316 hemispherical done airspace
317 wetwell airspace next to containment wall (208' 10" to 226' 2")
318 wetwell airspace next to containment wall (226' 2" to 243' 6")
319 drywell-wetwell annular region from 184' 6" to 208' 10"
320 holding pump room

.

321 main steam room
322 RWCU heat exchanger room
323 valve room
324 filter /demineraliser room
325 RWCU pump roon

326 RWCU tank room
327 Equipment hatch access from 135' 4" to 208' 10"
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Table 3.8, Mark III centoinment model flew path summary

...

Flow
Path
No. Physical Description

201 vertical flow path from cv 208 to cv 207
202 vertical flow path from cv 207 to cv 206.

203- vertical flow path from cv 206 to ev 204
204 horizontal flow path from cv 204 to cv 201

f 205 vertical flow path from cv 205 to ev 201
206 vertical flow path from cv 201 to ev 209
207 vertical flow path from cavity (cv 202) to weir wall annulus

(cv 205)
208 door in cavity pedestal (cv 208 to ev 202)
209 drains from dw floor (cv 208) to cavity sumps (ev202)
210 drywell to wetwell vacuum breakers (cv 204 to ev 312)
211 top row of weir wall vents (cv 203 to cv 310)
212 middle row of weir wall vents (cv 203 to ev 310)
213 bottom row of weir wall vents (ev 203 to ev 310)
214 vertical flow path from weir wall annulus (cv 203) to drywell

area (cv 207)
215 drywell to vetwell nominal leakage flow path
301 vertical flow path from suppression pool (cv 310) to dw-ww

annulus region (ev 311)
302 vertical flow path in annulus region at elevation 161' 6" (cv 311

'to ev 312)
303 vertical flow path in annulus region at elevation 208' 10" (cv

319 to ev 317)
304 vertical flow path from cv 317 to ev 318
305 horizontal flow path from cv 317 to ev 314
306 horizontal flow path from cv 318 to cv 315
307 vertical flow path from cv 318 to ev 316
308 vertical flow path from cv 315 to ev 316
309 vertical flow path from cv 314 to ev 315
310 vertical flow path from cv 313 to cv 314
311 vertical flow path in annulus from at elevation 184' 6" (ev 312

to cv 319)
312 20" vent lines (supply and eshaust) from cv 312 to ev 400

(environment)
313 horisontal flow path between holding pump room (cv 320) and l

containment (ev 319)
314 vertical flow path between main steam tunnel and RWCU heat

exchanger room.
315 horisontal flow path between RWCU heat exchanger room and

containment (cv 322 to cv 319)
316 suppression pool dump from upper pool (ev 313 to ev 310)
317 horizontal flow path from valve room to containment
318 horisontal flow path between RWCU domineraliser room (cv 324 )

and containment (cv 319). !
319 vertical flow path between RWCU pump room (cv 325) and

containment (cv 312).
320 horizontal flow path between RWCU pump room (cv 325) and RWCU

tank room (ev 326)
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T blo 3.8 (etntinxd) :

Flow ,

I

Path
No. Physical Description !

I
i 321 Flowpath between equipment hatch (cv 327) and suppression pool ;
| (ev 310). '

322 Flowpath between equipment hatch and cv 311
323 Flowpath between equipment hatch and cv 312
324 Flowpath between equipment hatch and cv 319 i

325 Flowpath between equipment hatch and cv 317

i

I

i
1

|

l

I
|

| \
l

i

|
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|

|
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|
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' Other flow paths of interest include the installed 20" vent lines, the
drains from the weir wall annulus floor to the equipment drain sump in
the drywell pedestal, the drywell-wetwell vacuum breakers, drywell-
wetwell nominal leakage paths, access door to drywell pedestal, holes in
the reactor support skirt allowing hot gases from the concrete-corium
reactions to. rise up to the drywell head region, and the top, middle,
and bottom rows of weir wall vents.

Heat slabs were modeled as they presently exist in the plant, with the
etception of some of the concrete floors and walls in the miscellaneous
rooms around the upper pool. Due to the relatively large cooling
capability of the suppression pool, the contribetion to steam condensa-
tion from these heat slabs would be negligible. Total amounts of
miscellaneous steel for both the drywell and wetwell had already been
calculated in the FSAR. Th>sse heat sinks were equally distributed among
the control volumes in the drywell and wetwell, with the exception of
the relatively open airspaces above the upper pool.

The insulation . surrounding the reactor pressure vessel is neglected
since the properties of the insulation (thermal conductivity, etc.,)
under accident conditions are unknown. This is a contervative assump-
Hon since it allows for maximum heat transfer to the shleid wall (and
hence, maximum gueration of gases from concrete desassing) as well as
heating of the crywell atmosphere. The inside surface of the reactor
vessel is assumed to be at the temperature of tae gas and steam emiting
the safety relief valves. The temperature of the inside surf ace will
therefore vary with time, but the thermal lag of the pressure vessel
will tend to delay the overall effect on the drywell atmosphere tempera-
ture.

The containment ignitors are modeled using the BURN package in HELCOR.
The value of minimum H 2 concentration at which the burns occurred from
the 1/4 sesle Hydrogen Control Owner's Group (HCOC) tests is used as the.

default hydrogen ignition concentration when tha ignitors are opera-
tional.

3.3.5 Mark III Containment Responset Si. ort-ters Statiom Blackout
With ADS

Due to time constraints, only a few important highlights of the base
case run will be discussed in the current draft of this report. (A com-
plate and thorough discussicn of all of the results will be provided in
the nest draft.)

gelected preliminary results from this case are shown in Figures 3.25
through 3.28. As indicated in Figure 3.25, the Mark III containment
design pressure (15 psig) is escoeded at approsiu tely 8.3 hrs
(30,000 s) into the accident. However, subsequently the containment
pressure reaches only about 30 psig at the end of the 24 hr (86,400 s)
period represented by the calcutstion. This is significantly less than
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the ultimate static containment pressure capability estimate of 56 psig'

discussed in Section 3.3.3. From the results of the current calcula-
tion, it is :oticeivable that the containment pressure would never reach
the capability estimate, since the total decay heat release rate for the
debris decreases steadily after about 11 hrs (40,000 s) into the acci-

!dent.

To prevent the calculation of artificial hydrogen stratification in the I
outer containment, the equipment accese hatch region for these calcu- ]lations is represented as a separate control volume, with distinct flow-

,

paths to adjacent control volumes in the drywell-to-wetw' ell annulus. |
This allows natural circulation currents to be established that provide !rapid mialns of the hydrogen in the wetwell. Figure 3.27 shows how the '

natural circulation currents have reduced the temperature dif ferences
between control volumes to less than 10 degrees F. As shown in Figure
3.28, the hydrogen concentrations in the wetwell control volumes are so '

nearly identical that the plots lie essentially on top of each other.
This agrees with the 1/4 scale tests conducted by the utilities Hydrogen
Control Owners Group (HC00) organisation. With no hydrogen ignitors
active, the hydrogen concentration reaches a steady state value of
20-251 after approximately 7-8 hrs into the accident.

The suppression pool level never esceeds the weir wall height at any
time during the 24 hr transient. After the initial swell due to the
reactor vessel depressurisation initiated by ADS actuation, the pressure
generated by corium-concrete gas release keeps the weir wall annulus i

level _ depressed during the rest of the accident sequence. The supres-
sion pool level versus time is shown in Figure 3.26.

-
t

i

e

l

!

!
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Several MELCOR code defects and desirable code improvements have been
identified via the work described in this report. Some of the defects ;

have been circumvented via espeditious and creative use of existing code .

user-input options. Some have required estensive code debugging efforts
!at ORNL and the development and implementation of MELCOR code modifica- !

tions to address the deficiencies. The MELCOR Code Development Program |
.

st SNL has an established and effective mechanism for reporting and i
documenting code errors, deficiencies, and desired improvements. The '

mechanism f or transmittal and documentation of this information is the ~|
NELCOR Defect Investigation Report (DIR). This Appendix presents a com- |
pilation of the DIRs submitted to Sandia National Laboratories by ORNL's
BWR Mark II and III Parametrics Program researchers since January
1989. DIRs submitted by other ORNL research programs in which MELCOR is
being utilised are not included in this compilation. The various MELCOR 4
code versions created at ORNL in conjunction with this work are |
described in Appendix B. The f ollowing paragraphs summarite the con- |.

tents of the DIRs. Interested readers are encouraged to examine the j
individual D!ts (included in this Appendis) for additional details.

]

Siz' MELCOR Defect Investigation Reports (DIRs) were submitted to.SNL
during April 1989. The first two DIRs request improvemants in MELCEN's 'l
ability to detect and flag anomalous Esternal Data File data prior to |initiation of the MELCOR run. The third DIR identifies a MELPLT problem i

which results in conf using and undesirable plot output for cases in
which the value of an EDF variable does not change over the time frame
of the plot. The . f ourth DIR identifies an inconsistency in the RN
Package's default utilisation of heat slabs as settling surfaces for '

' aerosols. The fifth DIR identifies an inconsistency in the CVH'

Package's handling of pool mass / elevation initialisation data. The
sixth DIR transmits information relative to ongoing CORg0R i:uprovements i

at ORNL and desirable improvements in MELCOR's fuel fission product
release modeling.

Four DIR's were forwarded to SNL during May 1989. The first DIR '

requested a code modification to allow the user to specify, via control -

functions, the debris phase diagram employed within the CORCON module.
.

The second DIR requested a code modification to allow the user to con-
nect an Esternal Data File mass / energy source directly to a flow path.
This modification would address a current code limitation which prevents
the user from sourcing externally-calculated SRV bydrogen flows directly
into the pressure suppression pool. The third DIR requested a code
modification to allow the user to select separate f ailure temperatures

1 - for' the control blades, core plate, and lower Lead penetrations. Cur-
rently, the user must specify a single, universal f all.re temperature
for these three structures. The fourth DIR identified a code error in
which the sensitivity coefficient employed to " tune" the code for
correct calculation of CRAY CTS $ epu usage is not correctly implemented.

One DIR was forwarded to SNL during June 1989. This DIR identifies an
undesirable logic feature which requires the code to obtain physical
properties for mass sources which are not active, resulting in an,

| abnormal code termination. While this problem can be over-ridden via
'

1

|

|
,
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!
ingenious use of user-defined control functions, implementation of this
correction is desirable to improve the generality of the EDF mass source
opcion. This error has been corrected by SNL in subsequent versions of
the code. ;

.
,

one DIR was forwarded to SNL during July 1989. This DIR dealt with an
error that MELCOR (VANESA) generates for cases in which there is no 00
in the debris pour. This error is not normally encountered in a MELCOR
run in which the COR module is used to simulate the core melt process
since MELCOR's core melt models typically generate debris pours which
always contain some U0 . A substantial effort was expended in isolating3
the probles prior to transmitting the DIR to SNL.

,
,

One DIR was transmitted to SNL during September 1989. This DIR dealt
with an error that occurs in one of the Fuel Dispersal Interactions
(FDI) Package routines for cases in which there is no 00 ,

3 in the debris
pour.

l

I Sia DIRs were forwarded to SNL during October 1989. The first DIR
reported another problem in the VANESA subroutine of MELCOR, which
results in a code bomb whenever the core-concrete debris contains very '

small amounts of certain species. The second DIR reports a problem with
the FDI routine that results in an abnormal code termination if the

_ integrated amount of any debris constituent (as provided in the EDF,

| file) does not increase continually with time. The third DIR reported a
series of problems with the MELPLT (MLLCOR plotting package), which'-

( generates confusing and misleading plotted output under some circumst-
,

! ances. The fourth DIR reported a limitation in MELCOR's heat slab
desassing model that restricts the user's ability to realistically model
desassing of laminated or layered structures such as steel-clad concrete
structures. The fifth DIR submitted during October reported an error in
the code's calculation and plotting of the masimum radial cavity able-
tion variable in the Cavity Package. The sixth DIR requested that the
capability to plot additional CORCON parameters be added to the code.

.

1,
1
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DEFECT 2NVES72GA72CN REPORT (DIR) NVKEER: *PG. 1/
i

TITLE: EDT ERROR MANDLIN3 - EE7EC72CN CT CHARACTER DATA CCOE: 1.6.0
'

REQUES?CR/0R3.: S. R. GRIENE - CRNL, T73-624-0626 DATE:4/10/$9
'

A. REQUES7:
'

The EOT package does net correctly flag character data in an EDT file. The
following data file was employed:

'bvrsar pour'

O.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00
0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00
0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00
0.00000000E+00 0.00000000E*00
0.60000000E+03 0.76500425E+05 0.13787065E+05 0.13172418E+04 0.50978260E+02
0.100f1224E+02 0.80364700E+03 0.54380165E*11 0.16294596E+04 0.55975560E+01
0.54241974E+02 0.74000001E+00 0.16000001E+00 0.7999999BE-01 0.72291990E+00
0.19977519E+00 0.77304803E-01 '

i

The MILGEN execution and errer handling looked like this

x180g77 newgin / 10 .21*

input file name containing melgen input
(carriage return uses melgin)

cpening file newgin for user input
$*S'S 70 - errer -maximum record size exceeded
file in errer is sarpour

/

(' file name = ',a) /
.

called by SQTCBK at 00776652d (line 3)
called by Q:CERA at 00641312d ("ine 240)
called by $1CERP at 00403604c
called by SWrr at 00334361d (line 240)
called by QWRITE at 01257477d (line 437) e

called by XERRORM at 00776313a (1 V 20
-recursive traceback '

i the current dropfile name is +x180gsb
x180g77 etas time 40.346 seconds
cpu = 7.624 1/o= 14.463 mem- 18.260

The same file was accepted af ter the first line ('bwesar pour') of the file
was deleted.

Can the EDT errot handling routine be modified to detect and correctly flag
this error ?

REQUEST BASIS /.......... CHANGES REQUIRED /........ SEVERITY. *

E = error N = none MIN = minor
N = new C = coding MED = medium
R = revised feature D = documentation MAJ = major
0 = other I = input deck

A.5
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DEPECT INVEST 2 GAT 10N REPORT (DIR) NUMBER: -PG. 1/ /
' :TITLE: EDF Doesn't Detect Decreasing Time values CODE 1.8.0 |

1REQUESTOR /ORG.: $. R. GREENE - CANL, FTS-624-0626 DATE:4/24/89 i

A. REQUEST:
)

The MELGEN EDF input editor does not detect and flag the situation in which an J

i

EDF contains decreasing time values. MELCCR will not flag the situation either
if the calculation is terw.inated prior to reaching the point in time at which
the decreasing time value occurs.

1

l
!

-
\

|

.

t

,

,

'
[

l
! '

,

REQUEST RASIS/.......... CHANGES REQUIRED /........ SEVERITY.E = error: N = none MIN = minor-N = new C = coding MED = mediumR.= revised feature D = documentation MAJ = ,majoro = other I = input dock

STEP
A._ Request _ 1 . P AG E 8 | _B Y_ |_D AT E_ |_C R ' D_ | _D AT E_ | _AP P R_ | _D AT E_ l|_ | | | | | |

,

! E._ Diagnosis | | | |_ } | |

.

L C._ Plan i l_ | l_ | | |
'

D._ Changes |_ |__ | | | | |'

E._ Release _ | |_ | |_ | | 1

,

A-6

_ . _. _. _ _ _ _ _ _ . _ . . _ _ . _ _ _ _ _ _ _ _ ~ . _ _ _ _ . . _ _ _ . . _ _ __



_ ___ _ _ _ . .__ . _ _

* o i

DEFECT INVESTIGATION REPORT (DIR) NUMBER: -PG. 1/83
1

!

TITLE: MELP3.7/Ecr 2r.terf ace C001: 1.9.0

REQUESTOR /ORG.: S. R. GFIENE - ORNL, T;S-(24-0626 DATE:4/21/t)
)

A. REQVEST:

MELPLT has trouble plotting a variable read in from EDT, when the crdinate cf
the data does net change over the time frame of the plot. There is no prcblem
with the plot when 2 DEN 72 CAL data is input to MELCOR via a Tabular runction.

.
iThe first ettsched plot displays the MELPL7 results fer the case where a

Tabular Punction was employed to input data for the temperature of an external
mass source to the CVH Package. The temperature (in the Tabular Tunction) cf '

the material was variable with time, but was constant at $$1.0 K over the
duration of this plot. The plot is OK. The second plot illustrates the
results rendered when the same data is input as an Ebr filo. There is no range
on the ordinate axis ($57.000 te $$7.000) and the plot escillates back and
forth between the upper and lower boundary.

This should be corrected, since (I would think) it would not be an uncommon
desire to plot results over a selected time period in which . EDT parameter
values would not change. ,

'

,

REQUEST BASIS /.......... CHANGES REQUIRED /........ SEVERITY.E = orror N = none MIN = minorN = new C = coding MED = mediumR = revised feature D = focumentation MAJ = majoro = other I = input deck

STEP _-
PAGESl_ BY_ |_DATE_|_CK'D_l_DATE_ |_APPR_|_DATE_|A._ Request 1 |_ |_ | | | | |3._ Diagnosis |_ |_ | t | | |C._ Plan | ___ _ |_ |_ |_ | | |D._ Changes |_ | | |_ | | |

_ . _

E._ Release l_ |_ _f | | | | |

L A7
;
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g ; DEFECT ! INVESTIGATION ' REPORT (DIR) NUMBER: -PG.- 1/ 7, ~- *

<
" TITLE: (Inconsistent RN 6 HS Package Treatment of Surfaces CODE 1. 8 . 0 -

.

.m

REQUESTOR /ORG.: ' s. ; R'7. GREENE - ON!LE FTS-624-0626 DATE:4/27/89

f?f 7 A .1 ~ REQUEST:
~

The RN Package does not consistently pickup the default horison.cl
[Qf heat slabs as settling surfaces.- Example MELGEN input:

' wetwell'eavity' 2 2 3- - cv40000 '
,

cv40001 .0: 0

cv400a0 '3
cv400al pvol' .109006, thum .95 * 15.81 psia

' .

cv400a2 .tatm .307.83 tpol 324.11'
g - cv400a3;

~ mans.2 0.0
spol 204.52- .

J'' ~ ev400a4-
cv400a5 m1fr.4 0.0 m1fr.5 1.0 m1fr.6 0.0
cv400a6s 'mife.7- 0.0 m1fr.8 0.0t

li . ev400b1 197.5'. - 0 .'0
~

* '646' j
,

?C 'ev400b2 -213.5124 '447.7 * 703'11" - 3.5' = 700.42 = 213.5124 m i'

pedestal ID = 19'7"* *.

*h:40001xnn' wet well inpedestal floor,

.h:40001000 12 '1 1 0
'hs40001001' 'ww inped floor'

.

.hs40001002 197.5 0.0 * elevation =6(8' j
hs40001003 1.0 ;

'h:40001100 '40101. 1 0.0 * slab geometry .s
'hs40001200 40101'

hs40001300 0
hs40001400 1 400 ' ext' O.0 0.0 ,!

' hs40001500 27.98 L 27.983 2.9845 * floor dia. - 19'?" (5.97 m)
hs40001600. 0 -400

E hs40r91800' -1-

.hs40W1801 294.26 ' 11 ' * room temperature 70f.=

4

*

: hs 40001802 285.8. 12 *
.

average room temperature =55-

- *** CONTINUED *** ~

REQUEST- BASIS /.......... CHANGES REQUIRED /........ SEVERITY. |
.E-= error N = none" HIN = minor. ;|

medium- !"N = new C = . coding MED =4

- R'= revised feature D m- documentation MAJ = major
input deck IO = other I =

. S T E fr P AG E S | _B Y__, l _D AT E_ | _C K ' D ,, l _D AT E,_,, l _AP P R_ | _D A T E_ | j

A._ Request- 1 | | | | | | |
B._ Diagnosis |- | | | | | -|
C . ,_P l a n |_ | | | | | |
.D._ Changes | ; | | | | |,

;E._ Release | | | | | | |

1

A-10
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The. input,for. heat slab 40001 is accepted by the. heat = slab packager tut
h) rejected by tho'RN package as e valid settling surf ace . The'following MELGEN= !

.,<

; diagnostic file'is! generated:- ,

!
-

s

F i
error - no flow through or' horizontal heat slab for volume 400-

!.
,

o,
.

'

'rni peckage error in pass 2. *

,

message.from subroutine meggdb
error' encountered in generate pass 2 - no restart file written,

,.

t

.The problem is eliminated by introducing an RNDS card for heat slab 40001:<

4

[' rnds001: 40001 1hs- floor

'
. .

>(1 Why is this slab not accepten as a valid settling surface ?
.. ,

'k,
.

*

,

;

t-

.

|

.

,

o

.
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DEFECT . INVESTIGATION REPORT - (DIR) NUMBER: -PG. 1/ /. j

TITI.E : CVH Pool Mass / Elevation' Specification CODE: 1.8.0
.,

REQUESTOR /ORG. : - S. R. GREENE'- ORNL, FTS-624-0626. DATE 4/27/89 !

>' A. AEOUEST:

I recently had a case in.which ths following CVH cell input was utilized:
1cv40000 'wetwell cavity' 2 2 3

cv40001 .0 0 '.

cv400a0 3 l

ev400a1 pvol 109006. rhum .95 *- 15.81 psia j
cv400a2 tatm 307.83 tpol 324.11

|cv400a3 spel 204.52
|cv400a4 mass.1 0.0 mass.2 0.0
icv400a5 m1fr.4 0.0 m1fr.5 1.0 m1fr.6 0.0 '

l
.

ev400a6 m1fr.7 0.0 m1fr.8. 0.0
|cv400b1 195.022 0.0 * 648'

cv400b2 213.5124' 447.7 * 703'11" - 3.5' = 700.42 - 213.5124 m" **
pedestal ID = 19'7"*

}
j

Notice that this input contains both a "spol" and a " mass.1" input, and
that the two values are inconsistent. H

1

MELGEN accepted the input and (as I had intended) initilized the pool elevation lat 204.52 m. The mass.1 input (which I had forgotten to remove when I added the
pool) was ignored. When I noticed the faulty input, I was surprised that MELGEN
did not flag the use of both spel and mass.1 for the same volume, and .(failing-

that) that the code did not over-ride the earlier rpol input with the latter
l mass.1 input,

s

|

MELGEN should be modified to flag the use of any combination of zpol, vpol, and,

! mass.1,
.,

REQUEST BASIS /.......... CHANGES REQUIRED /........ SEVERITY. |
E = error N = none MIN =. minor

|
N= new C = )coding HED = medium
R' = revised feature D m-

'

documentation MAJ = major
10 = other I = input deck '

',

'1V STEP
PAGESl_ SY_ |_DATE_|_CK'D_|_DATE _ |_APPR_|_DATE_| |A._ Request 1 | | | | | | | !

3 _ Diagnosis | | | | | | |C. Plan' | | _| | | | |y D._ Changes | | | | | | ||- E . ,,Re le a s e, | | | | | | |

|

A-12

|

|

- .__ .. - --. . - - - . _-_ -..



, __ . - - . -- ,
- -

2

1

I

DEFECT INVESTIGRTION REPORT (DIR) NUMBER: -PG. 1/ / [
TITLE: Improved COR$0R Hodeling CODE: 1.8,0

.

|REQUESTOR /ORG,: S. R. GREENE --ORNL, TTS (24-0(26 DATE:4/27/69 '

A. REQUEST:

Recent ORNL fission product transport work have shown convincingly that all of
the.various COR$0R release rates for the volatile fission products are a facter
of 3 or 4 too high.- I have attached a short paper by Dick Lorent which describes
our latest information regarding fuel fission product release rates and the

~COR$0R modifications required. ORNL as currently working on an " improved versien '

of CORSOR.

I
I have also attached a copy of a plot Dick prepared for Steve Hodge,
which illustrates vividly the difference between present CORSOR fission product

,

release rates for cesium, and the release rates predicted by the latest (Booth
diffusion) model currently under development. "T/100" is the temperature-
in K' divided by 100 (for a transient recently predicted by BWRSAR) . The H0DGE
values represent BWRSAR's prediction of volatile release for this same transient.
The Booth dif ferent most significantly from the current CORSOR values for low|_

burnups, but are still significantly different for high burnups.

I thought you should be aware of this information. I would be happy to arrange
for discussions between Dick Lorenz, Tony Wright, and others, if you wish to
discuss this further.

|

REQUEST BASIS /.......... CHANGES REQUIRED /........ SEVERITY.
E = error N = none MIN = minor

j N = new C = coding HED = medium
'

R = revised feature D = documentation MAJ = major
o = other I = input deck

STEP
PAGESl_ BY_ |_DATE_|_CK'D_|_DATE _ |_APPR_|_DATE_|A._ Request 1 | | | | | | |B._ Diagnosis | | | | | | |

C._ Plan | | | | | | |
| D._ Changes | | | | | | |
p- E._ Release |_ | | | | |_ |
|

A 13
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CCRSCR . Histcry and Status *

R. A. Loren:
3/3/89

CORSOR is the common name for the NRC computer program used to calculate
fission product.. structural =aterial, and control rod materisi releases f rem '

1 reactor cores during severe accidents. It is based on the " fractions 1 release
rate model" first used in NUREC.0772 (1981), and is based on the equation F =p 1.EXP(.k(dt)) vhere F is the fraction of current inventory released, k is a-

. release rate coefficient (fraction / min), and dt is the time interval (min).
L

>

The release coefficient, k, is different for test fission product, structural
material. and control =eterial ele ents and has a strong temperature
dependence. A dependence of k on atmosphere (oxidizing vs reducing) for sort
elements has been long recognised but is used only fo_r_Le Qurium (1111ation_ci.( .It._by_.MD.o_x.1,d_1,,,s e d cla d d ing) in r e s pons e t o a n ORNL r e vie v, .wr.v/t,r.002 7. Vol .

e

2 (1983), There have been= significant changes in the cathematical expressions|

b
used to determine k, but the beste release rate equation has been in use since '

is 1981, Oiscussion of CORSOR is easier by separating it into three parts: 1)h
volatile fission product release, 2) non volatile fission product release, and
3) structural and control material release.

! Yolat'le Tission Products. _Ralesse rates (the values of k) for the volatile
'

fission products Mr. Xe Cv. .M I h_a_ve re?cained casentially unchanged sinceu
the 1981 NVREC 0772 versjon.of COM 0.1 CORSOR.M (SUREC/CR 4173. 1985) used a0

conveniene and logical 1/T correlation to express the values of k, but the
correlation for the volatile fission products was such that there was
essentially no difference from previous values of k. This was done becausethete vat'not sufficient quantity of new release results to justify a change, ;

and it therefor premitted essentially direct comparis'on of accident
calculation rem 1r t

L fnt vnlat.ila fission prph;t; regardless of whether the
NUREG.0772, CORSOR, or CORSOR.M release rate coefficients vere used, Results
f rom the CRSL HI_an(_yJ 1.eJJ,._tir.in_ngy_. Ahoy.to.DS.4Leipg_12,,_tha t all of tla
va rious ,CORS0_R re lea s e ra te s_for. the vol.ajile...f Rsjon eroduc t s a re of. f a c tst. q'8i

of 3 or 4 too high. ORNL test VI.2 showed that the release rates (values of
k) for the volatile fission products decrease even core as the total fraction
released exceeds about 30%. ORNL developed an expedient correlation for this
deficiency by dividing the initial inventory into three parts, the first partreleased at the highest rate (highest values of k) and the third part release

Lst the lowest rate. This method was called CORSOR.3 (Severe Tuel Damage
Meetings 1985) but has not been videly adopted. The Source Term Code _P_ackage
(NUREC.0956, July,1986) did not exp1_oy,,the factor of 3 or 4 reduction itL_h

yajue s ind_ica ted_by current Jtish te=pera ture experim3 nt.o.,_ Ansi did rtot_.in.clude
a needed further reduction when large total fractio,na} reL,ases oscur,.

Non Volarile Fission Products. There is a genuine scarcity of data for thu
release of the less. volatile fission products, especially from tests conducted
under the conditions expected for severe accidents. CORSOR.M (1985) =ade
significant changes to the values of k (in addition to using the 1/T forest)
for several of the less. volatile ele =ents, but there were few " good" data to
evaluate these cha nges . The ORNL high. temperature tests (2700 K) vill providethese data.

The new data in hand do show the insportance of atmosphere (H or H;0)

A 14

. _ _ _ __



- = - .

. .,.

,

,

'and its effect on the chotical form of a nu-ber of fissien products: Ea. Sr.
Mo, Eu, Ru, and the more volattle sb, Sn (cladding), end Te. CCESOR as used
in the Source Term Code Package-follows the oxidation of the cladding so that
the proper release of 7e is calculated, and a similar (prolably) correlatica
could be developed for Sb release. It appears that oxidation or reduction ef"

the fue} itsel* must be calculated in order to predict correctly the releases
of the above atecsphere dependent fission product releases.

St rvetural and centrol waterials. There are two problems with using the
COR$0R type fractional release rate model with structural and control
esterials. .First, many of them celt-at relatively lov temperatures and run
dovn out of the htsted zone. Second, mostlof them are present in such large

~

. quantity that saturation of the flowing steam / hydrogen atmosphere vill occur.
If either of these is neglected, there vill be an over calculatio'n of the
released amount since all of the reference data for release coefficients vers (obtained fro: small tests-in which there was no runoff and no vapor jsaturation.

;

!Th4 only ettempt in any CCRSOR version to account for the above is with i

eilver alloy in the current Source Term Code Package (NUREC 0956). Earlier
accident calculations (probably the BMI-2104 series) indicated very high
releases of Ag, In, and Cd. It was found that the code did not account for
rundovn. ORNL suggested an expedient remedy in the form of reducing the

|fraction release vs maximum temperature correlation previously used. Note !
that the Ag, In and Cd control alley releases are not calculated using the
fractions 1 release rate model.

An ORNL reviev of CORSOR (ORNL/7M 8842,1985) pointed out the need for a
vaporization based model for structural components (including 00 ) and for an
accommodation for rundown, deposition in the cooler paortions of the core,
aerosol formation, etc. A quantitative empirical method was proposed that
verked within the fractional release rate model framework. The summary page
fro = that review is attached.

lit is veli known that- there is an effect to burnup on fission product
.

release, but that has not been included in any CORSOR version and was not '

mentioned in the OP.SL/TM 8842 review. *

In summary. CCRS0_R is out,of date in most respects, but can be altered yf.to produce re sults much closer to reality while still using the fractional
release rate format. .ORNL has shown that Bocth type diffusion equations can

,bo adapted to reproduce experimental release rates quite closely. A change
from the fractional release rate model to,the use of diffusion equations by
themselves will represent only a small improvement. CORSCR 3 reproduces test
data just sa well und can be incorporated much more easily. A major missing
link is the proper accer.modations for atmosphere, geomatry, vaportention, and
condensation, where appropriate. High quality data for determining release of
the less volatile species cuat avait the performing of tests in the ORNL
fission product release program.

A 15,
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i

CORSOR SI:M51ARY (FPOM ORNI./nl - SSI.2)

1. The fractions 1 rate release model as used -in CORSOR sppears satis-'

f actory for the calculation of fission product release from fuel and j
;

cladding.- As theLexperimental data base and our theoretical knowl-
edge are expanded, more comprehensive models may be beneficial, jb

j

2. Significant. reductions in release rates for fission products Ba, Sr.
Mo ' and ~ Ra are re comme nde d . Minor changes are suggested for other '

fission products in order to use a uniform mathecatical format.
j

3. A partition of the. released fission products into 60% as aerosol
antida and 40% vapor along with aimple provisions for particle depo-

. sition and vapor . condensation in the cool portions of the core is
suggested.

,

4 . A reporitation model for structural saterials (stainless steel and
Inconel), fuel. cod cladding and U02, and control rod silver alloy is

y

'

proposed.' A simple method of accounting for the effects of exposed
;surf ace area, degree of satu' ration, phase. changes. partitioning be-

tween aerosol particles and vapor fractions, deposition of particles |
and condensation of vapor in the cool upper. portions of the core is i

1

suggested. Traction release rates of these ma te rials are recom-
tended for usa until the vaporization codel can be, implemented.

5. Additional data needs are for the release of fission products, Te, .

Sb, Ba, Sr, Mo, and Ru. The release rates for these species are
sensitive to the composition of the atmosphere and/or the extent of-

oxidation of the 2ircaloy cladding.

6. Verfication of the vaportration release of structural material com-
Ponents is inpossible because of lack of inclusion of these materi-
als in the more realistic experiments.

.

|-
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DEFECT ~~ INVESTIGATION REPORT! (DIR) NUMBER: -PG.- 1/,.

TITLE: Cavity Debris ' Phase Diagram Link To . CF -CODE: 1.8,0 - ,
-

!

, REQUESTOR /ORG.: S. R..GREENE -,0RNL, FTS-624-0626' DATE: 5/26/89 -

,

A.- REQUEST .
,1

1

It'.would. be .very useful to allow the user to program his/her own debris phase
diagram with control functions. How-bout-it 7

1

1
. q

|

.'|
|

|
1

i

~ i
1

%-. |
if .)

|

?

,

'

i.

REQUEST' BASIS / . . . ... . . . . . CHANGES REQUIRED /........ SEVERITY.
' E ' = ' e rror N'= none MIN = minor
N.= new' C.= coding MED = medium

[. R . = ' revised . feature ,D = documentation MAJ - = major
O = othee I = input deck

,

' STEP
P AG E S | _B Y_ | _D AT E_ | _C K ' D_ | _D AT E_ | _AP P R_ | _D AT E_ |A._ Request 1 | | | ,l | | | 3B._ Diagnosis | | | |= | | |

C._ Plan | | | | | | |D._ Changes | | | | | | |
[ E._ Release | | | | | | |

l-
A 18
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-

L DEFECT INVESTIGATION REPORT (DIR) , NUMBER: -Pk.- 1/-
.

: TITLE: Flow Path: Connection To EDF-Source CODE:1.8.0-
,

- ?

'
REQUESTOR /ORG.: S. R. GREENE --ORNL, FTS-624-0626 DATE:$/26/09

2
,

A.- REQUEST:

A code modification to allow the user to connect a flow path directly to an EDr - f

source file is badly needed. One example use of this feature would be to allow a '

user to source hydrogen, and steam f rom a previous MELCOR -ce BWRSAR run directly.
into the pressure suppression pool. The hydrogen source cannot be correctly
handled correctly without this modification. *

*

..

s

1.

{-
|-

*
. .

>

t

|.
.

,1
1

-r

i:.
.

I

I:

REQUEST BASIS /.......... CHANGES REQUIRED /........ SEVERITY.
E = error .N = none MIN = minor

i -- N = new C = coding
_

HED = medium'
-

R = revised feature D- = documentation HAJ = major
O = other I = input deck

' STEP PAGES|_ BY_ |,,DATE_|_CK'D_|_DATE _ |_APPR_|_DATE_|
._ A._ Request 1 |_ | | | | | |> B._ Diagnosis' | | | | | | |'

C._ Plan |_ | | | | | |D._ Changes | | | | | | g

. E._ Release | |_ | | | | |

A-19
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DEFECT INVEST! GAT 20H REPORT (DIR) NUMBER: ' PG . 1/-

TITLE: Separate rallure Temp for other Structure Penetrations CODE:1.8.0
i

REQUESTOR /ORG.: S. R. GREENE - ORNL, FTS-624-0626 DATE:$/26/89
'

-1A. REQUEST:

The code currently employs a single failure temperature for all "other structure" j

and the lower head penetrations. The recent DF-4 experiments clearly demonstrate
,

that the melt / failure temperature of the BWR control blades is lowered .fsignificantly by chemical reactions between the melt and the B C. Since "other !4

structure" is used to represent both the control blades and the core plate, the |
use of a single f ailure temperature for these two structures is not appropriate, . I'

ner.is'it desirable to use the same failure temperature for the penetrations. j

I suggest
.

A. The penetration failure temperature be' independent of the "other structure"
failure temperature;

and,

B. The user be allowed to input either spatially-dependent failure i

temperatures for the "other structure", or allowed a choice of two or three
,

different values. '

,

.

REQUEST BASIS /.......... CHANGES REQUIRED /........ SEVERITY.
E = error N = none MIN = minor
N = new C = coding MED = medium i

R = revised feature D = documentation majorMAJ =-

0 = other I = input deck

.

STEP
P AG E S l _BY_ | _D AT E_ | _C K ' D_ | _D AT E_ | _AP P R_ | _D AT E_ |

A._ Request 1 | __ | _ | | | | |
B._ Diagnosis | | | | | | |
C _ Plan | | | | ,| | |
D._ Changes | | | | | | |
E._ Release | | | | | | |

A-20
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'

- DEFECT ' INVESTIGATICH ' REPORT . - (DIR) NUMBER: *PG. '1/1-..

'

TITLE: Sensitivity . coef ficient # 10 doesn't work -CODE: 1'.8,0
'

REQUESTOR /ORG.: .S.LR. GREENE - ORNL, FTS-624-0626 DATE: 6/2/69'

A. REQUESTi--; ,

The: code does not accept input.for sensitivity coefficient.4 10
(ctss weighting factors for epu, I/0, and memory).

E.' I

!..

,

REQUEST ' B ASIS / . . . . . . . . . . CHANGES REQUIRED /........ SEVERITY.
E = error. N = none MIN - = minor-

N =nnew- C = coding HED = mediumR'm revised feature D = documentation NAJ = major
o = other - I = input deck-

'8TEP
P AG E S l_BY_ j _D ATE _ |_CK ' D_ |_DATE_ | _ APP R_ |_D ATE _ t' A._ Request 1 | | | | | | l-B._ Diagnosis | |_ | 'l | | |C._ Plan 1. | { l l 1. 1D._ Changes | |_ | | | | 1E._ Release- 1. |_ | | l. | |

A 21
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:

DEFECT INVESTIGATION REPORT: (DIR) NUMBER:. -PG. 1/1
?
'TITLE: Unnecessary Calls to Water Properties Pkg CODE: 1'. 8 . 0

- REQUESTOR /OR3.: S. R.'GREENE - ORNL, FTS-624-0626 DATE: 6/5/89 '

A. REQUEST:

I recently encountered a case in which the code was bombing in a call to the
water properties package,.' indicating that it was passing the package a
temperature above the upper limit of the correlations. .nis was occurring in -j-

conjunction with the use of a BWRSAR-generated EDF file in which we had written '

out the upper internal reactor vessel gas. temperature for the water, steam, and
hydrogen,' along with toro values for *.he integrated flow for the ' liquid water. 1

In this particular case, the code was attempting to obtain liquid water I

properties even-though no water had been released. ,

Randy Cole identified the problem over the phone and supplied a centrol. function
patch which basically clamps the water temperature to the maximum of the critical
temperature or the temperature in the EDF file.. This has us running for now.

I suggest the code logic be modified to cause the code to call the properties
package only when it has a non-zero source mass to deal with. (Randy ray have
already done this-).

,

.i

i

[

p

i

-i

:!

REQUEST BASIS /.......... CHANGES REQUIRED /........ SEVERITY.
E = error N = none MIN = minor
N = new C = coding MED = medium
R = revised feature- D. = documentation MAJ = major
O.= other I = input deck

STEP PAGES| _BY_ |_DATE_|_CK'D_|_DATE _ |_APPR_|_DATE_|
A._ Request 1 | | | | | | |
B._ Diagnosis | |_ | | | | |

>

' C._ Plan | | | | | | |
D._ Changes- | | | | | | |

E._ Release | | | | | | |

A.22
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DEFECT INVESis23ATION M P ORT ' (DIR) NUMBER: -PG. 1/1< +

TITLE:VANESA Error When Debris Uns No UO2 CODE: 1.6,0

REQUESTOR /oRo.: S. R. cREzN: - CRNL, F7S-624-0626 CATE: 7aly ?g l#l FT

- A. REQUEST:
-.

A floating point error is encountered in VANESA, and the code bombs for the case
in which there is no U02 in the debris and the concrete has reached the ablation

. temperature. This error was encountered when the BWRSAR debris pours were
sourced in via the EDT package. The early pours are.Ir- and re- rich, but '

contain no U0 . Everything is fine until the concrete first reaches the ablation2

temperature. It is at this point that VANESA is first called and immediately
bombs.

The problem appears to occur in line 102 of VANESA:

QCXP a S0XP/POXP.

POXP is tero (confirv.ed via debugger) and a floating point divide error is
'

encountered.

;

REQUEST BASIS /.......... CHANGES REQUIRED /........ SEVERITY.
E = error N = mone MIN = minor
N= new. C = coding MED = medium j
R = ' revised feature D = documentation MAJ = major
o = other I = input deck

>

STEP
P AG E S l _SY_ |_D ATE _ |_CK ' D_ |_D AT E_ |_AP P R_ |_D).TE_ |A._ Request 1 | | | | | | |S._ Diagnosis | | | | | | |

C._ Plan | | | | | | |D._ Changes,
- E ._Rele a s e

_ | | | | | | |
| | |_ | | | |

4
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DEFECT INVESTIGATION REPORT (DIR) NUMBER: PG. - 1/1

,

. TITLE: Problem in subroutine FDILOW C O D E:1,8

REQUESTOR /ORG.: C R HYMAN/ORNL DATE: Sept 18,1989

' A. REQUEST:
This DlR ts for documentation only. The information in this DIR was orginally passed to Ed Boucheron on
or about Sept 18.1.989, "

.

MELCOR encountered a floating point error in FDILOW due to lack of UO2 in the initial portion of the EDF
file generated by the BWRSAR code,

it appears that when the COR oackage is used to generate the materials calculated to leave the failed
reactor vessel, there is always some amourt of UO2 present in the discharge. The FDI package was
developed incorporating this assumption. Since BWRSAR calculates the initial pour to be entirely

- metallic,the difficulty immediately presented itself.

The following UPDATE instructions were proposed by Ed Boucheron as a fix of the problem.

.y.

*ident,5iornt
*d fdilow.283,1dilow.285

if(tmassi(i).ne.0.0)then '

xf rac(1)=fmspl2(1)/(f msp!2(1)+fmcavn(1)) i

call m1 fdr(ntpce,ntpcor,xmsidi,xmrf di,xtrac,
xcorci,nuntl3,nid,1fdQ,

+-
l endif

1

These instructions have been incorporated into ORNL's version of MELCOR and the code no longer
exhibits the ditficulty.

!

4

A 24
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DEFECT INVESTIGATION REPORT (DIR) NUMBER:- PG. 1/1-

#
TITLE: Subroutine SRPP error. CODE:1.8

,

REQUESTOR'ORG.:' C R HYMAN'ORNL DATE:Oct 10,1989

' A. REQUEST:
This DIR is for documentation only. This information was orginally passed .via telephone to Ed
Boucheron and Randy Cole of the MELCOR code development staff on or about Oct 10,1989.

' MELCOR tried to take the square root of a negative number at UPDATE line SRPP.18. MELCOR
had calculated tens of thousands of seconds of the transient when this error was produced. SNL
MELCOR staff were contacted and they suspected that the moles of some particular VANESA-

species wes probably being calculated as very small negative number. -They recommended that ,

debug of the various variables be performed so that their values were known at the time of the
error. Dave Bradley of the CORCON and VANESA code development staff was also contacted and he

,

corroborated the MELCOR staff suspicion. Debug print statements were inserted into the
subroutine SRPP and it was found that the variable xm(3,2) had the value of 0.460692e 13,
a very small negative number.

The following conditional check was placed into SRPP immediately after line SRPP.15:

.

If (abs (xm(3,2).II.1.0e 6) xm(3,2) 0.0

MELCOR was restarted with the above modification inserted and no difficulty was encountered.

In discussions with Dave Bradley,it was learned that a more recent vers en of VANESA has been
developed and is ready for use, it was slso learned that the new version of VANESA contained a
check for the exact situation causing the current difficulty. Additional checks have been

L ' developed in the new version of VANESA to preclude difficulties of this type. The MELCOR staff
L has been informed of this and the priority of incorporating the newer version of VANESA into
L MELCOR remains low.

|

|

L

L
1

|

'
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' T DEFECT INVESTICATION REPORT (DIR) NUMBER -PC. 1/
L - *

p TITLE: Abnormal Stop When Using FDI Package in MELCOR CODE: 1.8.0

REQUESTOR / ORC.: M. L. Tobias - ORNL, FTS 624-0574 DATE: 10/16/89

This report is for record purposes only, the information concerning this
I case (input filed and output listings) having been furnished . to M.

Carmel of SNL on or' about 10/13/89.

A. REQUESTt

A -case. came to an abnormal stop when the FDI package was being used. |

The pour data were input as an external data file. .The failure appears :to be associated with a pause in the flow of molten materials. The same '

case runs satisfactorily if the FDI_ package is not invoked..
.

.

-

.

L

t

|

|
e

.>

.'

i

REQUEST BASIS /......... CHANCES REQUIRED /........ SEVERITY.
E = error N = none MIN = minor
N = new C = coding HED = medium
R-= revised feature D = documentation MAJ = major
0 = other I = input deck

STEP PACES BY -DATE CK'D DATE APPR DATE*

A._ Request 1
~ ~ - - - - - - - - -

i

B._ Diagnosis
s

C. Plan
~

D._ Changes

E._ Release
i

A 26
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DEFECT IRVESTICATION REPORT (DIR) NUMBER: -PC. 1/ ,

' TITLE: Three Problems With MELPLT Packsge CODE: 1.8.0 :

REQUESTOR / ORC.: M.fL. Tobias - ORNL, FTS-624-0574 DATE: 10/18/89

This report is for record purposes only, the informationL below having..

been tommunicated to R. Summers on or about August 4, 1989.
<

A. REQUEST:

Problem 1 - If the CRID instruction is given, the grid appears not on ,

the r57e but over the entire plotting area. (Example 1 and input list- '

ing a 4 ;ftached.)

Problem 2: If the ploti or epleti command is given with i ranging from
4 through x, the data points themselves are not plotted but rather the
markers seem to be placed at positions spaced equidistantly along the
curve length. - The markers are not placed at data coordinates whether or
not a connecting curve is drawn. See example 2 and example 3. The
lists accompanying these say 8 points are plotted, yet only 6 markers
appear.

Problem 3: If user supplied input data are used and the data i command
is given with "i" from 4 to 9 or a through i, the markers are placed
equidistantly along the curve. In Example 4, 17 markers are used, yet
only 6 points were supplied. In example 3, however, where "i" in data i
was set to "0" , a points only choice, the markers are placed at the
coordinates that were supplied.

,

;

REQUEST BASIS /......... CHANCES REQUIRED /........ SEVERITY.
E = error N = none MIN = minor
N = new C = coding MED = medium
R = revised feature D = documentation KAJ = major
0 = other I = input deck

STEP PACES __BY__ _DATE_ _CK'D_ _DATE_ _APPR_ _DATE_
.

~

B.;Dasgnosis
C. Plan

~

D. Changes
E._ Release

l
'
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DEFECT INVESTIGATION REPORT (DIR) NUMBER: PG. 1/1

1

TITLE: REQUEST FOR MORE CAV PACKAGE PLOT INFO CODE:1.8 + ''

REQUESTOR'ORG.: C R HYMAN/ORNL D AT E:OCT19,1989

A. REQUEST:

I would like to be able to plot the following additional CORCON parameters as functions
of time:

. Chemical power (watts) :

Individual debris species masses (kg):
Fe
Cr
Ni
Zr *

UO2
ZrO2
SiO2

Ca0
C

Having this Information from plots speeds the understanding of MELCOR analysis, it also
woulc be usefulin understanding the relative importance of the various Chemical effects being
calculated by CORCON.
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DEFECT INVESTIGATION REPORT (DIR) NUMBER: .PG. 1/1 !
>

l

TITLE: DEFECT IN DEGASSING MODEL CODE:1.8 +
.

REQUESTOR'ORG.: C R HYMAN'ORNL DATE:Oct 24'1989A. REQUEST:
1

As currently implemented in MELCOR (manual page HS.UG.22), the user does not have the
flexibility to explicity specify the noding intervals of a structure which are to be evaluated for

;

degassing. The user can only control the side of the structure,i.e. the inside or outside, from
,

I

which the gas emerges (the ISRCHS parameter) and the number of noding intervals to be
evaluated (the ISDIST parameter). The code then assumes that the nodes that are actually
degassed are the ISDIST nodes nearest the side chosen by the ISRCHS parameter. 2

For a structure which is composed of one material, this poses no problem. However, for
structures for which degassing occurts only in the interior of the structure, this limitation
may be significant.

Mike Carmel has been informed of this (by phone on 10/23/89) and he informed me that they
are aware of this defect, but that work priorities do not permit them to address it at this tirre. '

. -

4

.

REQUEST B A S IS/..........CH A N G ES R EQ UIR E D/........S E VE RIT Y, '

{ F, = error N = cone HIN = minor'

N = new C = coding MED = medium
A = revised feature D = documentation MAJ = major0 = other I = input deck

PAGEsl__aY _DATE_|_CK'D_|_DATE__|_APPR_l_DATE_|, ,,,
I5._ Diagnosis | |_ | g --g
IC._ Plan | | | g
|D._ Changes | | , g g IE._ Release |_ g ; g g

,

A-49
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DEFECT INVESTIGATION REPORT (DIR) HUMBER: PG. 1/1 '

i

TITLE: ERROR IN RMAX DETERMINED BY CAV PACKAGE C O D E:1.8 +
'

REQUESTOR /ORG.: C R HYMAN DATE:Oct 24,1989
.

<

A. REQUEST: "

This DIR serves as documentation only. Randy Cole is aware of the problem and is currently
developing an UPDATE set to correct it. ,

'

An error was found in the RMAX variable calculated by the cavity package. It was made apparent
by plotting the variable and noticing several non physical steps downward. Cole suggested a

-

'

temporary fix as follows:

e
'

.,

*1 dent hym3

*/. fix the dermination of rmax for cav package
'd.cavrup.63
'l.cevrup.65

end if
*/
' compile.cavtup,

L .

The above fix was inserted into the ORNL version of MELCOR and the problem has been resolved.

,

!

I

REQUEST B AS IS/..........C H A N G E S R EQ UIR E D/........S E VE RIT Y.
E = orror N = none HIN = minorN = new C = coding MED = r.edium
R = revised feature D = documentation MAJ = ma j o rO = other I = input c'eck e

s

STEP _ PAGEs|_ BY_|_DATE_|_Cr.'D_|_DATE _|_APPR_|_DATE_|A._ Request 1 | | | _| | |_ |B._ Diagnosis |. | |. _|. | | |C._ Plan | | | _| | | |D._ Changes |. | | __ | | | |E._ Release |_ _ | | _| | | |
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!

This Appendiz provides a brief history of ORNL's local MELCOR code !

versions. Where appropriate, reference is made to the DIRs included in
Appendis A. As indicated in Appendit . A, the completion of the work
described in this letter report has resulted in the identification of ,

several MELCOR code defects and desired code improvements. These prob- r

less may be conveniently grouped into fcur classest (1) problems which_.

effect only the plotting of the output [three DIRs), (2) problems which
would effect the numerical results of the calculation, but that do not '

,

result in abnormal code aborts [seven DIRs), (3) problems which do
result in abnormal code aborts or failure to start, but that were sub- ,

*

sequently avoidad via creative use of code input parameters or modifica-
tion of the esternal data files prior to their use by MELCOR [ sis DIRs),

.

I

and (4) problems which resulted in . abnormal code aborts and that
required code modifications to address the deficiency [three DIRs).

.

Significant effort was expended, in some cases, to determine the source
i of those problems which fall into the first three classes. A sub- '

stantial effort was frequently required to diagnose and implement fines
for the class 3 problems. Those efforts will not, however be discussed
further in this Appendia. Rather, the purpose of this Appendix is to :briefly identify the code bugs which did required local code acdifica-
tions, and to describe the nature of the code modifications required to
address these errors.

Three fines have been made to the local ORNL version of MELCOR 1.8.0 and
have also been forwarded to SNL for incorporation into subsequent
versions of MELCOR. The first fix stems from an error in subroutine
FDILOW and is similar in nature to the VANESA requirement of non-zero
UO mass in the debris pool reported in Appendix A. It appears that
when the COR package is used to generate the materials calculated to ;

leave the failed reactor vessel, there is always some amount of UO
present in the discharge. The FDI ~ package was, developed incorporating i

this assumption. Since BWRSAR calculates the initial pour to be
entirely metallic, the difficulty ismediately presented itself. The
following UPDATE instructions were proposed by Ed Boucheron of SNL's
MELCOR Code Development staff as a fix to the problem.

*/
*1 dent,fdiorni *

*d,fdilow.283,fdilow,285
if(fmassi(i).ne.0.0)then
afrac(1)-fasp12(1)/(fasp12(1)+facavn(1))
call rn1fdr(ntpce,ntpcor,masidi,marfdi,xfrac,

acorcl,nuncis, nidi,1fdi)+

and if

These instructions have been incorporated to ORNL's version of MELCOR
and the code no longer exhibits the difficulty.

,

1

The second modification addressed an error in which MELCOR attempts to
take the square root of a negative number at UPDATE line SRPP.18.
HELCOR had calculated tens of thousands of seconds of the transient when
this error was produced. SNL MELCOR staf f were contacted and they

4
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I
:
;

l'

suspected that the moles of some particular VANESA species was probably '

.

being calculated as very small negative numbers. They recommended that
| debug of the various variables be performed so that their values were

known at the time of the error. Dave Bradley of the CORCON and VANESA
code dtvelopment staff was also contacted and he corroborated the MELCOR t

staff suspicion. Debug print statements were inserted into the subrou-
time SRPP and it was found that the variable am(3,2) had the value of ,

-0.460692e-13, a very small negative number. !
I

|
t

The following conditional check was placed into SRPP immediately af ter
line SRPP.15 '

,

'

If (abs (agf 3,2).1tl.0e-6) um(3,2)=0.0
:

MELCOR was restarted with the above modification inserted and no diffi-
culty was encountered.

,

5

In discussions with Dave Bradley, it was learned that a more recent
version of VANESA has been developed and is ready for use. It was also
l' earned that the new version of VANESA contained a check for the exact
situation causing the current difficulty. Additional checks have been
developed in the new version of VANESA to preclude difficulties of this
type. The MELCOR staff has been informed of this, but the priority of
incorporating the never version of VANESA into MELCOR remains low.

The third modification dealt with an error in the RMAX variable calcu- i

lated by the cavity package. It was made apparent by plotting the
variable and noticing several non physical steps downward. Randy Cole,
of SKL's MELCOR Code Development staff, suggested a temporary fix as

L follows:
1

I */
i *ident,hym3
'

*/ fix the determination of raan for cav package
*d cavrup.63
*i,cavrup.65

end if
*/

* compile,cavrup

The above fix was inserted by the ORNL version of MELCOR and the problemi

|- has been resolved.
,

'

,

:

,
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The use of BWRSAR for simulation of the invessel phase of the severe
accident scenarios discussed in this report was predicated on (a) the
perception that SWRSAR provides a more detailed treatment of the BWR
core melt-down process and bottom head / debris interactions than does
MELCOR, and (b) the fact that ORNL's experience with BWRSAR provided a
basis for more rapid response to the reactor analysis needs of the
Mark II and III Parametrics Program. The use of BWRSAR for these
analyses does, however, present a code interface problem, since the
MELC0R containment models must be driven with the BWRSAR generated SRV
discharge,- vessel leakage, and debris pour results. The interface
between the BWRSAR and MELCOR codes is provided via use of the Esternal
Data File (EDF) option in MELCOR. The utilisation of the EDF option
necessitated (a) modification of an existing BWRSAR Post Processor code,
and (b) the addition of an " interface" control volume to the ORNL pri-
mary containment model.

The EDF Package serves as a MELCOR utility to allow the code to communi-
,

cate with external data files that may define sources and/or boundary '

conditions which vary with time. The EDF Package has the capability to
both read and write data files. SNL's development of the EDF package
was driven, in part by ORNL's need to interface BWRSAR and MELCOR for
the calculations described in this report. The addition of the EDF
Package to MELCOR is responsive to a request (DIR) originally submitted
to SNL by ORNL on March 20, 1987.

,

Four external data files are required to interface BWRSAR and MELCOR for i
the types of calculations described in this report. The first file
consists of five parameters: time, integrated SRV flows (water, steam,
and hydrogen) and instantaneous SRV gas temperature at monotonically-

,

increasing times throughout the accident. The second external data file ,

also consists of five parameters time, integrated reactor vessel and
recirculation loop leakage (water, steam, and hydrogen) and the instan-
taneous temperature of this leakage at monotonically-increasing times
throughout the accident.

i

! The third etternal data file contains all of the information necessary
to characterise the debris pours entering the containment throughout the
accident. This file contains seventeen parameters: time, integrated '

mass of UO in the debris, integrated mass of airconium (Zr) in the
debris, integrated mass of steel in the debris, integrated Zr0 in the

,

debris, integrated mass of steel oside in the debris, integrated mass of
control rod poison in the debris, integrated enthalpy of the debris,
debris temperature, debris pour column diameter (i.e., reactor vessel
hole size if calculated by MELCOR), debris velocity as it enters the
containment cavity (normally calculated by MELCOR as the debris ejection
velocity from the reactor vessel), mass fraction of iron (Fe) in the
steel, mass fraction of chromium (Cr) in the steel, mass fraction of

,nickel (Wi) in the steel, mass fraction of iron oxide (Fe0) in the steel '

| oxide, stess fraction of chromium oxide (Cr:0 ) in the steel oxide, and3

the mass fraction of nickel oxide (NiO) in the steel oxide, at monotoni-
cally-increasing times throughout the accident.

1
'
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The fourth esternal data flie contains the total eavessel debris decay
heat history. This file contains only two parameterst time, and total
esvessel debris decay heat at monotonically-increasing times throughout,

the accident.

Two separate BWRSAR post processor codes are employed to generate the
four esternal data files required to drive MELCOR. The first post '
processor reads the RWRSAR-generated data files and generates both the
plotted BWRSAR results for SRV and vessel leakage flows and the MELCOR
SRV and vessel leakage esternal data files described above. Since this
information is generated directly by BWRSAR, no manipulation or other i

modification of the BWRSAR results are performed by this post-processor.

The second BWRSAR post processor (SARCOW2) reads the BWRSAR generated
data files and generates the MELCOR esternal data files for the debris
pour characteristics and the esternal data file for the debris pour
decay heat. As currently written, the debris pour characteristics file

,

contains 0.0 in the data fields for the integrated debris enthalpy,
debris pour column diameter, and the debris pour velocity. These three ,

parameters are required as input to MELCOR's Fuel Dispersal Interactions
(FDI) Package, which determines the amount of steam generated by the <

debris as it falls through a pool of water. Initial consultations with ,

the SNL MELCOR code development team indicated that all three parameters
are required to be non-zero if FDI calculations are to be performed.
(It has since been determined that the integrated enthalpy parameter is
not actually utilised by MELCOR.) '

To complete this file, a third code (MELCOR EDF pre processor) was
written to calculate the debris enthalpy using the materials properties
functions of the MELCOR code. These were obtained f rom the Material
Properties User's Guide for Version 1.8.0 of the MELCOR code. The data
are in the form of tables of temperature vs. enthalpy per unit mass. '

The values of enthalpy at intermediate temperatures were obtained by
, -linear interpolation between the tabulated values, just as is done in

the MELCOR code itself.

The file generated by SARCOW2 contains values of the integrated flow of
each material up to time tg. At time t , the temperature of the pour ist
Tg. The integrated flow of material j up to time tt is denoted as
Mgeg. The code calculates the enthalpy, hp t, per unit mass of each
material j at temperature Tg. The total enthalpy to be inserted in the
new EDF for a particular time, tk, is the sum of 311 enthalpy additions
up to time t 8k

Total Enthalpy = I I hg j g (M),g - M g,1) (1)

The summation over j is over all materials. The summation oser i is
from i=2 to i=k. For the initial time, t i, the enthalpy value is taken

the sum of hj,gMj,1 for all the materials j, but is actually sero, as
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since at the first time in the SARCOW2 file, the M;,g values are all ;

If it should happen that values of M;,g are the same for succes-mero.
sive values of 1, a small increase is forted in order to prevent an
interruption of the calculation, as discussed below. ,

% The EDF pre processor code also provides for a constant value of the !
f16v diameter to be inserted. For the purpose of these calculations, it :
is the diameter of a circle whose area is a user-determined percent of I
the total inpedestal drywell floor area, A. The velocity of the flow at
time tj is calculated from the integrated mass flows and the component
densities,dji *

i

Flow Velocity = Ig I) (Hg-Mg ,g]/(Ad)) (2)

The values for the densities were also obtained from the Material Pro- .

perties User's Culde. Code results for enthalples, velocities, debris
pour column and diameter were checked with hand calculations.

,

The' new esternal data files generated by the code were checked by {esercising them in several short MELCOR calculations. A base case was
first run for 2400 s of problem time. West, the case was run with the i

integrated enthalpy set to zero. The answers were identical except for
the listings of the values in the esternal data file. (It appears that
the inserted value is intended to be available for checking purposes.)
Third, the case was run for an estended period of time. An abnormal
termination occurred in NELCOR at that point at which the input data for
the integrated flows became constant, corresponding to a temporary pause

,

in the flows. A DIR describing the problem was forward to SNL (see
'Appendis A). For present purposes, the problem was dealt with by
changing the integrated flows by successive multiplication by a factor
of (1.0 + 1.0e-6) during the constant integrated flow period, thus
ensuring that the flows always increase slightly. Several cases have
since been run successfully with the files created using this method.

The routines implemented in the MELCOR EDF pre processor code will *

eventually be implemented directly into SARCON2. This will eliminate,

! the need for post-processing the esternal data files generated by'

SARCON2.

In addition to the esternal data files, an additional MELCOR model
.

" interface cell" was required because MELCOR 1.8.0 does not possess the
capability to inject esterna11y-sourced hydrogen into a pool of water.
Thus, it is noi possible to provide a realistic treatment of the impact
of esterna11y-calculated SRV hydrogen flows on pressure suppression pool
temperature or wetwell pressure. A partially-flooded interface volume,
which is connected to the pressure suppression pool (sub-surface) via a
flow , path is utilised to provide this function. The use of such an
interface volume is undesirable, since the utilisation of a small volume
for this interface cell results in small code time steps and long cpu

- times, while the use of large cell volumes can result in a distortion of
i the pool's response due to the time delay associated with material

| C-5
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transport through the cell. Nevertheless, such a cell was incorporated
in the model to provide the necessary interface between BWRSAR and
MELCOR.
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APPENDIX D 1

MARK II BTSAN EEPLASION ISSUES * j
i

*The work described in this Appendix was conducted by Dr. A. E. Levin,
of the GeorSia Institute of Technology and was funded by the Oak Ridge

;

Associated Universities (ORAU).
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Severe accidents in boiling water reactors (BWRs) are considsred to bea

;

of extremely low probability. Nevertheless, because of the potential
for widespread release of radioactive material outside of the limits of ;

the reactor site, these accidents contribute significantly to the over-
all risk due to plant operation. As a result, the Nuclear Regulatory
Coaumis sion (NRC) has sponsored a large, multi-disciplinary program to '

model such severe accidents.

One aspect of severe accident analysis that has received considerabic |
attention in the NRC program is that of steem emplosions. Thase events -j
may occur when molten core materials, structural materials,*cr both come

3into contact with water. Steam esplosions are characterized by i

estremely rapid vaporisation of the water, resulting in very large pres- |

sures in the melt-water mixture. The pressure pulse is relieved by
espansion of the misture at high velocities. The resultant forces on
the rest of the system, whether inside the reactor vessel or outside,
can cause considerable damage. Steam emplosions occurring invessel can !

potentially develop enough energy to propel the reactor vessel head into q

the containment. E vessel emplosions can generate missiles that may !

penetrate the containment building, or develop high enough pressures to ]cause containment failure. An eavessel emplosion occurring in a BWR 1

suppression pool could cause severe damage to the structure surrounding
the pool (wetwell) and contribute to overall containment failure.

1

This Appendia discusses the issue of steam explosions in the pressure j
suppreasion pool in BWRs with Mark II containments. The Mark II design,

~

which wse described in Chapter 2, is uniquely susceptible to the ingress
of molton core ' materials into the pressure suppression pool, in the
event of a core-melt accident. Moreover, the core material may also be
mised with molten concrete and concrete decomposition products. The

l effect of the concrete en the dynamics of a melt-water interaction.
| 1.e., whether the concrete increases or decreases the probability that a

steam emplosion may occur, is at present unknown.
*

Af ter a description of the Mark II containment, the subject of steem
explosions is discussed, with particular attention to the potential
effects resulting from the presence of molten concrete. Current model-

i ing techniques for melt-water interactions and steam explosions are then
L esamined, with emphasis of the MELCOR _ computer code. Modifications to

MELCOR that would permit more realistic modeling of melt-water interac-
tions in Mark II suppression pools are explored, and recommendations are
made for experimental work that would provide data to test the models.

BWR Mark-II Containment Design

Boiling water reactors in the United States have been constructed using
three containment designs: Mark I, Mark II, and Mark III. While the
Mark III is the most recent and most advanced configuration, there are
nine BWRs at five sites which employ the Mark II design (Ref.1). The
basic Mark II configuration in shown in Fig. D.1. The reactor is sup-
ported on a pedestal near the top of the containment. The pressure
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isuppression pool comprises the lower part of the structure, with a slab j

of reinforced concrete separating the upper region, or drywell, from the j
wetwell. As can be sean, in the event of an unmitigated core-melt acci-
dent, molten metal (steel, airconium), or oxides (UO , 2 rop),2 tw both
will fall onto the concrete slab. Since thete materials, referred to ;

generically as corium, may be heated by the decay of fission products in l..

the fuel, they can proceed to melt through the concrete, releasing |

carbon dioxide and wacer vapor into the drywell atmosphere while the |

concrete decomposition products, become part of the molten mass. Upon ;

melt-through of the concrete slab, (or impedestal drains or downcomers)
the molten material can fall into the pressure suppression pool. It is
also possible for the molten corium to flow out of the area iswdlately
below the reactor vessel, in which case it could flow into the wetwell ;

through or around the downconers shown in Fig. D.1. The torium could
melt through the downconers where they penetrate the drywell floor, or
flow directly into the pipes if the :notten pool is deep enough. J
Figure D.2 shows the Mark II containment used at the 1.aSalle plant. In
this design, the drywell floor within the reactor pedestal it !

recessed. The volume of the resultant cavity is large enough to contain
an entire molten core. In addition, the wetvell does not estend into *

the impedestal region under the cavity, so that the probability of a <

melt-water interaction in the wetwell is substantially smaller than in
the design shown in Fig. D.1. Another variation on this containment '

design is similar to that shown in Fig. D.1, but with downcomers in the
inpedestal region of the drywell floor in addition to those shown in the

,

expedestal region. All of the Mark II designe except Susquehanna also
incorporate 4"-6" diameter inpedestal floor drains which penetrate the
drywell floor. In the event of a vessel breach, the molten core mate-
rial would be able to reach the suppression pool via the downcomers as i
described previously, via melt-through of the floor drains, or via melt- #

through of the concrete floor.

The possibility of molten corium, possibly combined with molten con-
crete, reaching the suppression pool raises the possibility of steam
explosions. The following section provides an overview of this subject,
and discusses ' how the presence nf concrete may affect the system's
behavior.

Steam Explosions

Steam explosions can occur when molten core materials come into contact
with water. The emplosion can be considered as passing through four
distinct phases (Ref. 2):

1. Fuel-coolant sixing, in which the molten fuel and liquid cool and
become intermined on a coarse scale. The heat transfer mod 6 is
relatively quiescent, and is considered to be film boiling.

2. Trippering, in which the fuel and coolant are brought into intimate
contact. The vapor film collapses and heat transfer rates escalate
rapidly, as the fuel fragments and the heat transfer area increases.

4
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3. Exploadon propagation, in which the fuel fragmentation process ;spreads rapidly through the fuel-coolant misture. Large quantities
of vapor are produced at estremely high pressure.

4. #xpansion, in which the high pressure vapor espands against the sur-
rounding liquid and structure. It is in this phase that destructive
mechanical work can be performed. It must be emphasized that these
four phares proceed very rapidly, with the time between triggering
and espansion on the order of 2 ms. ~

,

Considerable work has been done in the field of steam esplosion phenome-
nology. An estensive esperimental program was carried o'ut at Sandia '

National Laboratories (Ref s. 3-6), in which esperiments were performed
using core simulant materials and molten corium. Additions information ,

on steam emplosions is avallable outside of the nuclear industry; both '

the foundry and paper production industries have considerable operating i

esperience with steam esplosions in process equipment (Ref s. 7-8). *

The possibility of steam esplosions in Mark II wetwells is of concern
for several reasons. The forces generated during a steam esplosion can
cause severe damage to the wetwell structure and components. It is con-
ceivable that the pressure' spike that might occur would of sufficient
magnitude to f ail the containment. Should such a failure occur, it is
also possible that the esplosion would resuspend inte the containment
atmosphere radioactive meterlat that had been deposited previously in
both the wetwell and the drywell. These aerosols would then escape into
the environment, where they might comprise a significant source term. i

It must be noted in this conn,ction that the elapsed time between the
beginning of a severe accident and the occurrence of a steam-emplosion
could be several hours, since the core material must first penetrate the
reactor vessel and then melt-through the floor drains or floor slab, or
overflow the downconers. Steam esplosions in Mark II containments
could, therefore, provide the mechaniens for a long-delayed, but large,
fission product source ters.

Effect of Concrete on Steam Emplosions

Despite the large body of esperimental data that is available on steam
esplosions, there is virtually no information on how the presence of
concrete in the molten material might affect the possibility of. the
event or its subsequent behavior. The inclusion of molten concrete and

| its decomposition products in the melt potentially affects both the pro-
parties of the molten material and the manner in which it interacts with
the water in the suppression pool.

Concrete is basically a misture of ceramic materials with water and
carbon dicaide trapped within its metria. The type of concrete used in

|most nuclear power plants consists largely of calcium calde (Ca0) and I

silicon dioside (Sio ), with small amounts of alumina (Alr0 ) and othern 3 |minerals. The C0: content is approsimately 201 by weight, with water
comprising about 71 of the misture. Concrete is able to withstand very j

,

high loadings in compression, but has relatively little mechanical '

~

.

D-7

I
. ._ _ -. . = - . - - - - - . - - . - _ - - - . _ ----- ---- -- - -- -



, . ._ .- . . .. . _ _ _ _ _ _ _ _ _ _ . .

I

p
R |

-

I

strength in tension. Its properties are also highly temperature depen-
,

dent; if it is raised to a temperature near the boiling point of water,
the water in the matriz begins to evaporate and the concrete loses sub-
stantist mechanical strength.

When it is heated to high temperatures, concrete begins to lose not only
its water, but its entrapped C0 as well. gy the time it reaches
-2240'F, almost all of the CO: and water vapor has been driven out. ,

Concrete's melting temperature varies according to its composition. In j
general,- the melting temperature ranges -between -2096 and 2546*F j

(Ref. 9)1 it should be noted that this temperature is somewhat below the
melting temperature of its individual components.

When molten concrete is cooled, it does not re-solidify into an aggre-
gate similar to its original ' state. Instead, it becomes a vitreous
material, with a glass transition temperature around 1466*F. When
cooled below this temperature, the material turns into a glass.

I

While there is no information available on steam esplosions with corium- |
|c'oncrete mistures, esperiments and analytical modeling have been per-

| formed on molten core-concrete interactions (Refs. 9-12). This work may )
( give some insight into the composition of the material that would enter
! the wetwall in a Merk !!. Most of the tests on molten core-concrete

interactions has been performed at gNL. As in the steam esplosion
tests, both simulant materials and corium have been used for these
esperimente. When the molten material consists only - of metal (e.g.,
molten nect), the concrete decomposes into molten oxides that tend to
stratify and float on top of the molten metal. It has been hypothesized |
that if sufficient Os and water vapor were released from the decompos- )ing concrete, the gases sparging through the molten pool would cause the l
two layers to become thoroughly mixed (Ref. 9). However, this type of I

behavior has not generally been observed (Ref. 10). The individual 1

.
layers are well-mised within themselves, but the layers remain distinct |

| from one another. '

In contrast to the behavior described above, contact between moltent
oxidic material and concrete has resulted in a well-mixed pool with no
apparent stratification (Ref.11). The concrete constituents dissolve
readily into the core oxides, changing the thermophysical properties of
the mixture. Complex chemical interactions may also occur in these
misturest for instance, the calcium oxide in concrete can react with
uranium dioxide to form calcium uranate.

One experimental series of particular interest with respect to core /
concrete / vater interactions is the gWISS tests (Ref. 13). In these |
esperiments, an iron-alumina melt, simulating molten corium, was brought
into contact with a limeshne-common sand concrete disk. The molten
metal was heated throughout t he test by inductive means. At a specified
point in each test, water was allowed to flow onto the melt and
concrete, forming a pool on top of the misture. Water was supplied

,

l' continuously to the pool to maintain a constant subcooling and constant
| water head. Heating was maintained until the melt penetrated through
!

|
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the bottom of the concrete disk. In the SWISS-1 test, water was intro-
duced about 35 minutes after deposition of the melt on the concrete; in
SWISS-2, the water was introduced shortly after the melt deposition.

No steam explosions were seen in the two SWISS tests, and, in f act, the
water appeared to have relatively little effect on the erosion of the
concrete by the melt.

The lack of experimental data on steam explosions involving molten
corium and concrete has also led to investigation of steam explosions in
industrial practice. Steam explosions have been noted 'in both the
foundry industry, when molten metal comes into contact with water [7),
and in the paper production industry, where the esplosions are caused by
contact between water and molten smelt [8). The letter experiences are
of some interest with regard to Mark II steam explosion issues, and are
explained here in more detail.

Smelt is a mixture of salts, primarily sodium carbonate and sodium
sulfide, that result from the chemical processes involved in paper pro-
duction. The smelt is initially dissolved in a solution ref erred to
" black liquor". This liquid is sprayed into a boiler and is burned to
produce process heat. The smelt becomes molten in this process, and
runs to the bottom of the boiler, from which it is subsequently
drained. The molten smelt then flows into a water pool, where it is
reconstituted into its original components, to be reused in produc-
tion. Molten smelt-induced steam explosion can occur in two places. If
a boiler tube breaks or if water leaks into the boiler, the molten smelt
on the floor of the boiler can cause a steam explosion. When the molten
smelt is drained from the boiler and flows into water for reconstitu-
tion, steam explosions can also occur. Of the two types of explosions,
those occurring in boilers tend to be the most violent and the most
destructive. It is of particular note that, in many cases, steam explo-
sions did not occur innsediately upon contact of water and molten
smelt. Rather, significant delays, up to several tens of minutes, can
occur between water ingress and a steam explosion. It has been hypothe-
sized that a layer of char and solidified smelt can overlay the molten
siael t on the boiler floor. When water enters the boiler, it first
encounters the solid crust. The crust acts as an insulator, keeping
some smelt molten, while the water tends to percolate downward. Even-
tually, water ccmes into contact with molten smelt, initiating an explo-
sion.

This experience is relevant, in some respect, to the SWISS tests, in
which water was poured over a melt-concrete mixture, as described pre-
viously. Although no steam explosions were observed in the SWISS tests,
the water was in contact with the moltent mixture for only about
6 minutes in SWISS-1 and 35 minutes in SWISS-2. The results of the
SWISS tests indicate that a core of molten material was overlain by a
solidified, vitreous mixture of concrete and melt constituents. It can
be speculated that a steam explosion might have occurred in either or
both SWISS runs had the water remained in contact with the melt-concrete
mixture longer, allowing water to penetrate the solidified upper crust
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and to come into contset with the inner, molten material. The possi- .

bility of.this. sequence of events is also relevant to BWR Mark II steam -i
explosion questions, as will be discussed in a later section. I

Because the physical properties and configuration of the molten mass
depend on the composition of the material deposited on the concrete, the 1

course of a severe accident is of considerable imponance. In parti-
cular, it is recognized that, upon ' melt-through of the vessel lower
head, the composition of material falling from the vessel onto the dry-
well floor will vary as a function of time. Calculations have been per-
formed for en unmitigated station blackout at the Peach Bottom reactor,
a BWR in- a Mark I containment. Initially, the molten debris entering
the drywell is almost entirely metall most of the oxidic material
remains solid,esince its temperature is not high enough to allow it to
melt. After a considerable period has elapsed, about 250 minutss in the
referenced calculation, the oxide temperature in the vessel reaches the
liquidus' temperature, and subsequent oxicic debris is considered to be
molten.

If a Mark II containment is now considered, assuming the course of the
accident is similar to that described above, the composition of the
molten material on the drywell floor can be discussed. The initial pour
of molten metal would first degas the concrete and-then begin to erode
it. Gases released from the concrete would oxidise some of the metal,
and molten oxides from the concrete would be present, as well. These
molten oxides would tend to form a stratified layer on top of the metal,
although the gas being released from the concrete could serve to mix

)these layers,to some estent. The molten metal would create a cavity in
|the floor and . continue to erode underlying concrete. When molten core |

oxides . finally begin to spill from the reactor vessels, they might also
tend to form a stratified layer on the molten metal, depending on the
relative densities of the two materials. If the prior metal-oxide sys-
tem is stratified, the core oxides could combined with the lighter
oxides already present. In addition, if the oxide layer remains on top
of. the metal layer, it can erode the side walls of the cavity in the
drywell floor, with the concrete decomposition products also becoming
part of the molten oxidic layer.

The process of ablation of the concrete on the drywell floor is rela- )
|

tively slow, ard it is hypothesized that it would take some hundreds of
minutes for the molten corium to penetrate through the dryvell floor and
its reinforcing members. The point at which the jpolten material would
enter the wetwell is not clear, because of the lack of information on
fundamental processes as the accident progresses. It is possible that
some of the molten corium would solidify, particularly near the top of |the pool, where it is in contact with the drywell atmosphere.

In addition, it should be -remembered that the degassification and
;dewatering of the concrete occurs at temperatures far below that at

which the material is ablated. Therefore, a " front" can be thought of
, as proceeding into the concrete, behind which the floor is dry and

'

i essentially desassed. The front will reach the bottom of the floor
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before- it is melted through. Concrete loses most of its structural
strength when it is dry, and does not resist tensile forces well in any

The molten core debris eserts'a load on the floor of many cons;case.
it is therefore entirely possible that the drywell floor will give. way
well' before the molten material has eroded its complete thickness.

:.

At 'this point, a mixture of molten metal and molten oxides, possibly
mined with frozen metal, frozen oxides, and hot, dry concrete, can full
into the wetwell. Again, because of a lack of fundamental data, it is

-difficult to determine the configuration of this material as it enters
the wetwell and the suppression pool. The behavior of the debris as it
interacts with the suppression pool is also not known. Depending upon
the composition of the debris, it is possible that a steam explosion may
occur. Even if an energetic emplosion does not occur, it is possible
that the rapid generation of steam as the hot debris enters the suppres-
sion pool will produce - pressures sufficient to fail the containment.
The containment will be at an elevated temperature and pressure prior to
the melt-pool interaction because of the gases and water vapor releaped
during the core-concrete interaction. A steam emplosion may create
missiles which can penetrate the containment walls and cause significant
damage to structures inside and around the wetwell, while a non-'
energetic steam spike might cause.a more gradual containment failure by
overpressurization of the containment. The course of the-accident at
this point will also affect the resuspension of radioactive material
deposited in both the containment and the wetwell, and its subsequent
dispersal -inside and outside of the containment. The behavior of the
corium-concrete mixture when it interacts with the suppression pool !s,
therefore, important to understand, in order to determine severe acci-
dont progression in Mark II BWR plants.

Modeling'of Steam Explosions

Although the four basic phases of a steam explosion are understood
qualitatively, most quantitative modeling of the phenomenology currently
employs relatively simple models. The reasons for this approach are
both physical and practical. From the physical standpoint, the pro-
ceases involved in steam explosions are difficult to model. The
detailed mixing behavior of the molten material and the coolant, heat
transfer, triggering and propagation, and the thermodynamics and hydro-
dynamics the expansion process must all be described mathematically if a
complete emplosion model is to be developed. To this point, there is

enough detailed data on steam emplosions to permit more than pri-not

marily empirical or semi-empirical models. The. stochastic nature of
these events - why seemingly identifical initial conditions can result
in differene behavior - is also not well understood. From a practical
point of view, the' resolution of any model that is developed to predict
steam emplosion dynamics must be considerably shorter than the duration
of the physical events themselves. Significant events in steam explo-
sions can occur on a time scale of tens of microseconds. The timesteps
that must be used in a computer model to resolve this detailed behavior
must probably be of the order of 10-6 to 10-7 seconds. In the

.
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calculation of a severe accident over a period of hours, it is impracti-
cal to perform some calculations using time steps this . small . As a

sL, result, ' integrated severe accident codes ' do not employ detailed steam ~

explosion models. A detailed code for fuel-coolant interaction and -

steam explosions is currently under development; this code has not been
released for general use at this time.

The MELCOR computer code [15) is a large, integrated, severe accident
model. It includes modules for.the calculation of most of the important -|phenomena ' involved in - core-melt events. One of these modules is the .1Fuel Dispersal Interaction (FDI) Package. The FDI package contains a ''

simplistic model for the initiation (siming) phase of a steam explo-
s i on . ' This model will be explored in detail in the following section, . ywith subsequent discussion regarding how the model can be altered to
accommodate BWR Mark II analysis. Suggestions for improvement of the
FDI modeling approach will also be discussed.

Summary of MELCOR-FDI Modeling Approach.

The FDI package in MELCOR consists of approximately 50 subroutines, and
contains calls to approximately 20 additicsal sut. routines in other ,

'

MELCOR packages. FDI models the hydrodynamic and ta9raal behavior of
molten corium that is dropped into a reactor cavity filled with- water.

1It calculates the fregnentation of the molten material during the ini-
tial mining phase resulting from hydrodynamic interaction with' the ;

water, the heat transfer between the corium and the water, and the-steam ^

generation resulting from the heat transfer. It does not, however, cal-
culate the process of a steam explosions in fact, the calculation ends
at about the . completion of the initiation phase. It should be noted
that some modeling has apparently been done to. continue the calculation
into the triggering and propagation phases. However, these routines are
not presently accessed when the FDI package is executed.

The esecution of the package is initiated by a call the subroutine-

FDIRN1, which in turn calls two other subroutinest a control routine,
FDICON, and subroutir.e FDILOW, which handles the execution of additional
subroutines that model the events occurring during an ejection of molten
corium - from a , reactor vessel at low pressure. This is the case of
interest for BWR Mark II modeling, since it is assumed'that the reactor
primary system will . be depressurized long before vessel melt-through.

-

FDILOW calls the subroutines in FDI that calculate heat transfer,
enthalpy change, and, thereafter, thermal behavior of the melt and steam
generation. Figure D.3 shows the call sequence for major subroutines in
the FDI package.

The overall calculational procedure for the FDI package is relatively
simple. The best transfer from the molten corium to the water is calcu-
lated, based on a simple heat transfer model, with the heat transfer
area determined from hydrodynamic breakup of the melt stream. The
mixing volume (volume of water into which the melt transfers energy) is
taken to be all of the water in the cavity, and the steam generation

D-12
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FDIRN1 Master Subroutine
'

,

,
,

'I
L

FDICON. Control Subroutine
- ,

-
-

,

P

i- FDlLOW Low Pressure Me!! Election
~

! .

' '

s -,

. !

!
, ,

FDlHDT Position of head and tall of melt |
'

stream as it falls through poo! ,

,

!
'

,

FDIFHT ' Debris Heat Transfer

,

N
FDIFDT Debris Temperature Change .

,

m

t

.1

FDIDH Debris Enthalpy Change
,
,

FDISTM Steam Generation ;

i

Fig. D.3, MELCOR Fuel Dispersal Interaations Package flow chart.,.
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resulting from the heat transfer is found, as well as the change in fuel -)temperature. The calculation continues until the melt stream comes into
contact with the cavity floor. If the corium is above its liquidus tem-
perature,;FDI assumes that a steam explosion is triggered by melt-cavity
contact. This assumption is based on experimental evidence that contact

-between the melt-water-steam mixture and the floor of the cavity is one
way in which a steam explosion is- triggered. At this point in FDI, E

,

calculation ends. As mentioned previously, some modeling has been per-
- formed and coded- into the. FDI package to carry out actual steam explo-

~

sion. calculations. If corium contacts the cavity floor and triggers a
steam explosion during a given time step, the code logic would nominally .

nove to a series of calls to subroutines that are meant to find fuel
f ragment ' size and coolant mixing volume, based on empirical correla-
tions. The previous mixing calculation would be ignored, and a new cal-
culation would be - initiated to determine the explosion process. . How-
ever, the routines comprising this section of the code are not accessedt
calls .- to a controlling subroutines, FDISXI, are " commented out" of
FDIRN1, and the models in a second subroutine, FDISEX, are also "com- .Imented out." Therefore, a mixing calculation is carried out only as I

long as no steam explosion is triggered, ending either when all of the
water in the cavity is boiled away, or when the melt contacts the cavity
floor. .In the latter case, since the code cannot transfer control to
the steam explosion routines, the calculation does not really progress

!to the end of the mixing phase.
1

,

Heat Transfer Calculation

The heart of the FDI package is the corium temperature calculation,
carried out largely in subroutine FDIFDT. This routine calculates not
only the heat-transfer, but the corium breakup as it falls through the:

I water-filled reactor cavity (or any water pool, such as the Mark II wet-
L well). The heat transferred to the water in the water-corium mixture'

determines the amount ' of steam generated in the initial mixing pro- '

In addition, the amount of energy transferred from the corium to -cess.
*

the water must, of course, reduce the corium temperature. It is ulti-
mately this temperature, i.e., whether the corium is -molten ' or solid
upon contact with the cavity floor, that determines the likelihood of a

. steam explosion in MELCOR.

.The corium heat transfer calculation employs a relatively simple
model. It is assumed that the corium breaks up into small spherical
fragments as it drops through the water ' pool. These fragment are
treated in a lumped fashion, as bodies without temperature gradients,
which transfer their energy to an essentially infinite heat sink. The
primary mode of ~ heat transfer is ' assumed ' to be radiation, though a
bounding calculation is done for film boiling.

The diameter (d ) of the corium fragments is calculated asg

i

*
d (z) = d,e (1)f
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_ here z is the distance'from the top of the pool, and d is the initialw;

_ diameter of the melt stream.' The constant, C, is taken from an empiri-o

cal model, not. referenced in the code manual

C= 0.1232 - 0.15 WeI/* /do (2)

where o, atad o are the coolant and fuel (corium) densities, respec-g
tively, and We is the Weber number, defined as

,

o* d utWe =
,f (3),

where u is the - velocity of the corium as it falls through the pool
and o is the corium surface tension.g

The equation for the. fuel temperature, T as a function of time, t,gassuming radiation heat transfer, is

dT oA(T)-76)g =

~ "
de oey Ngg

where o is the Stefan-Boltzman constant for radiation heat transfer, cf
is the corium specific heat, T is the coolant temperature, and A and ye
are the corium iragment area and volume, respectively.

Since the' geometry is spherical,

y;" ud?sd3 " d *
A 6

6

It is now assumed that

T{<<Tbb (6)

where T ,b is-the corium temperature at the cavity floor. The temporalf

derivatsve of the corium temperature can also be transforened into a
spatial derivative by the chain rulet

'
dT de dT dTg = g g = up (7)

Substituting Eqs. (1), (5), and (7) into Eq. (4), and eliminating T
using Eq. (6), the differential equation for corium temperature becomes,:

'
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60 T}dT
. - . ,

(3)da p e d,e -Ca 'ugg

The solution to this equation, with Tg=T the top of the pool at s

g = T ,b at the bottom of the pool (z=0),.g,, atT
f as

.

I iI8 ;T =-

f,b
cs_3 3- (9)6e e,

3
*f 'f " A c + Tj,,

-

io.
.

,

Equation (9) assumes that the corium particles- stay molten, and there-
fore continue to break up, until they reach the cavity floor. If at any
point the corium temperature drops below its . solidus, the particles are
assumed to solidify, and the diameter is-held constant from that eleva '.
tion to the cavity floor.

.
"

As noted previously, a bounding calculation 'is performed to determine
whether the corium temperature is such that film boiling is important.
1be film boiling correlation ist.

kgh = (10) ;f t, 2(kg ug do (Ty-Tsat)/ log (Oc - Ag)B hfgll'i'

where

hfb = film boiling heat transfer coefficient
kg = steam thermal conductivity

=

steam vi nostty9
8~= steam density9
8 = steam saturation temperature

'T,$y= 1/2 (Tg + T,,
h|=latentheatok) vaporizationg

= gravitational accelstation

Using this correlation, the temper.sture at which the radiation heat
flux, q'', is equal to the film boiling heat flux, q" , is determined. '

If the c,orium temperature is greater than the intersNtion point, film
-boiling is ignored. For most cases, as long as the corium is molten,
q" n q''h. If, however, the corium temperature deops below the inter--

sIctiong oint (referred to in MELCOR as the " conversion temperature"),
radiation heat transfer is eliminated and the calculation is carried
forward from that elevation using the film boiling correlation.

The actual heat transfer calculation - transfer of the energy in the
corium to the coolant - is performed in subroutine-FDIFHT. Here, equa-
tion-of-state subroutines are called to calculated the enthalpy change
of the fuel as it changes temperature during the process described *

above. The' fuel enthalpy change is then used to determine the .enthalpy
change in the coolant. As explained in the previous Section, the

!
I
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coolant sizingL volume' is taken to be the entire volume of water in the
cavity. The. steam generation can therefore.be found very simply,-since
the fuel . nass and coolant volume and mais are . known, and the total
enthalpy transfer has been calculated. j

L. The heat transfer model- in ' the FDI package has the advantage of . being )
'

relstively simple and easy to use. It does, however, have some apparent j

shortcomings. In particular, the manner in which the change in fuel 1
enthalpy is ' calculated is not entirely consistent from the physical j
standpoint. The equation of state for the fuel, found in Subroutine

~

FEOSIN, includes the latent heat of fusion, which is released as the
'

corium solidifies during the energy change between liquid and solid
states. Rather than holding the temperature constant while a change of

.,

state occurs, it appears that the latent heat is " spread out" over-a
range of temperatures. If the corium mixture does not undergo a change '

of state - that is, if it stays molten - or if it changes state com- :s

pletely solidifies entirely - the total enthalpy change is calculated
reasonably accurately.- However, if the corium reaches an ''in-between"
stage, where some has solidified and some remains molten, it. is- not

,

clear that MELCOR can calculate accurately the total enthalpy change.

In addition to the above inconsistency, the way in which the heat trans- i
fer " conversion is calculated appears to have the potential ford

ignoring significant contributions to the energy transport from'corium
to coolant. The film boiling contribution is considered only if the
corium temperature drops below the so-called " conversion" temperature,- '

which q'g'b = q". However, since by
definition q"fisferis of the sameat

magnitude as qk[the" - it seems that half of the heat tra is ignored.
In addition, temperature is only = slightly above or below the
" conversion" point, only one mode of heat transfer is considered (radia-

tion if T > T [ beI film boiling if T < Tcontr!Eo)r.
However, the alternative

mode.mwy sti$ a significant to the energy transport
~

under these conditions, so that MELCOR may underestimate the total heat
transfer from corium to coolant.

,

Possible modeling changes in MELCOR that would permit more accurate cal-
culation of the corium to coolant energy transfer will be discussed in a ,

later section.
.|:

Inclusion of Holten Concrete in MELCOR FDI Calculations

| The FDI package uses a set of material property subroutines to determine
| the mass-averaged thermophysical properties of the corium in - steam
L - esplosion calculations. Included in the NELCOR library of materialb are
! the main constituents of corium, such as uranium, zirconium, stainless
( steel, and the oxider of these materials. Also included are properties
; of concrete, for use primarily in calculations of molten corium-concrete
( interactions. While these properties are not presently included in the

input to the FDI package - that is, concrete is not considered as a
'

constituent in the material entering the coolant pool - there is no
reason why it could not be added, also on a mass-average basis. The
basic procedure for the calculation would therefore be
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1.- Determine constituents of material entering wetwell, using the
molton'corium-concrete interaction module present in MELCOR.

2. _ Determine, . If possible, specific constituents of melt " pour" as a
function of time.'

3. Calculate properties of molten material on mass-averaged basis.

It must be mentioned here that some internal logic in MELCOR would
require alteration to permit the transfer of results from the molten
corium-concrete' calculation to the FDI package.

The largest uncertainty in the reocedure detailed above, with respect to
a' Mark-II calculation, lies #,n - the detailed make-up of the material

. -entering the water. pool. - Since there is. virtually no experimental data" in this area, . it. is not known whether or;how the material would be
stratified as the corium melts through the drywell ficor. It it is not
stratified, it may be possible to assume that the corium and concrete

. enter the' pool as s'relatively homongeneous mixture. If the material is
L stratified, however, the constituents of,the melt may enter the pool

separately, so that molten metal and molten oxides would not be well
mixed. The thermophysical properties of the melt as it interacts with 1

,

the pool would therefore be affected by the presence or absence of
homogeneity, .and the way in which a steam explosion might be triggered
and propagate could also be affected.

Because of the way the FDI package is now configured, it is likely that
a homogeneous mixture could be accommodated. A heterogeneous, strati-

.

'

fled melt, in which the properties of the material might vary as a func-
tion of time or position, ' would be significantly more difficult to
accommodate..

,

,

Suggested Alterations to the HELCOR FDI Package !for Initiation Phase Modeling |

As described ~ in previous sections, the FDI scheme for calculating the
initial (mixing) phase -of a steam explosion is extremely simple. 1

,

Several assumptions are made regarding the thermophysical properties of I

.the molten corium, the mode'of heat transfer, and the volume of coolant;-
H involved in the mixing phase - and therefore the steam generation - that"

are in some. cases difficult to justify on a physical basis. In addi-
tion, the FDI ' package is not well documented with respect to hydro-
dynamic and heat transfer models, although the code listing itself con-

L tains considerable useful information in the form of comment state-
| ments. It is therefore suggested that changes cad additions to the FDI
il models be considered to allow more physically realistic calculation of
I the initial phase of a steam explosion. Suggested alterations are

,

[ listed below.
I

i

1. Improve the heat transfer calculation logic so that both radiation
and film boiling can be taken into account, when appropriate.
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2. Improve the - equation-of-state calculation for the molten corium. j'

Specifically,< the . temperature . of the corium should be modeled
accurately during the solidification process, and the latent heat
fusion accounted for explicitly in that calculation. This would
allow a more' accurate determination of the amount of molten material
available to participate in a steam explosion.

3. Complete the package - so. that the complete ' initiation phase of a
steam explosion is accomplished, and an explosion calculation can be
performed. The current version of the package has some key sub-
routines removed, so that equations for corium fragmentation and
mixing are not accessed. Instead, the fuel is-simply elsed with all
available coolant, and the calculation ends when a steam explosion
is triggered.

4. Addition of the capability to handle non-homogeneous melt products
should be considered. This would allow variations in melt proper-
ties as a function of time and space, which may be necessary for BWR
Mark II' simulations. _

>

-It is recognized, in making these recommendations, that the data base
for steam explosions is not particularly large. It.is also recognized
that a great deal about steam explosion dynamics is not well under-
stood. While the four phases can be described qualitativelp, quantita-
tive models for parameters such as the corium mass participating in an
explosion,Jaisture volumes, conversion ratios (corium thermal. energy to
destructive expansion work), explosion triggering, and explosion pro-
pagation are difficult to find, and tend to be highly empirical. In y
addition, because - of the time scale on which such explosions occur,
detailed modeling may be neither appropriate nor desirable in-a code

{such as MELCOR. Instead, bounding calculations based on empirical
- modr.ls may- be the best approach, one that will allow reasonable conclu-

<

sions to be drawn while maintaining faster-than-real-time calcula-
tions. The suggested improvements, however, should improve the physical
basis of the FDI package, while having a relatively small impact on
calculation time.

.

A Model for Peak pressures in Steam Explosions

Although the FDI package in MELCOR currently calculates only the first
phase of a steam explosion, a simple model for the peak pressures
reached during a steam explosion could be added to the code with little
difficulty. It must be emphasized that this model does not predict
whether a steam explosion will actually occurl the- stochastic nature of -
these events makes such predictions extremely difficult. tiowever, since
the FDI package does in fact contain the logic to-determine if a steam
explosion might occur - i.e., the corium is molten when it comes in con-
tact with the cavity floor - the peak pressure model represents a means
by which to estimate a factor related to the destructive potential of
the event.

The basic model is one proposed by Corradini [2] and modified byTaleyarkhan [16). The primary assumptions in the model are that the
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corius' mixes with a specified mass of - coolant in a coolant volume
.

'(isochoric) process, coming to thermodynamic.~equilbrium. The equilbrium
temperature, T is calculated by assuming that the total internal
energy.of the c ,ium-water-steam system is conserved, so thator

-l
.

"c *e !
Tf+ T ia c cg g-

T (11) !
=

e a, c, .I.,

1+
"f *f -|

,

i

The heat capacity of the coolant, e c,, is a weighted average of the |water and steam components of the coo,lant. Since this model is applied ;e after the mixing phase of ' the corium-water intetaction, the mixture
volume will have ' soma characteristic void f raction. Using the initial
void fraction,'s mixture specific volume, v,, can be calculated. j

y_

L i
3

"a " o ( 1-a ) + o a (12)*

8 i
.

where o, p , and o are the liquid density, vapor density, and void frac- -1
= tion.

1

The: process is assumed to proceed at constant volume, and since mass is
. conserved,'as is implied in Cq. (11), the specific vol'une of the mixture j
must be constant. Therefore, an equation of state can be applied to the j
system at T,ilibriu,m.and v , to find.the pressure when the corium-coolant system |reaches equ This pressure represents the peak value - (pre-
expansion)- reached in the steam explosion. Taleyarkhan uses the .!Redlick-Kwong equation of state for watert i

I.
RT b'

P = (v -a.r) [T,1/2 y, ( y, + ,7)j (13)a

where -i

i

P = pressure
R = gas constant for steam

a ,b = constants; a, = 0.00117 and b, = 43961r r

He .. reports good agreement between his calculations and experimental
data. .

Two1 additional points must be made with respect to the use of this
model. ' The calculation of the equilibrium temperature using Eq. (11)
requires : that a determination be made as to the mass of fuel and the

;

mass of coolant that " participate"'in the steam explosion. The indivi-
dual masses actually 'need not be known, but their ratio is required.
Experimental evidence indicates that the total amount of corium present
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. in the . pool . of water may not participate in the explosion. The amount
of coolant ' involved may cleo be less than the total mass in the pool.
The 'FDI- package contains' equations to determine the' mixing volume and
the amount of coolant mass involved in the mixing phase, although these
equations ~ are not presently - accessed when FDI is executed. However,
there is insufficient data at this point to judge whether the current -

L: FDI models for these quantities will produce pressures, using the '

) . Corradini-Taleyarkhan equations, that agree with experimental results..
|- Some modification of the code may be required to allow MEl,COR to calcu-

lat6 coolant and corium masses, or at least coolant-to-corium mess ' ',

ratio, that is appropriate for use in the peak pressure model. The-
second point is that the peak pressure calculated by this model may be

t of extremely short duration and in an area away from structures. There-
fore, the actually pressure experienced by structures in and around the
water' pool can be considerably smaller than the calculated peak.
Experimental data reported by Corradini show peak pressure pulses of *

durations as short as 200 us. The pressures measured at transducers a
short distance from the " center" of the steam explosion were as much as
an order of magnitude less than the calculated peak. Nevertheless, this

j' model may be valuable in allowing the user to compare steam explosions
in various systems, using a quantitative measure of the potential damage
of which an explosion'is capable.

. >

Recommendations for Experimental Work

As previously stated in this Appendix, the data available on steam
explosions are in ' general very limited. The . availability of steam
explosion data involving molten corium . and concrete is = virtually ncn-
existent. It is therefore almost impossible to render even a qualita-
tive judgment as to whether stcam explosions in Mark-II wctwells
involving molten corium, molten concrete, and concrete decomposition
products are more or less probable than explosions involving only
corium. It is also almost impossible to determine whether the destruc-
tive potential of the former would be greater or less than that of the
latter. Steam = explosions appear to require contact of water with molten
high temperature material. The presence of concrete might therefore
insrease the probability of an explosion, since the presence.of concrete
in mixed oxides would tend to lower the solidus point and allow the mix-
ture to remain molten longer. A counter argument can be made, however,
that the concrete might lower the equilibrium temperatcre of a melt-

,

coolant mixture, thus offsetting the lower solidus tempera ture.
4

It can also be speculated that a concrete-corium mixture could fall to
the floor of a water pool, with the concrete solidifying and insulating,

the corium from the surrounding coolant, in a configuration somewhat
similar to that reported in the SWISS tests. This configuration is also
similar to that observed in smelt-water steam explosions, raising the
question of the possibility of such explosions in nuclear systems af ter
siestat.tial delays, as reported for the smelt-water systems. !

I
l

l
4
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- The conjectures - discussed above will require that experimental data be 'I
'

obtained- to resolve them, and- to ansver other questions about the pro-
babilityt and' processes of steam explosions in Mark II vetwells. Such
dataLvill also permit the development of quantitative models for some of Jthe processes' involved.

It - is . recosamended that experiments be performed to acquire data in the'
following areas ,

;

1. Interaction of molten corium with concrete.
2. Melt-through of concrete slabs'using corium mixtures.

,

I

3. Behavior of molten concrete when dropped into water pools. 1

4. Behavior of molten corium-concrete mixtures when dropped into water
pools., ,

,

5. -Integrated experiments involving melt-through of a concrete slab by
a molten corium pool, with subsequent entry of the molten - corium ,
concrete mixture into a water pool.

The data acquired in these experiments would shed considerable light on
t'he issue of steam explosions 'in Mark II containments. They would also
permit more accurate modeling of the processes involved in corium-
concrete-water interactions in codes - such as MELCOR. Even if steam-,

explosions are found te be unlikely in such events, it must be noted
again that the gases evolved during corium-concrete interactions'and the-
steam generated when the molten material falls into the water pool will
pressurize the containment, possibly causing it to fail in a non-
energetic-fashion.

.

Summary and Conclusions

!

This-Appendix has presented information relevant to the issue of severe
9 accidents in boiling water reactors having Mark II containments. In
f1 particular, the ' interaction of molten corium with concrete, as - wouldh occur in the event.a core melt accident followed by reactor vessel-fail- i

s

f[
ure, has been discussed. The possibility of a steam explosion in a
Mark II wetwell, caused by melt-through of the concrete drywell floor,

1 and-the potential effects of molten concrete on steam explosion dynamics ,

have been explored.
,

The major models in the Fuel Dispersal Interaction package of the HELCOR
computer code have been reviewed, and improvements,to the code have been ,

proposed. Finally, an experimental outline has been presented to permit
[ acquisition of data.
|

Because of the lack of experimental data in this area, it is not possi-
ble to reach definite conclusions regarding steam explosion phenomena in
Mark II containments. However, given experiences with steam explosions
in other types of systems, it does not appear to be possible to rule out

r this type of event in a Mark II wetwell. Since a steam explosion in a
Mark II has the potential'for producing a sudden failure of the contain-
ment and resuspending fission products previously deposited in the con-
tainment, this area should be the focus of substantial investigation.
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E.1 BWR-LTAS Code Input j

-This Section.t.rovides.a set of-representative code input for the Boiling 't,

.V: Water Reactor Long,Ters Accident Simulation (BWR-LTAS) code. This input- -''

was used to ' generate the first ' 35 minutes of the short-t' era station .

blackout accident sequence for the Mark II containment calculations. |

The ~ BWRSAR severe accident response calculation (Section E.2) was ini- '

' tiated- at- accident time 35 minutes from the results of this BWR-LTAS
calculation. ,
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INPUT DATA APTER' MODIFICATIONS-
4

191.993'acop. =

144.939acor =

acpf ' =. 1.
~

admet -16570,=

adsovr- 1.=

' advent- = 0.
'avvent = 1.75
aleako 0.=

apmet , *= 7847.7
art- 42.332=

'asspW 5277.=;

-atwsf 0,=

acep 975.8=

alep 3.025e-03= -

a2cp- = --1.72304e-06
bdwco- 2800,=

bdwspo . _1250.=

bc1001 27000,=

bhot10 0.=

bhot04 430.= -

blpmin = 8500.
bm- = 20.
'brdpc 2. 5,=

,brhrp- 22.2=

brhrpd. 22.2=

bspdwo 2000,=

bsump- = 50.
cdmet 19346.9-=

cpmet 9075.6-=

cpref. -= 3293.
cpst =. 0.1259
cpo ' = 3293.
cvvent 0.833=

daleak- 0.=

delt 0.5-=

dkdtcr = -1.e-05
dm 80000.=

;dmin- 0.2=-

dphp 190..=

dpip' 75.=

dtrvhl 423.=

dzs- = 21.2
dzy 35.=

erhrr 0.375=

evade 234.=

festsp 0.7=

fflash' 5.e-04=

ffrec 2.e-02=

fintim = 2103.
fldwg 3.12e-08=

.

|
|

|
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@
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E cf1spg/. := 1.e-08-
1 ftstabi ' = 2000.
hboaf- 18.025 ;=

3- heio-f, = -: ' 53 9. '
hest == 58. ,

thpcimx! .694.167,=

hpcipc
'

O.= '

href' ;522. , ,==

hacsf =L 16.2s
,

harhrf4 15.6=-

- - hudwei- ;= .20.
hundwo- :=. '50..

'

humsp0- =

. ho
'

99.
3816..=

hl = 1.552=

h2; ~

-2.517e-02=

tjetpmp =. O.
kcrdch 4.47e-02

;=- '' n kcrdtv 5.07e-02=

kptb 1.e-02-=

J- ksu : =~ 5.157e-04 |

'0. |.lbase. =
'

'lbot = 26.392
lcore' =. 12.5
icstasc' = 0. '

lestuv ' 8.266e-05=

Idcr 27.58'=

ideset 560,=

ldc0 .= 28.32.
1.lheder. = ,23.4

1.lhpin 476, 1=

-lhpmin = 490.
Ihpmt 540..=

.lhpt 582.=-

llpi = - 413.5
illpit - = 575.
clop . 5.167=

Llrcin' .= 476.5
1rcmin; =- 550.
.lrcut =| 582.
~1rct - 582.=

Llrt 11.033=-

1rvads, 397.=-

1spss: '= 7.
|lterd 581.=
1ltrdwc 99. -
!

=
' ltrjp.' 490.

!
=

mint. 477000.=

mrvat- 1500000.=

ncs. =- 4.
nlpci =- 4.

-nsorv. = 0..
ntrhr = 4.
ntrhrd 4.=

|

l-
1

!
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|
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'
';+

fobrvd =: 120.-
:. oebpc =L '60.

odes:. 1000000.=

od1pci 1000000,=~
,

s

a,n oervd. = 720.
ohpman- '

1000000.=

ohptJ 0.=
"*

ohptr 1000000.=
,

oocbp; ~ = 1000000.
-ooptb' 1000000.=

'ooty =i 1000000,
f 1opchre 60.=

,

opchsv; 30.=

oreman. = 1000000.
orct = 0.
orctr- = 1000000,
ordwe' =- 1000000.
osbor '

300.=

p :oscri. 300,-=

oscs = 1000000.
osdlev.- = 1000000.
osdpc 1000000.=

E osipci' 1000000.=

.osscrd 1000000.=

-ossde- 1000000,=

ossubp- 1000000.==

osyman =. 120.'
otebp. 'O..=

etcrdp' 1000000.=

otdwe '

'1000000..=

pc- 1015.7 1017.7 1025.7- 1027.7 1029.7 1031.7=

1035.7 1036.7 1037.7 1038.7 1045.7- 1046.7
1047.7-

pedwv 15...=

peor. := 6693.37
pdevp 5.05=

pdhosv 1.e-02=-

pdipi 16.95-=

'pdocsv 2'.e-02=

.pdwads
^

165.
16.42=.

.pehpis- =

peict 40.=

'pfmosv = 110.
pfodp =- 765.
phcovr 1.=

phpin = 16.95
phpis 115.=

.pidwv- 1000000.=

pidwca. 1.389e-03=

pmxdpc 1.35=

pandpc 1.1
-

=-

1090.7 1092.7 1100.7 1102.7 1104.7 1106.7
po =

1110.7 1111.7 1112.7 1113.7 1120.7 1121.7
.1122.7

|
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| prated: 1196.,
, ,

'prcis.>

; 65.= z

Lprelr! '

O.32=
iprr.

.
1020.= -.m

' _ 14.95
jptdwgo. ' =

. 16.95 . i
,

; ptrdwe - =
.

.ptspg0 = ' - 14.95'
'pylpi 480.=

*

pvlpiv - = 480.E' :pytowc = - 465. l

po- = - 1034.7
qdwcr 1389. !=

!goph10 -= 298.3
|grvh10 ' = 1583.3

-a'- rcicmx -- - = . 83r3 '

sboflg- 2.=
qadvflg~ 0.=

-.Jtadwei 145.-=
1

-taulen- . = 2.5
tauohl 600.=

'tbase 85.=

tbgrhr -1800.=
i-tdgrhr - = 1000000.

-2000000. Itrerhr =
'

tblein . =: O. !
aC .$-

tefail-
.tdiesl ~

2.5
!

=

-tdmeto '

1000000.=

= - 126. |tfdwc 200.=

-M " tfdwca 1000000.=
!:tgdwo- 126.=

tgspo 85.-=

thpis 194.=

tpair . 9 0. - j=
'

tpmeto 85.=

.trcf ' = 190.-
trcis 194.=

talc- 1000000.=

talein '1000000.=

tsorv- 1000000,=

tsquen . 10. I
=

-tstrat 0.=
1

-tsw 90.=

-tswd = 90,
twdwci 100.=

Lt0 36.=

uairv 33.=

Vann = 1177.51
vcat0 362000.=

vestmx 375000,=

vestsp 135000.=

.vhotmu 97000.=
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'
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;*

avhotwo 113000. !
=-

Lydiff '

189.076=
'

vf ree - =: 14580.074-
-vgdw 239600.= '

vjet |=. ~ 95.195.

t.;4,
Vojp; =: 1535.473-

3volp. :2428.636=
,

vrec '= 1150.
vsl . = 2100.907

,

g .vesop ~
'

276831.4'
;=. 3864.149

vtsp =

vuv1' =' 1061.371 '*

vuv2 2042,338 i= *

wbsic' 0.1826=

wdleak 't1= 'O.24
0. Lwquess: : =

wrated 239.6=

wref = -9111.
wrhrr 1389,=

wrhrsd. 625.=

.wrhrsw' =- 625.
wswr = 625.
wtehpo- = 45'.12. *

wterc0 5.41=

wwdwc =. 143.4
:xll. . = 'O.,

x12- 8.483.=

x13 - - = 18.858 '

x14: 32.6=

x15, 35.85=4

x16- -37.85=
i-x17 44.058=

xrefE 0.133=

S-

abio = 4207.6
adfir- 4715.8=

: adam =~ -60080.
: aped = 1998.6 *

;
28969.6awmm =

.cbiol = 20119~.

cdam. 288277.=

0.cpcor- =

109739.1cwam =

dxbio 1.75=
1

'dxgbic 0.=

".
dxgdw 1.e-04=

.

|dxgww. = 1.e-04
dxs1 1.e-02-=

kcon 1.917e-04=

akL = 2..
rhocon 140.8=

, -
S i

-j-.

c

- -, - . . - - . .. . - - . . ._ .., . - - - - _
. -



- - _ _ _ _ _ - _ - _ - _ _ - . _ _-____-_ _ _ _ _____-___ - ---_-_ _ _ _ ___ _ _ .

.

s
_
.7

#

aspl. 11925.5u,

cpspl 13791.4=

aspmm 4062.4=
'

epspmm 6186.4'=

S

1.e-02 !ambic =

312. i.lsbic =
!tisbic 1000000.=

Ewdvsmp = 0.
.S

!idecay- 44= ldtim 0. 1. 1.5 2. 3. 4. 6. 8. 10 . - '15. 20. 30. 40. j
=

60. 80. 100. 150. -200. 300. 400. 600. 800. 1000. |

1500. 2000. 3000. 4000. 6000. 8000. 10000. 15000.20000. 30000. 40000. 60000. 80000. 100000. 150000.200000. 300000. 400000, 600000. 800000. 1000000,
idecay 6.000a-02 -5.715e-02 5.552e-02 5.437e-02 5.204e-02. ;

=

5.040e-02 4.807e-02 4.619e-02 4.473e-02 4.205e-02 1

4.015e-02 3.756e-02 3.572e-02 3.313e-02 3.137e-02-3.000e-02 2.777e-02 2.619e-02 2.428e-02 2.293e-022.102e-02 1.965e-02 1.859e-02 1.662e-02 1.522e-021.354e-02 1.235e-02 1.067e-02- 9.815e-03 9.152e-03. 8.193e-03 7.512e-03 6.764e-03 6.232e-03 5.484e-03 !5.039e-03 4.693e-03 4.141e-03 3.749e-03 3.275e-03 i2.940e-03 2.466e-03 2.187e-03 1.971e-03
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.E.2 BWESAR' Code Input -

,

'

. This Section provides a set of' representative code input for the Mark II>

calculations performed with the Boiling Water Reactor Severe Accident '

Response (BWRSAR) code. Th's input was used to calculate the events of
the shor t-term station ' blackout . accident sequence (with ADS. actuation)
from accident. time 35 minutes to time 905 minutes. The MELCOR contain-
ment response calculation (section E.3) was driven by the results ~ of
this BWRSAR calculatier..
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I

E.3 W m Code Input
,

This Section provides a set of representative code input as
processed by the MELCEN package of MELCOR for the Mark II Containment
response calculations. This MELCOR input was used for the short-ters
station blackout accident sequence with ADS actuation. It provides a
singic drywell cavity for the representation of debris / concrete interac-
tions. This is the basic code input deck to which variations were made
as required to perfore the MELCOR calculations discussed in, Chapter 2.

.
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'a

CPR Fleet primary containeemt modet' *

. *

* Case 3 - STS9 e/ ADS. no esat. re spreys, ao meet, == hood Flemetag a
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.......................................................................
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e.ye- testet 1429.9 : .e:ce crate se t tawa t me. ware t ers - Y
case- 't I t rys t " 3623 0' *:'se=sret. IsGwases t&mperetare- ~

J cowSted' . t a*J 1 s t - ISs3.0 6'cc*stete GSIOtion~tseporetore;
_
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cowOnce t s ea t . - 329.0 * censrate inatset temperatwee- ca.Stef. .esteet : 0.02- '.*'estestwity.7

ecet000 230$ 2920.9. 4 .' .*~selndes toep - of htgh-melting grew,
oceiOOi 2303 2,20.0 3. . n ga eve toep. of .eg .eenting growp
.-

.

..................a..............e..................................... -

............................................ 4..........................
reetenwettee input' . e'-**

....................................................'...................a........................................................................

..-

rat 000 0-

ratect S S IS de 13 0 0
entt00 3.0e-4 SO.e-6 3000.

rnecoef 1- * calculate aerosol coefficsonts
* ;--- settling areas
* fr 'te slow area
raset006 100 401 998.6 3.8 fit 00*

seset002 20$ 20e 237.44 .S9.0~ ft230*

r a s e t 0 es ) 20e .202 238.6 93 0 * f$220
anset004 203 202 222.3 4.1 * ft20e theresentet projecteoat
reset 00S 202 tot 220.52 16e 0 * ft2to
rnset006 300 401 261.36 20.6 * ft301 (conservett.nte hignt

-- setup ww poet screebing for newncener flew poths

ste00 301

.............................................................
******* epecial output centret funct6 ens ***********.***...*

a
-...............................e............................

no one-shot centret fonettene for eft &3.cftFS.cftF9.cftRS,cFtti
'721.cf234.ene ef342 se that the setter. restertef. and the pletcf

mescer featurce well preauce one enn ent9 evtput as each of the
* ebeve contret twnctaens-entsches from fette to true, to et each
* event occ*rs.
.

.

..............................................................,.a....
*
weste east when weer specafsee (metcar smoot) presswee. ere reecnos

* presowre 1

citaOne pressure-l agwate i I O 0.0
eft 6003 1.Get
eft 6033 0.0 905499.78 teme * preeswee-1 m;tS.3 peng (weat tessger)

cetet00 del-p-== ese 2 3.0 0.0
cftetet 0.0
ef8688I i.0 0 0 con-p.eOS * ep = we - Enw
c f I si t 3 2 -t.0 0.0 coh-p.900'r

; . e

efin200 set.pfteg-1 t-gt 2 1. 0 - DJO
cet&203 _ fetes.
eft 47tt 3.0 0.0 efwelv.368
cele 2 2 1 0 0.0 cf etw.ta0
.

cr l e t fl0 went-met-a 9 ocusts 9 - 1. 0 " O O
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* -- Flag dahrte presence in esetty:
~

*

cf77tOO *detrse-in-cov* 't-equets 3 1.0 0.0-
.. O.

c f 7 7 3 01 .felse
cfPftOS- one-shot
ef77906 2 * mees of Sttti pour in cavity 3 s 0.0 kg*
cf77383 1.0 0.0 etwelm Ott
.

eewity flag active when 7 0.0 be 5fttt hee poured from bereer*

e

ef09tOO es,-eteet t-et 2 3.0 0.0.
efo9tOI .folse. ~

.cteetti t.0 0.0 est 900.3 eteet nose en fleer*

ef00Bl7 6.0 0.0 time
.

.

* - trop ties of F* ret crywell heen lembege
.

.

efffeOO dul-edit 3-equels t 't. O.
cf77409 . fetes.
ef77eOS ene-shot
cf 7 7eO6 7 *drywell head tenhage hegine (awl)*
cf77483 1. O. ofwelu.4SO
.

.

* --- trop time of first wetwett teatege
.

.

effeFOO tel-edit 3-equale i I. O.
efte2O3 .falso,

cfle20% one shot
efte706 7 *the wetwell teehoe Stell*
ct3efit 1. O. cfwelw.tSO
.

****** writo edite metag input setter in estcar sapet
ef99tOO edite 3-or 9 3. O.
cf97tOI .fotes.
cf9917% 1. O. cfwelv.773 *mett ta'drywell coetty

-

cf*?t?6 9. O. creetw.163 *wetweit e.ceomed pressure I

ef99tP7 3. O. create.t?S *wetwett e.ceeded pressure 2

et9997e 1. O. create.379 *wetwett e.conded pressure 3

ef99129 B. 1 cfwelw ISO *metwett escoceso pressere e

ef99910 1. O. cfwete.199 *wetweit e.ceedes pressure S

cf9911B 1. O. crestw.774 *erywatt head toebed ldelt
ef9933S 3. O. eteetw.3ef *setwett tested Itwl)
.............................................................

******* wrate resterte using restartef-an matcor input
ef992OO restarte 3-or 9 3. O.
cf99703 .fotos,

cf99Fte 1. O. efeate.771 * melt In drywott cavity

cf99715 3. O. cfveIw.t63 *wetwell e.ceeded pfessere I
cf997td I. O. cfvetw.179 *wetwell e.ceeded pressure 2

cf9928F t. O. cfwelw.179 *wetwett e.ceeded pressure 3

cf99799 t. O. cfwelw.390 *=etwell onceeeed pressere e

ef99ft9 B. O. cfwetw.tet *wetwett e.ceeded pressure 5

cf99738 3. O. cfwelw.774 *dewwell head sashed tout)'
cf99237 3. O. cfvetw.347 *wetweit tested itet)
................e............................................
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******* erste plot dwe3 esing pletcf an eelest sapet, ;

cf993SS plats I ter ': O} 1; 9. ~c' _ ,'

~ *-
cf99333 _ false.

. . '

. cf99331 - l'. 0. etwate.771 *eeft in crymell'covity ' .
9-

ef vtll? ' 3. c. ,cfvelo.te) *wetwell e=cessee'pree.wre''t-
- cf99333 1. 3. efeale.tf8 *wetwellJemceedse pressure 2- -

c f vv3 Se - 1. O. ' c f we lv. t F9 ' ametwell exceedes pressure 3
cf9933S 1. 0; create.200 *=et=ett oncessed prese=re e-

-

. ce99336 I. 8. cfwelu.tel'*metmelt-escessee' pressure S
cf9933F 1. O. efvete,734 *eryment home l e s s e e .' (det).
cf v9338 - 1. 6. cfvete.342 * we t ee l l'' I s o ties ' (tal)
.- *-tnet.se ett
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F.1 BWR-LTAS Code. Input

This'Section provides'a set of representative code input for the Boil'ing
'

*

Water Reactor Long-Ters Accident Simulation (BWR-LTAS) code. This input - 1

was used to' generated the first five minutes of the ahort-term station
blackout ' accident sequence- for the Mark III containment calculations.. s

,

The BWRBAR . severe secident response calculation ; (Section F.2) was ini-
-tiated at accident time 5.0 minutes from the results of this BWR-LTAS
calculation. '
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IN s,

'i]' W |

?-
'

Q2
;r -

;

INPUT DATA AFTER MODIFICATIONS
p,
|!!' . *

;

9 acop- 191.993 '-=
' ' acor. = 144.939~

ecpf' 1.=

, ' ' .admet. ; = '16570,
adsovr = 1.

. advent =L 0,,

avvent. r 1.75
.aleak0 '= '' O.,

7847.7 ;apmet =
1art = 42.332 >I

.c -asspw- 5277.=
jatwsf' 0..=

'975.8'
.

.h. . -
;a0cp =

3.025e-03 "1i alep:
'

-1.72304e-06
=

' a 2 cp - =

bdwc0 2800.=

bdws?OL '1250.-=
'

bc100 -~ 27000,=

bhot10 0.-=
,bhot04 430.=-

b1pmin:' 8500,-=-
t

.bm- 20.=
'

ibrdpc; 2.5= '

brhrp- 22.2=

;brhrpd~
@ -bspdwo '

22.2=

2000.=
' ' "

bsump- = 50. iJF cdmet 19346.9=
|I? cpmet '9075.6=

cpref .3293.=

cpst' 0.1259=

cp0: 3293.=

'cvvent: O.833='

.daleak =' O.:
delt 0.5--

.dkdtcr| -1.e-05
,=

dm -80000.=

.dmin- 0.2=

dphp- 190.=

dpip- . 75.
.

= '

dtrvhl = 423.-
'dzs -21.2=

dzy =- 35.
.

erhrr- 0.375=

ewsde 234.=

festsp- =- 0.7 .

fflash 5.e-04=

ffrec- 2.e-02=

fintim 310.=

fldwg' 3.12e-08=

'
*
,

t

it; , , ,
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"$gi:$M$"
.;

'

i

V
'

n
.

!
>

f 4l '
,

4: Tfispg . =- 1.e-08,
-' ' '

ftstab. =- 2000.
u 'i thboaf 18.025.=

*. .hcio' '-= 539.'

'' '

e hcst =- 58.-

hpcinx- 694.167=

.hpcipe = 'O.s

href. 522.=

hscaf 16.2- 6
=

.hsrhrf ~15.6-=
'' hudwei = 20.

' ' hundwo =c 50.
'humsp0 H9 9 . --=4

;ho -3816.> =-~~
-

h1 ?1.552'=

h2 -2.517e-02=

jetpap 0.=

,.. ik kcrdch 4'.47e-02' '=
+" kcrdtv 5.07e-02=

-kptb- 1.e-02' i=

ksu ,.: = 5.157e-04 '

L lbase =. O.
[ :lbot

~

26.392'
,

= '

.lcore 12.5=

W Icstss:
'

0.=

i Icstuv 8.266e-05=

|4 ldcr '=. 27.58-
L ldeset 560.=-

Idc0: -=: 28.32
'lheder| = 23.4>

<

D 'lhpin'
'

476.=

.lhpmin := 490.,

3
'

lhpmt. 540.=

lhpt
'

582..=
L . llpi .

'

'413.5=

~11 pit. 575.=
,.
~

clop 5.167=
,

1rcin. 476.5-=
,

1remin = -550,
1rcmt! 582. 3=

lrct. = 582.
-lrt 11.033=

1rvads ~

397.=

1spss1 17.=

Itcrd ~= 581.
ltrdwc' 99.=

ltrjp
'

490.=

mint 477000.=
,

mrvst: 1500000.=:

* ncs = 4.
'

nlpci-' = 4.
0.nserv =

ntrhr 4.=

.ntrhrd 4.=

:v
; r..
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- -

n - ,

k .' _ 1
.

' obryd' = 120.
Locbpc.

_ odes 1. .
~

| 6 0. .=
>'

.: 1000000.'=
'

0 odipcii 1000000.
I

=:
oeryd! =~ '720. '

ohpman ,=- 1000000.
;ohpt. =. O. !,"

ohptr' 1000000.=

'oocbp1 = 1000000.<

ooptb' = .- ;1000000. ,

j.

ootv =- 1000000.g,,

opchre ;60.. .I=- -

|j opchsv' 30.=

orcman =: 1000000.
[ .oret. 0.=

!
.orctr .= 1000000',
ordwer 1000000.=

L osbor 300.=

oscri = 300.
. oses' = 1000000."

osdlev
" ~ 1000000.'=-

s
.osdpc: 1000000.

i
=

oslpci 1000000.= ''
.

osscrd 1000000.-=

ossde '

1000000,=o

ca ossubp- 1000000,-=

osvman .=~ 120.
,otcbp 0. ,=,

oterdp. 1000000.=

otdwc 1000000.=

1015.7- 1017.7 1025.7 .1027.7 1029.7 1031.7pc- =..

y 1035.7 1036.71 1037.7 1038.7 1045.7 1046.7
"

,

'

1047.7
pedwv ' =- 15. - '

6693.37-pcor' =

| pdevp- '5.05=- "

pdhosv 1.e-02=

h pdipi La 16.95-
pdocsv/ 2.e-02=

.16.42 (pdwads' =

;pehpis- = .165. ,

'

y~ .peret: 40.=

110. ';.pfmosv =-.
-

--pfodp. :=- 765.
phcovr = 1.
phpin 16.95 ,=

phpis 115.=
.

pidwyL -1000000.=

L;
_

pmxdpc-
pidwca. 1.389e-03=-

4
1.35=

pandpc 1.1 -=

q ''po' 1090.7 1092.7 1100.7 1102.7 1104.7 1106.7
=

1110.7 1111.7 1112.7 1113.7 1120.7 1111.7,

1122.7
v. -

i

', .-

R l,,

*
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'.,ki

'
m

fNL
f;
E' M6 | prated- 1196.-

JW 'prcis -- 65. -
pralr; = ' O.32'- ,

.

prr .. ~

~ 1020.=s

* ptdwg0-
'

14.95 I
' = .

_

ptrdwc.
. . 16.95=

ptspg0 14.95=

pvlpi - =-

pv1piv
- 480.
480.=

.pytdwc.
'

465.-=

, po 1034.7=
r qdwcr =- 1389.,

9 goph10' 298.3=

= : -1583.3 I'grvh10
reicmx 83.3 '=

-sboflg: = - 2.
t

'sdvflg. = - 0.
tadwei 145.=g ,

s* - taulen
,=: . 2.5 '

'tauchl 600.=

Ltbase. 85. .=

tbgrhr -= 1800,
tdgrhr .1000000.=

trerhr- =' 2000000.'

utblein' 0.=

.S

3 tefail 2.5=

Le tdiesl'i 1000000,=

tdmet0 ~ = 126.
200. itfdwc =

'tfdwca 1000000,-=
,

tgdwo 126.=
' tgsp0 . 85.=

thpis = - 194.,

tpair 90.
i

-=

'tpmeto- - = 85. ;

trcf. = - 190. '

- trcis 194.=

tale' 1000000.=

4 tslein- = 1000000,,

tsorv 1000000.=

tsquen ' = 10.
tstrat = - O.
'tsw = - 90.

L tawd' - = 90.
L . .twdwei

'

100.=
~

- t0 ~ . = 36.
uairy = 33.

L. vann = 1177.51.
.vcst0 362000.=

,

vcstmx 375000.=

vcstsp 13$000.=

:vhotmu 97000.=

1

:,
:

1

'

..d'- w w a ,, .- -- - - - - - - - - - - - --. --- - - - - . . - - ~



;y - - - - - - - .

,

'

. > f ;s

y 9:

::: >
,

N' .vhotwo~
e

'113000.=

fM|, =vdiff' =- 189.076
?# ~| 'vfree 14580.074=~

$Id' vgdw; :!
_ 239600.=

.

.= 95.195 .iivjetf, '
': ivojp. -1535.473-=

,

volp =. 2428.636
-vrec. =' .1150. -

vsi- 2100.907.=

vasop ^

3864.149.=

;vtsp 276831.4=1 ,
1

- Vuv1' 1061.371=
.:vuv2- 2042.338=-

' .wbsic . ' = 0.1826
.wdleak? E=: 0.24
.wquess a 0.- s

wrated .= 239.6
i. wref - 9111-'.=

wrhrr 1389..=
'

. rhrsd 'a 625.w
o

. 'wrhrsw . '625.=

wswr *
625 -=

wtehp0_ '45.12=

wterc0' ~= 15.43
:wwdwc' u- 143.4 -

- .1xll'
' 0.=

'x12- =' 8.'483 .

. x13' i= 18.850
'

x14 .=. 32.6
x15 '

35.85=

x16 =L 37.85' '

[- x17 44.058---=

i.? b - xref 0.133=
'

'

S
-

oabio'- = 4207.6
adfir 4715.8=

g adam -60080.=
1 ' aped

>'

1998.6=

.awam = 28969.6
cbiol 20119.=

cdmm- 288277.=

cpcor =. O.
p y'r cwmm = 109739.1 *

dxbio '1.75=,

dxgbic- = 0.
,|dxgdw: 1.e-04=

'dxgww- '

1.e-04=

dxs ' = 1.e-02
'kcon 1.917e-04=

|- .mk 2.--

rhocon' 140.8=

$
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!4

asp 1 11925.5=

cpsp1 13791.4=

.aspam 4062.4=-

6186.4cpspam- =

S
.

ambic 1.e-02=

1sbic 312.=

tisbic 1000000,=

wdvsmp 0.=

$
i

idecay '44=

dtin = 0. 1. 1.5 2. 3. 4. 6. 8. 10. 15. 20. 30. 40.
60. 80. 100. 150, 200. 300. 400, 600, 800. 1000, j
1500. 2000, 3000. 4000. 6000. 8000. 10000. 15000. 1
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F.2 BWasAR Code Input,

,

This Section provides a set of representative code input for the
Mark III calculations performed with the Boiling Water Reactor Severe
Accident Response (BWRSAR) code. This input was used to calculate the'

' ' '

eve,nts of the short-term station blackout' accident sequence (with ADS
actuation) from accident time 5.0 minutes. to time 900 minutes. The
MELCOR containment response calculation (Section F.3) was driven by the

- results-of this BWRSAR calculations.
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F.3 NELCOR Code Input

This Section provides a set of respresentative code input as processed
by the MELCEN package of MELCOR for the Mark III containment response
calculations. This MELCOR input was used for the short-term station,,

blaskeut accident sequence with ADS actuation.. This is the basic code
input deck to which variations were made as required to perform the
MELCOR calculations discussed in Chapter 3.
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ft3SISO ft301 310 335 41 2494 48.2e96
f830101 397.214S 10.4426 0.73 6.2406 4.2496
ft30802 0 0 t I

ft30303 1.0 1.0 1.0 1.0
ft30804 0.0 0.0
F830tel 439.277 S.2356 12.497

Jft30tet 897.2845 t.2192 4.23
88301e3 619.277 3.9079 12.497
.

eeeeeeeeseeeeeeeeeeeeeeeeeeeee.eeeeeeeeeeeeeeeeeeeeeeeeeeee.oooe.e.ee *

* ft302 - flempath between ev3RR and cw332
* - grating area e 32S4.2 ft**2 . 302.3251 e**2
*

- ctet annutus eres e866S.7 ft**2
*

- ne communicetten eroe e 3481.S ft**2- .

'
- 73% epen* e

* - elevetten 361*6*=49.22S2e=
* - segment 3: testat*6*-tes*S* S.90 Fee; etee.619,2FF e**2
* deelf.497 e
* - segment 2: Seat 73*-84t*6* sit *4* 3.5032e

aree.231.FOOm**2 !
*

* es.4e/pe6.73 (p messered = 137.Pe) I- - re..co es.e ., f>302 or .r.e ., n. t c.e 30 2. 3 2 S i- 7 0. 4 2,.,, t . ,me.2

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee..............e .......ee.......... .

.

(830700 f!302 311 312 49.22S2 49.2252
ft30201 231.700 7.493 0.73 4.2406 6.2496
ft30202 0 0 1 1
8930203 1.0 1.0 1.0 1.0
ft30204 0.0 0.0
FI302et 419.277 3.9879 12.497
ft302e2 231.700 3.5052 6.73
.

.eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee.e.eeeeeeeeeeeeeo..eeeee.e.e
ft303 -Flow path between cw319 ene ev3tF*

* - elevation e200*10* e 63.4S24 e
* - containment eroe e 12.076.3 ft**2 = 1121.925 e**2
* - ne comewatcotten area = 7202.5 ft**2 469.1342 e**2=

t* - grating eroe e 4098.6 ft**2 300.3228 e**2e
* - open ares e 760.2 ft**2 70.6249 e**2=
* - totet open eres . 760.2 ft**2 e 0 F3 *(4991.6 ft**2)
e = 3747.068 ft**2.= 348.114 e**2
* - tength atepeint cw3tF to esephant ev389 s 2tF'6*-396*S*=
* = 20* IO*
* - 4*e/pe = 6.06
* - dette r= 42* - r1 4.3034 e=
* - tength (segment) 20S*t0*-IS4*6"e7.4869 ea
* - reduce (1303 area by eree of hatch (70.625 e**2)

i

eee.....................................ee..............e.........e........
!

*

f!30300 f!303 339 337 43.4524 63:4524 *

ft3030t 277.489 6.350 1.0 4.3034 4.3034
ist30302 0 0 t I

ftSO303 t.0 1.0 1.0 1.0
ftje304 0.0 0.0 ,

file 3el 277.499 7.4960 4.06-
.

.........e........e..................e...............................
f!304 - flew path between ev3RF ene ev3te*

* - elevetson = 226*2" e 68.9356 m
* - area = 4873.9 ft**2 =452.7908 e**2
* - dette r a 62*-47*tO.SF46*se.3034e e

4
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................................................................

.

ft30900 ft309 314 335 69.9336 49.9134
ft99903 669.1346 S.2032 t.0 29.3035 29.1995
ft30902 0 0 1 1

ft30903 1.0 9.0 1.8 1.0
ft30904 0.0 0.0
ft199st 469.3346 S.2932 29.9995 .0.Se-S 0.0
.

................................................................
*ft310 - wertical fleepeth totesen ce383 ene cw31e
* -elovetten . 20S*10*.63.6S2e e
* -tongth 217*6*-20P*t1*.2.923 e.
* -eree.pt*(47.8914*)**2=7202.50Sft**2 669.33ese**2
* -elemeter . 29.1995 e
.

................................................................

.

ft31000 ft310 313 334 63.6524 63.4S24 !
'

fl35001 669.13e6 2.921 1.0 '29.1995 29.9999
ft31002 0 0 1 1
ft3t003 10 1.0 T.8 1.0
ft3100s 0.0 0.0 %

festoet 669.13e6 2.923 29.2005 0.Se-S 0.0
.

.

...................................................................
f1383 - flew path betecen ev312 ene c309*

* - elevation . ISe*6* S6.23S6 e.
* - ctet ennetes area = 6663.7 ft**2. 489.2638 e**2
* - e.e commentcetten eres 3753.2 ft**2 . 3es 405 e**2
* - greting eroe . 1909.32 ft**2 177.3084 e**2-=
* - open area = tOS6.15 it**2 3 93.e772 e**2_
* - tetet eroe .epen * 8.73 *grettag sten . 222.9658 m**2
* - tength . esepoint 318 - elepotat 312 . 196*S*- 173*O*

. 23*S* . P.2136 e*

* - re = 19.8976 e
* - e*e/p . 2.700 - -

,

* - eelte r= 1.9917 .

* - Dength (segment) 334*6*-16t*6* = f3* .P.0104 e=
* - reesce area of ft3tt av stee -of hatcht222.96SS-70.623:332.3400)

.
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.

rateprCO 4
ra2sprG2 81 392.8

........................................................................

.

* heat structors input
*

f

; ........................................................................
|

*

....................................................................
| hs20te$.an - mies steet hertrentet heet esse for ew 280 -

*

l * S3.0234 e
'

l
- elevetten e 124*9* .

,

, - aree . 3490.2 ft**2 139.43 m**2.
* - length . sette r . l.S464 e
* .- eessee thickness . 1/8" 0.003125 e.
.

.......................................................................

.

he20t4SO90 S 1 -1 O
he2014S001 esec-eteet-c,201
h.2014S002 S3.3234 0.0
h62014S003 3.0
he2014S100 -1 2 0.0
he20t49102 0.00294 3 * t/32" steel
he20145103 0.001599 1 * 2/32* eteet
hs2084St04 0.002300 t * 3/32 steel*

hs20t4SIOS 0.003125 1 * 4/32 eteet*

he2014S200 -l
he2014S201 carbon-steet 4

he20t45300 0
hs20345400 t 201 * tat * 1.0 1.0
he20t4SSOO 139.43 1.5664 3.546e
mm20345600 t tot *e t* 8.0 3.0
he20145200 138.43 f.S464- 1.S664

ihs20845000 -t
ha20141003 299.92 5
.

............e........e................................*.....e.

hs202tS nn -poesstol cavity sell*

sessne et elevetsen . 94* 6* 20 906 e*

* enes et stevetten . 300* 9" . 30.2006 e
tongth.= 3.905 e*

IO* 2* 3.2258 m '' * tt .
* re . 16 4* . & {294.........................'........r.............................m

.

hs202tS000 RS 2 -1 O
hs202tS00t pen-covity-soft
hs202tSOS2 28.9036 1.0
he202tSOO3 1.0
he202tSISO -t t 3.22SA

t/10* concreteh.202tSt02 3.2283 2 *
he202tSIO3 3.2309 3 * 2/20" concrete

e/30* concretehe202tS804 3.2340 4 *

ms202tSIOS 3.2S12 S * 1* concrete
he2020St06 3,3528 6 * $" concrete

he202tS102 3.6069 2 * 15". concrete-

he202tSt09 4.1021 8 * 34.5" concrete
ha202tSt09 4.S924 9 * S4" concrete
he202tSgte 4.9514 30 * 44* concrete ,

he202tStil 4.9930'll * 60* concrete
he202tSit? 4 9402 32 * 68.6* concrete
hs202tS113 4.9233 13 * 68.t" concrete
hereftSite 4.92S9 34 * 40.9* concrete

..

.

_ _ _ . _ _ _ . _ _ _ _ _ _ _ . - _ . _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ " ~< ~~ 7 -"-r - - - "- - ' NN -~' e' w r v "e--. v= w v -*v ' - e +4mv += * -- e.,--ma - n ---.n-rvs %-
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hstS2tSitS 4.9794 15 * 69.8* eencrete t
*he 232,t } 299 - -1

hetS +91 concrete le 4

he29. JS9 9
' he2323SGSS I ,292 * tat * I.O 1.9

hs202tSSES 1.9 6.4514 1.905
he202RS606 0
he20ftS000 -1
he202tS005 330.72 IS

...e.......eeeee..........ee.e.....ee.e............e..................
* he20236.na - pedestet emetty welt
* begine.et eleostion . Ite* 9* . 14.9758 e
* ease et elevetten . ItF* e* . 35.7632 e *
* rt. 9'S* = 2.8702 m
* re e 16*4" 4.978e e
=

well thschnese . SS- eencrete
............................e.................................ee...e..

hs28284000 17 2 -t- e
he20286003 pee-ce,ity-we81

..

he20286002 34.9750 B.O
he20236003 1;0

,

he20ftetOO -3 1 2.9702
he207 tat 02 2.9727 2 * I/te" esacrate
he202 tat 03 2.97S3 3 * 2/20" concrete-
he207tet04 2.9904 4 * 4/30* concrete
hs20ftstOS 2.9056 5 *'t concrete*

'

he20236104 2.9972 4 * S * concrete
he79236tOF 3.2312 7 *tS concrete*

a he20216tOS 3.6322 9 *30 - concrete
he282 tor 09 3.9243 9 *et.S* concrete
herettalte 4.2364 to *S3 eenerete*

heftfl6tts e.3974 II *69 * concrete
he2021stI2 4.0514 12 *70 * concrete
he28216313 4.9530 13 *02 concrete*

'he20ftst24 4.9692 14 '82.4* cenerete
he28216ttS '4.9733 IS *02.0* concrete
he20216136 4.9759 16 *02.9* concrete ,

he2Ortett2 4.9784 12 *S3.8* concrete
herette200 -1
he29216281 concrete la

ihs20216300 0
hs20ft4400 1 202 * tat * 1.9 1.0
he20286500 3.0 S.740s- 9.7874

. he20286600 1- 200 *e.t* 8.3 -1.0 '

he20214700 1.0 9.9568 S.7974
he20286000 -1
he20214963 338.22 37

s .. ..e..ee..e.......e...eeee.............o....e..........e.e..e .

ha20226.na - pedettet cavity floor*

*
..

begine et elevetten 03*6" .-25.eSee e.
* ease et elevation . 94* 4* . 28.9036 e
* ra 19* 7" . 3.2250 e i
* dette 2 eteagth . 3.3520 m
* .eroe e pt*r**2 = 32.69te**2
..e..........e........................e.....e...e........e..........
.

he28226800 12 1 -l 9
.he25226001 ped-covity-ftser

he28226002 2S.4500 0.0
he20226081 1.0
he20226109 -1 1 25.4500' db
he20226102 27.1222 2 *S.S* concrete
hs28224103 20.1534 3 *6* 5.8* concreto

_

' ' ~' # 8-'M_.. A_s_ _ - . _ _ _ _ _ _ _ _ _ _ ' ___ m-2.*!_.:!.h . __.t%.~r_&--.oi - u.~. n e - _ _ . _ ._ __
-



_ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _

hs2n224tS4 20.470% 4 88* 86.4* concrete
!' h.2s226tcS -2 4=le S .,- ti.2- c.nce.t.
i he23226194 28.7232 4 *t9'S.4* concret.|

he23226107 28.2429 7 *tO*e.0* ocacrets
he20226tOS 29.7833 8 *10' 10.e* cenerete
he29226109 28.7934 9 *tO' 18.4* concrets
he20226tte 29.2999 10 *18' ti.e* concreto q,hs20226tti 20.0010 11 *10' 13.9" concrete
he20226tt! 29.9036 12 *11* 0* concrete
he20224205 -t;'
hs20226FOR eencrete "Ii
h.20226300 8
he28276400 0
ms20226600 1 202- *e.t* 8.$ O.5
me20226700 32.691 3.2258 3.225e
ms20226800 -t

?as20226003 295.0 12 ,

.

....................................................................
* hs202228.nn . cowlty pedestet sell
* eletter to he20ftSean
* togine et elevotten . 100*9* . 30.7096 e

g* enes et elevetten . IIe*9" .34.9750 m (etepeint er
a tapered regten
....................................................................
.

he28220000 15 2 -t e
he20220001 ped-covity-melt
he28229082 30.7086 1.8
hs20229003 1.0
he20229800 20235' 1 3.2258
ha20228200 20215
hs20220300 0
he20228400 1 202 * tat * 3.8 8.8
he28220500 3.0 6.eS16 4.2672
ho2027tc00 ' 1 200 *e.t* t.0 2.8
he20225700 1. 0 . 9.9560 4.2672
hs20229900 2025S
.

................................................................... *
he20229.nn - some se h.20286*

3S'.7632 e
* * teg!ne et elevetten a StF*e . .

irt e."..

iecos et .to etion . 36.,.24 e
...................................................................

- .

he20229000 17 2 -1 O
hs20229001 ped-covity-watt
he20229002. 35.7632 3.e
he20229003 3.0
he20229tOS 20286 1 2.0702
hs20229200 20216
hs2h229300 0
ns20229400 1 202 * tat * 9.8 1.0
hs20229500 1.0 S.740a 1.2192
hs20229600 1 207 *e.t* 1.0 1.0
ns20229700 1.0 9.9569 1.2192
he20229800 20286
.

.......................................................'.................
ha20330 - west well ennelse fleer-*

* - begine'et elewetten'. 83*6* . 25.4500 e
* - ones et'eleveteen . 93* O't/e* ~ 23;3523 m

.
s

* - rt.. 10.3632 e
* - re .'ll.1252 m
* - steller to ha 31022
* - eres . $1.e409 m**2

.

9

o- e - Ar'' y y g q.-wa.-r. yy.,,,--"py ,,n 4, oq p- , e_-,_____ _ _2 _,_,_ ,-__ __;- _ _ _ _ _ _ _ _ _ ,, - _ _ , _ _ _ _ _ = . _-g;__w--



_ ,,
.... . . .............................................................

he20*'~*00 31 1 -1 O
h m 2 6'. .St welr-well-enn-ft
he2O330002 25.e30s 0.0
he2O330003 1.0
he2O330100 31022 3 29.4500
he2O330200 31027
km20130300 0
he2O330e03 0
he2O330400 1 203 *e.t* 0.0 0.0
he2O330700 St.4409 8.762 67.5078
he2O330800 31027
.

........................................................... ,

he20421 - erywell watt*

49.22S2 ebegine et elevation . 968*6** .

St.9e02 a* enee et elevetion . 190* 3* .

. S.7130 mSength*

* emme se heet slee 20797
.............................................................
.

hs20421000 18 2 -1 O
he20ert003 erywest-well-28
ms20e23002 49.22S2 1.0
he20423003 1.0
he20421800 20797 3 11.1252
he20423200 20717
he20 aft 300 0
he2042t400 t 204 * tat' I.0 n.0
ha20er 500 1.0 22.2SO4 S.7150
he20e23600 1 312>*est* I.0 1.0
he20423700 1.0. 25.2904 $.7150
he20efteMS 20F87
.

..................................................................
he20e46.pn - elec steel hertrental heat eles for cv 20e*

19926.97 ft**2 . 1953.2 e**2* - ares .
St.9303 e* - ele.atten a 175* 4.S* *

* - some se he20teS.nn
. eette r. 6.5 6e e. - ion.th

..................................................................

.

hs20444000 5 I -1. e
he204e6001 elec-eteet-ce204
he20444002 St.9303 0.0
hs20446003 1.0
he20446100 20145 2 0.0
he20446200 20te$
he20446300 0
hs 20446e00 - 1 '20e * tat * t.0 3.0
hs204e6SOO $953.2 6.8440 6.1440 ,

*

he20444400 1 20e 's.t* 1.0 13.0
hs20e46700 9093.2 6.1440 6.1460
he204e6000 20I45
.

..................................................................
he20524.nn - heat stee for top spherical hood er reacter.

.Degene et elevetten . 194* I" . 56.2006 e*

-. r t . 124 3/4* . 3.1687 e*

- thschnese e 3 t/e* . 0.08255 m*

...................................................................

.

he20524000 6 'S -t 0

._



_ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

es20Ste001 r. essee!-tees

*
he20$2eS02' 56.1Sc6
he20SteO93 3.9
hs20SFet03 -1 2 3.3687
he20$24902 0.0625S S,
ne2SS24200 -1
hs20S24208 carbon-eteet S
hs20$24300 0

' he20S24400 8890 -20S * sat * t.0 3.0
hs2052eS00 1.0 3.1407 3.1487
he2092e600 1 209- *ent* 1.0 1.0
ho20S24700 1.0 3.2513 3.2533
he20S24000 -t
he2dS24001 550.0 6
.

...................................................................
* he20S27.nn - cylingricot portion of reacter.wegoat
* - tegane et elevotten . 120* 9.66* . 39,2344 e,

* - ende et elevetten . 194* t* .
iS6.t004 e '

* - r2 124.6075 . 3.2879 e*=
.

- 9.n.th 14. 7 2. m=

....................................................................'

.

hs20S27000 4 2 -1 0
hs20527001 r.-vesset-cytta.
he20527002 39.2344 1.0
hs2SS27003 1.0
hs20S27800 -2 2 3.2179 *e6 . 253 3/0*
he20127102 0.32703 $ *eteet
he20527200 -1
ha20$27203 carten-eteet S *steet
he20527300 0
hs20S27400 0090 -205 * Int * 1.0 1.0 L

he20S77500 1.0 13.5226 23.S72a
hs20S27600 1 205 *ent* 3.0 3.0

'

he20S27700 1.0 13.3726 13.5226
hs20S27900 -1 s

hs20S27808 S50.0 6
.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -
he20S24.an - heet slet for 6saten epheraces need of pressere*

,
* vesset

! * - togine et stevetten . 133* 97652 . 40.7064 e*

i
- * - r1 = ISS 3/16 * . 3.510 m

| .' - thichness .* 2.472 * 0.1949 e.

.......................................................................

.

hs20526000 4 4 -1 'O [[
ha2052600t re-wease3-tot i
hs20S26002 40. Feet- ,

he20S26003 B.O
hs20S26300 -1 2 3.510.
hs20524302 0.1949 5 *cerben eteet

| hs20$24200' -t
i hs20S26201 carbon-steel .S
I hs20S26300 O '

hs20526400 Sete -20S *lat* 1.0 3.0
[ hs20S26 SOS 3.0 '3mS10 3.510

he20526600 1 205 .*e.t* 't.0 1.0

[ hs20S26700 1.0 '3.7050 3.7050.
! - he20S26000 -t

ha20S26001 S50.0 '6

,

..................................................................
t

*

,

' '
-__2____m___ - 'wW'" '9- r ' ~' #'' -= #_C in

'
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; e e se ei a == e e e.e es as an o e e a

. eg e == e e en su e e t e aM =ee se av e e C e ae .ee e ee e
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eeeeeeeeeoeo e e. ee o eeeeeeeeeeee e e e es e em e e e es e eses e e e e e es e ok e es e e esen ese es e

.me ==e
g e e c e e e en e m es * * * *8 e eeeeeeeeee** e S e * *******et eOe.eeoeeeeee*e * e.e. eeeeeeeeee**e m e. e e e e e e e e e. e oe en e en es se es en en me 4 e ee

se en av om ou as es e e. o. s e.o ece en e = em ou em a en en es e e eo eoeeoeoeoeee e o eeeeeeoeeoeo e e eoeeoeeoeoeo e
si e

e o e e.e e e e s88SSSeC6888e * e e e e ee ee CSSSSSC65S58eee e e e e e e e S&CCSSs&Sgg5ee i

e

.

'- 4 0,e ,,



_ _ . _ _ _ _ __ _ _ _ _ __ _ _ . . _ ._

noteees.a* mese steet her t rent at meet stee fee ce 294
* - eres e 34709.42 ft**2 . B379.87 e**2

a * - ele.ets9= = 313* 59.S* . 46.9295 e
* - Osse et ee20043.an
. - isa,th . e.tte . . ..te.. e

..................................................................,

.

Me294e9999 5 t -t 9
ho294ee993 elec-eteet-ce296

5 #e29440002 e6.9249 9.9
he294e9993 R.9
ne20eee999 20149 2 9.9

*
.

he294eS299 20845
ha294es399 9
he#94eee99 3 796 *iat* 2.O t.9

f: he29 4,199 9 3,3. t , ..Ia.. ..Ie.. 1
he294e9499 3 296 *e.t* 3.0 9.9

!
he2..e.,99 .3,3.if . 34.. .. e..
he296e9999 29245
.

..................................................................
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