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PREFACE

The Second Workshop on Containment Integrity was held in Crystal City,
Virginia on June 13-15, 1984. The workshop provided a forum for exchanging
information on the integrity of containments at nuclear power plants. The
behavior of containments during severe accidents _was of primary interest to .
the over 130 participants. Forty-three oral presentations were made at the
workshop. Written contributions that correspond to each of the presentations
make up the body of this report.

The _ workshop was hosted by Sandia National Laboratories under the
sponsorship of the U. S. Nuclear Regulatory Commission. Principal organizers-
for the workshop were T. E. Blejwas and W. A. von Riesemann of Sandia, T. D.
Molina of Technadyne, and J. F. Costello of the U. S. Nuclear Regulatory
Commission.

The questions and answers following each presentation and the open discussion
periods were tape recorded. The organizers originally planned to include the
transcription of the recordings with these proceedings. However, because of
the quality of the recordings and transcriptions, severe editing of the very
large volume of transcriptions would have been necessary and significant
omissions would have been present. Therefore, the transcriptions are not
included. We apologize for any inconvenience or disappointment this may
cause.
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SECOND WORKSHOP ON CONTAINMENT INTESRITY

Hyatt Hegency Crystal City
Arlington, Va.

June 13-15,1984

Hosted by: Sandia National Laboratories

Sponsored by: U. S. Nuclear Regulatory Commission

General Chairman: Thomas E.Bleiwas.Sandia National Laboratories
Scientific Chairmen: James F. Costello, U. S. Nuclear Regulatory Commis 1on

Walter A. von Riesemann, Sandia National Laboratories
*

Conference Coordinator:. Toni D. Molina, Sandia National Laboratories

PROGRAM SCHEDULE

Tuesday,' June 12
6:30 - 8:00 p.m. Registration

Wednesday, June 13
7:30 - 8:30 a.m. Registration

8:30 - 8:50 a.m. Opening of the Workshop

8:50 - 11:C3 a.m. SESSION A
OPERATIONAL EXPERIENCE AND ITS RELATIONSHIP TO
CONTAINMENT PERFORMANCE DURING ACCIDENT
CONDITIONS

Chairmen: Y. S. Huaw - U. S. Nuclear Regulatory Commission
T. E. Renton - Quadren

''The PWR Integrated Leak Rate Test, A f.eview 0f Operiences And Results"
P. M. Keogh - Ove Arup & Partners, United Kingdom

"Reliabuity Analysis Of Containment Isolatic' Systems Project"
P. J. Pelto - Pacific Northwest Laboratory

*$hortened Duration ILRT1t Versus IL R T Failure Detection"
T. E. Renton, C. L. Larsen - Quadrex Corporation

'Dn-Power Containment integrity Monitoring in CANDU Multi-Unit Stations"
G. D. Zakaib - Ontario Hydro, Canada

" Determination Of As Found Containment Integrated Leakage Rate"
R. E. Shirk, R. M. Carey - Gilbert / Commonwealth

' Containment Integrity And Leekage Evaluation"
E. C. Tarnuzzer - Yankee Atomic Electric Company

11:00 - 11:30 a.m. Discussion

11:30 - 12:50 p.m. Lunch

12:50 - 2:20 p.m. SESSION B
CONTAINMENT ENVIRONMENT AND LOADING CONDITIONS DURING
SEVERE ACCIDENTS

Chairmen: J. Rosenthal - U. S. Nuclear Regulatory Commission
S. Aodge - Oak Ridge National Laboratory

" impact 0f The HDR Tests On The Modeling Of Containment Loads"
K Almenas, K. Schott, L. Valencia - University of Maryland

"CONTAIN Ca'culations Of Containment Loading 0f Dry PWR's"
K. D. Bergeron, D. C. Williams, T, Zimmerman - Sandia National Laboratories

" Combustion Induced Containment Loads in Large-Dry PWR's"
F. E. Haskin, V. L. Behr, L. Smith - Sandia National Laboratories

**HECTR Results for Ice Condenser Containment Standard Problem"
F. E. Haskin, V. L. Behr, A. L. Camp - Sandia National Laboratories
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2:20 - 2:50 p.m. Discussion

2:50 - 5:00 p.m. ' SESSION C
CONTAINMENT INTEGRITY AS PART OF RISK ASSESSMENT"

Chairmen: M. Cunningham - U. S. Nuclear Regulatory Commission
R. Denning - Battelle, Columbus Laboratories

*1 Computer Aided Probabilistic Assessment Of Containment integrity"
J. C. Tsai, R. A. Touchton - Westinghouse Electric Corporation

"A Hierarchical Goat Tree Structum for Containment Integrity"
M. L. Roush, R. N. Hunt - University of Maryland

" Thermodynamic Consequences Of Leakages in A Double Containment
During Severe Accidents"
M. Tiltmann - Gesellschaft fuer Reaktorsicherheit, Federal Republic of Germany

" Containment Release Modes, Rainout And Risk"
R. G. Spulak, Jr., B. A. Boughton - Sandia National Laboratories

*Effacts Of Hydrogen Bums And Flooded Ronctor Cavity On Public Risk"
J. L. Manek - Massachusetts institute of Tchnology
D. A. Dube - Northeast Utilities Service Co.

'tIncertainties Associated With Containment Analysis"
L. Greimann, F. Fanous - Ames Laboratory

5:00 - 5:30 p.m. Discussion

6:00 - 7:00 p.rn. Reception (Hors d' oeuvres with nohost bar)

Thursday, June 14
8:30 - 11:30 a.m. SESSION D

LEAKAGE OF CONTAINMENTS DURING SEVERE ACCIDENTS

Chairmen: G. Bagchi - U. S. Nuclear Regulatory Commission
T. M. Brown - Wiss, Janney, Elstner & Associates

** Failure / Leakage Predictions Of Concrete Structures Containing Cracks"
Y. C. Pan, A. H. Marchertas, J. M. Kennedy - Argonne National Laboratory

" Aerosols And Leaking Concrete Containment Walls"
J. F. van de Vate - Netherlands Energy Research

" Structural Asacts Of Leakage In Reinforced Concrete Containments-
Experimental Approach"
P. D. Moncars, J. D. Osteraas - Failure Analysis Associates

'' Limit Load Analysis Of Actual Spherical Containments Subjected To Static
intemalPressure & Temperature"
J. Jeschke - Kraftwerk Union, Federal Republic of Germany

" Containment Leakage During Severe Accident Conditions"
C. H. Hofmayer - Brookhaven National Laboratory
G. Bagchi, V. S. Noonan - U. S. Nuclear Regulatory Commission

" Determination Of Containment Large Opening Penetrations Lenkage
During Severe Accident Conditions"
T. Bridges - EG&G, Idaho

"NumericalStudies Of Large Penetrations And Closures For Containment Vessels
Subjected To Loadings Beyond The Design Basis"
R. F. Kulak, B. J. Hsieh, J. M. Kennedy, J. E. Ash, G. A. McLennan -
Argonne National Laboratory

'' Containment Penetration Elastomer Seal Test"
B. L. Bames - EG&G, Idaho

11:30 - 12:00 noon Discussion

12:00 - 1:20 p.m. Lunch
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1:20 - 3:30 p.m. SESSION E
PROGRAMS ON CONTAINMENT INTEGRITY

Chairmen; J. F. Costello - U. S. Nuclear Regulatory Commission
H. T. Tang - Electric Power Research Institute

"The K(K)PNS Research Program On PWR Steel Containment Behavior Under
Accident Conditions"
W. Gulden - KfK/PNS, Federal Republic of Germany

*1 Concrete Containment integrity Program At ERPl"
R. K. Winkleblack, Y. K. Tang, H. T. Tang - Electric Power Research Institute

" Procedures And Objectives For Testing A 1/8th Scale Model Of A Steel Containment"
L. N. Koenig - Sandia National Laboratories

*Tlans For A IMth Scale Reinforced Concrete containment Model"
J. Jung - Sandia National Laboratories

" Integrity Of Containment Penetrations Under Severe Accident Conditions"
C. V. Subramanian - Sandia National Laboratories

"ANL Survey Of LWR Containment Penetrations - A Progress Report"
T. R. Bump, R.W. Seidensticker- Argonne National Laboratory

3:30 - 4:00 p.m. Discussion

4:00 - 5:30 p.m. SESSION F
TESTING / ANALYSIS OF CONTAINMENT STRUCTURES

Chairmen: C. P. Tan - U. S. Nuclear Regulatory Commission
J, J. Ucciferro - United Engineers

~ Computer Modelling Of The Sealing Behaviour Of Gaskets In Flanged Joints"
8. S. Nau - BHR A, United Kingdom

.
" Nonlinear Analysis Of Concrete Containments Under Stattc Pressurization -

Evaluation Of The Risk Of Leakage"
A. Combescure, A. Hoffmann, P. Jamet, A. Millard - CE A-IRDl/DEDR.DEMT, France
R. Avet-Flancard, B. Barbe -DE A-lPSN/DAS, France

*FullScale Leak-Rate Tests Of Concrete Containment Wall Elements"
D. M. Schultz, N. W. Hanson - Portland Cement Assoc.

" Liner integrity in Overpressurfred Post Tensioned Concrete Containments"
C. N. Krishnaswamy, R. Namperumal - Sargent & Lundy

Friday, June 15
8:00 11:40 p.m. SESSION F (contimad)

TESTING / ANALYSIS OF CONTAINMENT STRUCTURES

Chairmen: C. P. Tan - U. S. Nuclear Regulatory Commission
J. J. Ucciferro - United Engineers

" Structural Behavior Of Penetrations in Rainforced Concrete Secondary
Containment Vessels"
R. N. White, W. Kim - Cornell University

" Nonlinear failure Analysis Of A Reinforced Concrete Containment
Under Intemal Pressure"
S. K. Sharma, Y. K. Wang, M. Reich - Brookhaven National Laboratory

"Recent Results On The Evaluation Of The Overpressure Response Of
Concrete And Steel Containments"
R. S. Dunham, Y. R. Rashid - ANATECH Corporation
Y. K. Tang - Electric Power Research Institute
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'

8. Goller, G. Hailfinger, R. Krieg - Kf K-IRE, Federal Republic of Germany
4

l
* Behavior Of Spheriant Pent <entainments Clean To Reinforced Secnions

iUneirr Eamenho Sewedhonoures"
|

S. Golier, R. Krieg. G. Messemer - Kf K.lRE, Federal Republic of Germany
|
|

"FeMun intemelhonoure Of Spheried seenf Contdnmenes"
S. R. Idolsohn, A. Cordone, V. Sonzongi - Instituto de Desarrollo Tecnologico
pero la industrie, Argentine
G. 3encher Sarmiento - Empress Nuclear Argentine de Central 6s
Electrices S.A., Argentinn

.

~fsperimenter And Anetyrical Menuler Of Sseel Containment Tests *
D. S. Horschel - Sandia National Laborotories

" Analysis Of A IMah Sneef Containmut 200601 Subject To intemet Stetic Pneewrication"
(

D. 8. Deuss - Sendia National Laboratories

" Fragility Curses For Sneed Containmente 8 Hah Inumet Proenure"
F. Fenous, L. Griemenn - Amos Laboratory

11:40 - 12:10 p.m. Discussion

12:10 - 12:30 p.m. Oosing Comments
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.-THE PWR INTEGRATED LEAK RATE TEST.
A REVIEW 0F_ EXPERIENCES AND-RESULTS,

i
.

'

.

'P.'Koegh
Ove Arup and Partners

,
-

' ;13 Fitzroy Street
'

London WIP 68Q
Abstract

j;

This - paper -~ reviews.' the Integrated Leak Rate Test as carried '
out in- the' USA and as reported in papers- for European
countries.- The . methods' of analysis of test- results are
discussed and it _ is : recommended that only the : mass point.

method be permitted. The reliability-of.the instruments used*
-

i- ~ in a test are described andLthe_ care-needed during-a-test is'

identified.- The use of a preliminary zero pressure test is,

recommended- as -- a necessary - part of- the test to counter any'

instrument inaccuracies, to identify anyLunwanted temperature
gradients,.and to ensure that no ingress of water or air is
taking place at.the start of a test.

Valves are identified ~ ' as the major leak source during . tests
with about 40% of tests being adversely affected by their
performance. Recommendations are given to improve the
reported integrity of the valves.

The use of the part pressure test is discussed and for various1

i reasons it is recommended that only full pressure . tests -(at
! design accident pressure) be permitted. The lack of

correlation between full and part pressure tests is considered '

to be due to gas absorption / release- of internal concrete and
the behaviour of steam generator equipment giving greater,

j leaks at~ higher pressures.

j Secondary effects of diurnal influences and the use of the
ideal gas laws in place of more accurate Van de Waals state-

j equation are discussed.

i

,

4

1.0 BACKGROUND

For a number of years, Ove Arup and Partners have been
providing assistance to HM Nuclear Installations Inspectorate
(NII) on a wide range of topics related ~ to the containment

'

structure of pressurised water reactors (PWR). As part of
this continuing work, a review has been made of the integrated
leak' rate test (ILRT). Some of the main points of the review;

; are described in this paper. The review is reported in full
1 in reference 14.

;
4
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The author wishes to thank the NII for their assistance
and support -in the preparation of this paper. The views |
cxpressed in this paper do not necessarily represent those of
the NII.

2.0 SCOPE

The initial objective of the review was to evaluate
-containment integrity degradation, should it exist, to gain an
appreciation of the general performance of PWR containments
with respect to integrity and to evaluate the main aspects of
the ILRT. It has been necessary to consider the testing
programme in the USA since current practices there are likely
to be adopted by the Central Electricity Generating Board
(CEGB) for use in the United Kingdom (UK).

The research was conducted via a literature search, by
discussion with other interested engineers, and by examination
of copies of ILRT reports. These reports were obtained from
the Public Document Room (PDR) of the Nuclear Regulatory'

Commission (USNRC) and some were kindly given by the Oak Ridge
National Laboratories.

The results of 53 tests were examined. These tests were
not selected on a systematic basis except that only concrete
containments were considered, as this type of structure is
proposed for Sizewell in the UK, and ice condenser PWRs were
excluded in view of their lower design accident pressure. The
reports examined revealed a wide spectrum of events and
features to an extent- that gave assurance that efforts to
obtain more reports were not justified for this project.

3.0 STANDARDS

The fundamental purpose of an ILRT is to give a global
test of the containment integrity and to show that the
assumptions made in the offsite consequence calculations for
radioactivity releases following a reactor accident are still
valid. The maximum permitted leak rate for a containment
structure is given in the technical specifications f or - the
plant and is derived from the requirements of 10CFR100 (4) and
the methods of TID 14844 (5). The current regulations are
described in 10CFR50, Appendix J (1) which refers to the 1972
standard (2). Efforts are being made at this time to modify'

10CFR50 so that it contains only the technical requirements of
the test. The specifications for the test would then be
described in a Regulatory Guide which, initially at least,
would refer to the 1981 standard (3). This arrangement will
allow greater flexibility and a better ability to respond to
new information or technical developments.

|
|
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~The NRC have reservations regarding the 1981_ standard and
Laome 1 of these : are J described in reference - 15. Some. of those -
: reservations ~are amplified in this -paper and other
; reservations. are made. -Some .of. the evidence- supporting
changes made .from the 1972| to 'the. 1981- standard is also
identified.

.

- - 4.0 ANALYSIS METHODS-

Of _the two physical methods available, the: reference-
- vessel method ~ is not now used and had practical difficulties
-' associated with it.(7,-15)'. 'The absolute method, in which the-
internal . mass of _ the atmosphere held in the - containment is
estimated ' from the temperature and - pressure readings of .the
containment, is now widely used. There are various methods of
deriving the estimated fleak rate from-the collected data and
these . are described ' here'. Reference 10 ~ also discusses this
topic.

4.1 Total Time Method
.

The total time method- evaluates the leak rate at
successive time poirts based on the mass of air contained at
the first time point compared to that at the latest time
point.

These successive values of estimated leak rate are then F

evaluated by regression analysis._ The intercept of the least
squares fit straight line with the time at the end of the test
is deemed to be the calculated leak rate. It can be ' shown
that this method is relatively sensitive to ,the first
calculation for the contained air mass. An example is given
in Table 1 in which the actual leak rate is zero but the first
point is perturbed, perhaps by instrument variations, giving
an apparent leak rate-initially. The result in-Table 1 shows
that the normal total time method gives a significant error in

,

the result. The 1981 standard (3) recommends (in Appendix-A, j
A3.2.1) that the data should be weighted in accordance with 1

the time interval associated with each calculated leak rate. .

'It may be seen from Table 1 that this method improves the
result in that the sign is correct and the result ' is of
smaller magnitude, but the achieved error for a 10 hour test
may still be regarded as significant, compared with a
permitted leak rate of 0.1%/ day, for example,

4.2 Point to Point Method

The point to point method is similar to the total time
method except that the leak rate data items are based on the
. contained air mass between successive points only. The result
may be indicated either as an intercept from a regression
analysis, or as an average of the leak rate results calculated ,

-17-
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overLthe test.- The results of these two methods are shown in
. Table-1.: Here the errors are generally smaller but of the
same magnitude as - the _ two total time methods. For accuracy,
the time intervals between data sets must be-equal.

,

~4.3 - Mass Point Method.
i

The mass point' method relies upon a regression analysis
applied to the calculated contained mass of air with respect

'

to. time. The leak rate is - determined from the ratio of the-
slope to the intercept of the line with the start-of the test
and is expressed as a percentage per day. _The results in
Table 1 show that the method is not sensitive to errors in the
first,'or indeed any one data point.

Table 1

Results of computations using different analysis methods.

Example

Relative mass at first reading (t ) 1.0001
Relative mass at all subsequent r8adings (t ) 1.0000g
Time interval between readings 15 mins

Method Variation of method Test length calculated
(hours) result (%/ day)

Total Time intercept at end 10 -0.0649
of test 24 -0.0436

including weighting 10 +0.0167
24 +0.0068

Point to intercept at end 10 -0.0444
Point of test 24 -0.0194

average of results 10 +0.0240
24 +0.0100

Mass Point 10 +0.0033
24 +0.0006 -

In the calculation process for the mass point method, it
is found to be convenient to express the contained atmosphere

.
relative to -the initially contained air. This results in

i calculated masses in the region of 1.0 and makes the
i presentation and understanding of the results easier. It has

no effect on the accuracy of the final result.

t
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AUf urther ' point Jto -- notefis in L respect of the J equations
for : "S", . which a is used1 in L the calculation _ for the upper

~

'
<

, confidence : limit,:; given f in~ Appendix B .of = the 1981 standard..
The equation given :in ~ B3, =apparently?-intended _to reduce
' truncation errors, _in: ' fact- gives greater potential for-
truncation errors-than_the1 formula given in B2 (Equation B.4).-'

The reason for this is'that_the equation B4, viz

f E(Wi Yii) a } bS '=-

. n-2) J-(
'

| s

d

E is1 based on an aggregate of. small' values where the alternate 1
formula . in .B3 Jinvolves the difference of. large numbers to
arrive at the relatively small number "S". The' parameters S ,

i- S and; S - also used in 1the upper' confidence- limit
! c$1culationAB,hould then be derived via the parameter "K"

,=

a as.
described'in B2 of the appendix.~e

i

! It is recommended that only_the mass point method of data
-

L analysis is used in-the evaluation of leak rates and that the
total time and point to point methods should not appear in any
UK ILRT documents which might'be proposed.

5.0 INSTRUMENTATION
'

i

The instruments used in the test are for pressure, >

temperature and for water ~ vapour'. pressure. The test reports
and the certification documents they contain' indicate that thed

instruments are sufficiently sensitive to give an accurate
result after an appropriate length of time (16).

.;

The pressure transducers used appear reliable. Failures
were noted in three of the tests examined.4

1) Robert Emma Ginna, 1982. Both gauges replaced.
j 2) Fort Calhoun 1, 1976.. A gauge was recalibrated.

| 3) Zion 1, 1981. One~ sensor abandoned.

I The temperature sensors, typically resistance gauges, are
i a little less reliable than the pressure gauges, five of the
! tests showed problems with the gauge itself. The failure

causing possibly-the most-difficulties was at Beaver Valley'1,;

1978. One of the temperature gauges was moved prior to thei

test to a-location where it was influenced by the heat output
from a motor which operated intermittently. The test itself
was a marginal pass but failed on the verification procedures,'

which are described in reference 2.
t

i After eliminating the gauge from the test and after other
j repairs, the test was completed satisfactorily. ;

_

.

t

i

!
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The 1981 standard calls for various parameters to be
plotted as the test proceeds.- It is suggested here that the
data acquisition system be also capable of giving plots of the
performance of individual gauges compared to say the average
of that type of instrument. In the particular case given
here, had such a system been available, the errant gauge would
have been found earlier. This proposal is also relevant to
the water vapour pressure instruments.

The dew cells or dew point detectors are the least
reliable of the instruments used and some care and attention
is needed with them. 12 of the tests examined had problems
with the sensors directly (23% of all the tests). In
addition, one of the tests required the containment to be
depressurised as the detector had not been saturated with
lithium chloride before the test started. This had to be
attended to manually. An interesting case was at Indian Point
in 1976. In this test, the mass point plot drawn from the
recorded data showed a significant deviation from the final
regression line during the test. Between 4 and 13 hours from
the start of the test, the local best fit straight line
indicated a leak rate of -0.07%/ day. Between 14 and 21 hours,
the local best fit line indicated a leak rate of +0.10%/ day,
which is the limiting leak rate for the plant. The overall
result was calculated as virtually zero for the 24 hour period
of the test. Examination of the test report revealed that the
water vapour pressure varied significantly during the test and
the water vapour pressure / time curve was similar to that
achieved by the mass point plot. The implication was that the
water vapour, which is normally fairly constant during a test,
was measured incorrectly by the instruments and this had a
marked affect on the result.

6.0 ZERO PRESSURE TEST

In view of the possibility of the instruments drifting
during a test, or to a malfunction in them by other causes, it
is suggested here that a period of time be spent at the start
of a test with the containment sealed but not under pressure.
The result of the leak rate calculation should, of course,
indicate a zero leak rate. This will test out the overall
accuracy and dependability of the instrumentation and data
acquisition system. Where deficiencies are identified, a
significant time saving may be gained by a utility since entry
to the containment can be effected immediately. Delay due to
depressurisation and repressurisation is avoided. There aret

other advantages of the test.

The period of zero pressure can usefully give an
indication of the accuracy of the weighting given to the
various temperature gauges. This is considered (16) to be a
cause of some error if uniform temperatures are not achieved
in the containment. The means of achieving uniformity of

,

i
!
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- temperatures may also be verified and corrected if need " be ,-

- before . the - - containment is pressurised. The need for more
| gauges may be indicated.

The zero pressure test will also give - an Lassurance that
no unintended ingress of . water of gas is taking - place. There,

are 'several examples of _ this in-the tests examined, some are
described here.

1)- Salem 1, 1979. Adjustments were _ needed to allow for-a
-change in water inventory during the test. The ' leakage
was estimated to add 0.0164/ day-to the ILRT result.-

2) Indian ~ Point 3,-1975. .After the test, the containment
recirculation sump had about 8 -inches of water due to a
leakage from an accumulator line which was vented to.the
containment.

3) Zion 2, 1980. After-the test, the containment sump.was
full of water to 1 -inch over the top. This was thought
then to be the cause of the negative leak rate found
during the test. The isolation valves for. this water
supply were. shut off during-the test.

.

4) Arkansas Nuclear. One 2, 1981. 16500 gallons of water
were inadvertently pumped into the containment, but this
was outside the period of the test so no allowance for it
was necessary.

The 1981 standard (3) requires that free water surfaces.

are monitored during the test. It would appear desirable to
also establish that no water or gas is flowing into the
containment before the test starts.

It is reported (6) that France and Italy carry out the
zero pressure test procedure before leak rate tests.

It is recommended here that this procedure be adopted in
the UK as part.of the PWR test procedure.

7.0 SOURCES OF LEAKS - VALVES

The isolation valves for the containment are the largest
single source of containment leaks. Table 2 shows the
reported performance of isolation valves in the reports
examined. The terms used in the table are described here.

i

-21-
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Table 2 Valve Performance Reported

Number of tests reporting:

Type of- Misaligned Large Leaks Small Leaks No Valve
Test Valves In Valves In Valves Leaks

Pre-operational 2 1 5 4

(l'1 tests) (18%) ( 9%) (45%) (36%)

In-service 11 15 5 17

(42 tests) (26%) (36%) (12%) (40%)

All 13 16 10 21

(53 tests) (25%) (30%) (19%) (40%)

" Misaligned" valves are those which are open when they.
should be shut. Because of valves being used in series, an
incorrectly aligned valve need not lead directly to a loss of
containment integrity, but it should be noted that the cases
discussed here were all found as a result of unacceptable
leaks initiating more detailed examination of the containment.

The misalignment of valves may be caused by human error
and the omission of these valves from the operating schedule
for the test was a common event where misalignment had
occurred. Alternately, there may be a fault in the valve,
valve mechanism or the valve motor. Examples of misalignment
are given here.

1) Oconee 1, 1976. During the test, air was discovered
coming from a 3/4" pipe leading to the emergency
personnel hatch equalisation valve. This was closed
before the test continued.

2) Surry, 1981. At a containment pressure of 4.8 psig, a
valve was found leaking at a calculated rate of about
3000 cubic feet of air per minute (compared to 5.16
cu.ft/ min permitted). It was found to be partially open.

| 1
i
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-3) Three ~ Mile Island ~ 1, 1974. Valves ~ '~were found .to : be
misaligned. This was-due:to' earlier efforts-to find a'de
ground.-

r 4) :Eion-2, 1980.. A purge valve 'was leaking at low pressure
.

causing.the exhaustnfanHto run backwards.' It was cranked ~ ,;
'down but continued to leak.

|. 5) : Maine: Yankee, 1982. _ one isolation - valve failed to auto
closeJ as . the . pressure built up and had to :be .. isolated

q manually.
:

: _ Valves with "Large" leaks are.those which caused tests to.
initially- fail or_.were' major' contributors ~ to c an . initialc
failure. The ' reported performances of- these are shown 'in
Table 2. It-must be noted that - the' identification of these
cases involves _ some . subjective interpretation ~ of the written

t text - in the reports._ Actual ~ leak rates through - the faulty
valves-were generally not quoted in the reports. As a guide,

[ it was judged that. the leaks were a significant - proportion of
i: the permitted leak. rate or ~ greater. Differences here with -

} reference (12), which showed a 5% ~ loss of integrity for PWRs -

q. are-thought to be due to the size of leak being considered.

| "Small" leaks in valves in Table 2 were cases where leaks
i were identified,'often in access . hatch valves, . but these did
; not_ appear, from the text of the-report, to be the main cause i

of the leak rate being-unacceptable ,or the cause of delay.
: .

'

It may be judged that the' reported performance of the
valves in' the relatively controlled condition of an ILRT

i; reflects on the condition 'that might be ~ found in a plant
should a loss of coolant accident occur. This is a' matter,

which is still being considered.

j Consideration has been given as to whether.the reported
; performance is changing with time. An attempt h'as been made

to answer this by looking at the percentages of tests made in
4

i each year which have significant valve leaks or misaligned '

! valves. This is shown in Table 3. |
i !

j .A weighted.regressional analysis of the figures in table !

j 3 indicates that the failure rate, as such, is generally in
i the range 40% - 45%. -There does not appear to be'any strong
{ variation with time shown by these results.
i'

It would appear desirable that the reported valve
integrity should be improved upon. The occurrence of
misalignment of ' valves can only . be improved by management

,

; procedures. The effectiveness of the isolation valves in new
; plants such as that proposed for Sizewell may be helped by
#

modifying older specifications or quality assurance procedures |

to take advantage of the information gained from valve
performances to.date.

i

L
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The 1981 standard requires that valves- be tested at I
intervals not exceeding two years. The valve integrity |
reliability will be improved by shorter intervals between type-
C. tests and, where this is practical, consideration should be
given to this.

Table 3 Valve Leaks Related to Time

Year No. of Tests F F%

1971 2 0 0%
1972 1 0 0%
1973 2 0 0%

1974 4 2 50%'
1975 3 1 33%
1976 4 4 100%

1977 4 2 50%
1978 5 2 40%
1979 4 0 0%

1980 7 4 57%
1981 7 3 43%
1982 8 4 50%

1983 2 0 0%

53 22 42%
-

The table shows the number of tests (F) in which valves
were misaligned or had significant leaks.

Proposals have been made (9), for the Netherlands, that a
short ILRT be carried out at each outage of the plant. It is
possible that this may be a quicker, and more efficient, way
of confirming that no groso lecks exist since the ILRT does
not rely on management procedures as part of its assurance of
leak integrity. This short test has been referred to as a

! Blunder test. Certainly, consideration should be given to
this being adopted in the UK testing programme.

8.0 SOURCE OF LEAKS - STEAM GENERATORS

| . During the test, the steam generators are not .under
pressure. Some features such as manways and hand holes are
subject to pressures in the reverse direction for which they
are designed. Occasionally this may lead to significant
leaks, which since they occur usually only at higher
pressures, these leaks can be difficult to locate.

!
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'

This : type of leak was found - on a number . of the tests
" examined,.and its significance needs to-be considered. During

i a LOCA, leakage can occur through a lifted manway if- the -

isolation valves- of the secondary loop leak .outside the-

containment or' there is another -leak source outside- the
containment. There is an apparently unresolved probabilistic -
' argument attached to .the likelihood of. this occurring.
Irrespective of the - probabilities . involved it would appear -

| desirable to show that the leak which might occur through such
. features is not'significant. This can be.shown by testing at
full ' pressure. This is referred to later under partial
pressure testing.

:

| 9.0 SOURCES OF LEAKS - RESILIENT SEALS AND' CONTAINMENT LINER
i

The seals of locations such as the plant access hatch and-
the personnel access hatches appear to give rise to only small
leaks in the tests examined. The liner appears |not to be a,

| problem at all. In all the tests there was only one reference
to a leak through the liner. -This was at Surry 1 in 1975;
leaks from welds to penetrations were measured at 0.345
ft2/ minute (compared with 2.75 ft2/ minute permitted). These
welds were not repaired at the time of the test.

10.0 PROBLEMS CAUSED BY PRESSURE

The pressure used to test the containment leak rate |

places significant load on various parts of the equipment
inside the structure. For example,

1) Fort Calhoun 1980, A rupture disc failed.
2) Indian Point 1971, The unvented box girder for the polar

|crane was buckled.
3) Millstone 2, 1979, One of the fans was declared

inoperative since the power required to move the dense
air was causing overheating.

The accident pressure applied also ensures that the
various isolation valves, as installed and as maintained, are-
still functionally capable of resisting the pressure. .

11.0 PART PRESSURE TESTS

The 1972 standard (2) and 10CFR50 Appendix J(1) currently
permit the use of a part pressure test where the part pressure
is not less than half the design accident pressure. This-test

i requires a reliable correlation to be established between the
j leakage at the part pressure and at the full design accident
j pressure. Those tests reviewed have been examined and the

cases were two pressures were utilised.were used to draw the
graph shown in figure 1 This figure should show points close

1

-25-

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



_

?

' -to the straight line for the correlation indicated in the 1972
standard (2) to be applicable. The graph does not indicate
any correlation.

.There are several reasons for this lack of correlation.
Features such as the steam generator may leak at a
significantly greater rate at higher pressures, valves .may
vary their leak rate with pressure upwards or downwards.
Another - factor, not recognised by the 1972 code, is that of.
gas absorption by the internal concrete. Toossi (13) states
that this effect can be significant. A good example of the
phenomenon was at Indian Point 2 in March 1971. At the end of
the test, when the containment was entered, the floor was
expelling bubbles through the water puddles. The ability of
concrete to absorb / transmit gas is also described by Asmis
(17).

Lam Leak rate measured at Pa0.2 - -

G Lim Leak rate measured at Pt
Pa Design accident pressure

E Pt Test pressure (*1/2 Pa)Lam
Pa

0.1--

O

G
O

Oe O O
O s 00

-0.'01 0.'010 0.'02 0.'03
Ltm

Figure 1 Relationship of Leak rates at pressures Pa and Pt

The 1981 standard (3) now requires that if the pressure
in the containment has exceeded the test pressure previous to
the ILRT, the pressure must be held at 85% of the test
pressure, or below, for 24 hours before the ILRT is commenced.
This goes some way to ensuring that the effect of gas
absorption by the concrete, if any, is to increase the

apparent leak rate which is conservative.
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In view of the lack of correlation between half pressure
tests and full pressure tests, it is not possible to say from
a half pressure test what a subsequent full pressure test
might indicate. The half pressure test will certainly
indicate any gross leaks that might exist but will it give
assurance of leak integrity at higher pressures ? It appears
that this cannot be said either. At Calvert Cliffs December
1973, the leak rate at 25 psig was about 0.01%/ day, which is 4

good compared to the 0.24/ day required. However, at 50 psig,
the leak rate was found to be 0.St/ day due to leaks through
the steam generator manways. At Arkansas Nuclear One, 92, in
October 1977, a feedwater check valve bonnet (to steam
generators) leaked at pressures greater than 14 psig. The
resistance to this pressure level was due to the water head in'

the steam generators. Had this bonnet been fitted tighter, it
is credible that it would not leak under a low pressure test
but would leak under higher pressures.

( With regard to the half pressure test it may be
summarised that this test gives no indication of the leak rate

[ that may be achieved at higher pressures nor does it give
assurance that the ccntainment plant and safety equipment,'

such as fans and rupture discs, or new valves, will operate
effectively at higher pressures. It is . suggested here that
the part pressure test is not used in the UK test programme
and reliance is placed only on the full design accident
pressure for the ILRT.

12.0 DIURNAL EFFECTS

It is considered (11) that diurnal effects may influence
the leak rate of steel containments. Reference is made in the,

1972 American Standard to the need to allow for weather
conditions. There was very little evidence found thatsignificant diurnal effects exist for concrete containments.
At Robinson 2 plant in March 1982 a leak rate of 0.01% per day
was established and this jumped to 0.02% per day. Searchesand enquiries could not establish the cause. It was thought

'

that the morning sunshine had affected the purge valves.
At another plant, in April 1977, the test had beenrunning for some time and excess leakage was indicated. At1600 hours the leak rate changed, favourably and then went to

a sa t.is f actory conclusion. There was no satisfactory
explanation of the behaviour observed. The test had been in
progress for several days.

It would be of interest to plot out the calr:ulated
contained air mass for a number of tests which went on forlong periods to see if diurnal influences can be found. This
was done for some of the tests examined, for other reasons,
but no diurnal influences could be seen. This is an area

l where further research is required.

i
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13.0 VAN DE WAALS EQUATION ;

i

The ILRT analysis is based on the ideal gas laws, which
assume that each gas molecule is a point mass without volume
and that cohesion and adhesion forces can be neglected. The
Van de Waals state equations allow for these effects. The air
used in the ILRT is of course a real gas and calculations have
been made to evaluate the effect these considerations would
have on a calculated leak rate.

Analysis shows (9) that the error in not using the van de
Waals equations is governed by the relative changes of
temperature and pressure over the period of the test. Sample ,

calculations have shown that for concrete containments, the
temperature and pressure changes are typically not sufficient
to show significant error when using the ideal gas laws.

It is noted however that the 1981 standard (3) does not
place a limit on the absolute magnitude of the temperature
change which may occur over the period of a test and that
might be a useful addition. For tests examined the
temperature was found to be fairly constant within one or two
degrees over the period of the test.
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RELIABILITY ANALYSIS OF CONTAINMENT ISOLATION SYSTEMS

P. J. Pelto and C. A. Counts
Pacific Northwest Laboratory

Richland, WA 99352

ABSTRACT

The Pacific Northwest Laboratory (PNL) is reviewing
available information on containmeni systems design, operating
experience, and related research as part of a project being
conducted by the Division of Systems Integration, U. S. Nuclear
Regulatory Commission. The basic objective of this work is to
collect and consolidate data relevant to assessing the functional
performance of containment isolation systems and to use this data
to the extent possible to characterize containment isolation
system reliability in terms of leakage area versus leakage
probability for selected reference designs. This paper
summarizes the results from initial efforts which focused on
collection of data from available sources and briefly describes
detailed review and analysis efforts which commenced recently.

INTRODUCT!ON

This paper is a summary of results to-date from work
undertaken on the Reliability Analysis of Containment isolation
Systems Project (RACISP). Work in this project was divided into
two major tasks: 1) Document Survey and 2) Detailed Review and
Analysis. Efforts thus far have primarily focused on the
Document Survey Task with the objective of collecting and
consolidating data relevant to functional performance of
containment isolation systems (CIS). Data collected in the
Document Survey Task will be used in a recently initiated
Detailed Review and Analysis Task to characterize CIS reliability
in terms of leakage area versus leakage probability for selected
reference nuclear power plant designs.

Research efforts for the Document Survey Task were focused by
establishing four specific objectives.

1. Make a search for sources of CIS performance data.
,

l

2. Review and retain data that have potential uses.
1

3. Organize the data so that it can be used for detailed review
iand analysis. |

4. Provide comments on general CIS performance trends
recognized during an initial review of the data. |
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To accomplish these objectives,'the task.was divided into
.three work areas: a design 1 review, an operating experience
review, and a related research review. Sources of-Information in
each of these areas were reviewed in the context.of the task
objectives.

In the design review, Final Safety-Analysis Reports (FSARs)
were reviewed for five nuclear power plants that utilized the
main types of CIS design. This review-resulted in compilation of
penetration and isolation valve parameters that are common to-
various designs. Guidelines and standards governing CIS design
and performance were also surveyed for relevant information
(e.g., penetration / valve testing frequency). This information 1

was used to develop a data classification scheme. In the
operating experience review, data related to CIS operating
experience was collected. The primary source of this type data
were the Licensee Event Reports (LERs). Data extracted from the
LERs were assembled-Into a computer data base for use in the
subsequent detailed review and analysis task. A limited review
of Integrated Leak Rate Test (ILRT) reports was also undertaken
and NRC Inspectors were interviewed as potential sources of
information. Information resulting from related research
programs and from the technical IIterature was also collected.

Following are summaries of the results from the three work
areas of the Document Survey Task and a brief description of the
recently commenced detailed review and analysis.

DESIGN REVIEW

As noted by BleJwas (1982), there are at least 11 different
combinations of containments using different combinations of
reinforced concrete, steel and tendons In a variety of geometric
configurations. The use of such design options as Ice condenser,
subatmospheric, and Inerted containments further increases the
number of different containment types. A brief review of the
different types of containment designs was performed as one of
the Initial steps of the RACISP. A review of guidelines and
standards related to CIS design and performance was also
conducted. The basic objectives of this design review were to
identify major differences in containment isolation system
design; to develop potential groupings of containment types; and
to develop information to assist in developing a data
classification scheme for use in the operating experience review.

Seven containment types were selected as representative of
the main Type of CIS design. These include large dry, Ice
condenser, dual, subatmospheric, Mark I, Mark 11, and Mark Ill.
Of these seven, FSARs were reviewed.for the following plants:
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Plant Containmont Tvoe

Palisades-(PWR) Large Dry

Sequoyah I (PWR) Ice Condenser

St. Lucie 2 (PWR) Dual

Surry 1 (PWR) Subatmospheric

Peach Bottom 2 (BWR) Mark 1

Available information on valve and penetration size, type,
and normal, shutdown and accident status (e.g., open or closed)
was cataloged.

This review Indicated that similarities exist for the
penetrations and valve designs for the above containment types.
For example, they all contain such large penetrations and valves
as equipment hatches, personnel air locks, and purge / vent valves.
However, many differences are noted, particularly, between PWR
and BWR designs.

The simplest grouping of containment design is a PWR
category and a BWR category. This grouping may be useful for
general reliability comparisons. More specific reliability
comparisons and consideration and of potential improvements(e.g., continuous containment pressure monitoring systems) would
require more containment type specific and even plant specific
analyses. The Detailed Review and Analysis Task will further
investigate differences in performance of the different
containment designs.

In support of this design review, applicable standards and
guidelines related to CIS design and performance were identified
and reviewed. A summary compilation was made of these standards
and guidelines to provide background information for the
operating experience review task.

|

OPERATING EXPERIENCE REVIEW

The primary sources of information concerning operating
experience with containment isolation systems were the Licensee
Event Reports (LERs). Additional Information was gathered from
NRC Inspectors, containment leakage testing reports, and the
technical literature. The Nuclear Safety Information Center
(NSIC) data base was screened for failures of containment .

|

Isolation valves and penetrations as recorded in the LERs. Using
a cutoff date of May 1983, approximately 3000 entries woro
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identified which could be of potential interest. LER abstracts
were reviewed for these incidents and a classification scheme was
developed. Figure 1 provides an example of the coding form used
for data extracted from the LER abstracts. This information was
assembled into a computer data base using the d-BASE || program
and an IBM-PC. This section provides discussion of the general
findings from the various sources of information on CIS operating

- experience.

Trends Observed in Revfewing LER Abstracts

Of the 3100 LER (and Abnormal Occurrence Report) abstracts
from April 1965 through May 1983 reviewed for failures related to
CISs, approximately 2000 were found to be applicable, i.e.,
relating to failures to isolate and/or excessive leakage. Since
some LERs describe multiple failure incidents, the total number
of applicable CIS failure incidents extracted from these
abstracts is approximately 3000. Thus, for every three LERs
classified as CIS-related in the Nuclear Safety information
Center data base, one can expect two to address CIS failures to
isolate and/or excessive leakage.

Failure Trends For Isolation Valves

Valve failures accounted for approximately 70% of all
applicable CIS failures. Leakage was observed to be the most
frequent type of isolation valve failure in the LER Review. Most
often, seat damage due to foreign material was the cause of the
leakage. Seat corrosion, general seat wear, and packing leakage
were other frequently observed failure causes. Failures of
isolation valves to close were usually found to be caused by the
following:

Valve operator failure / problems

Packings (generally too tight, thereby causing torque
switches to kick out before full closure)

Interruption of valve operator power / air supply
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Figure 1. EXAMPLE LER CODING FORM

! Identification Information

Data Base # 0013 LER # 83-005 Revision # 0

Accession i 181872 Failure # 1

Comnonent Information

| Type Main _1 Sub-1 _a Sub-2 __

| Location _A Manufacturer L200

| Reactor: Name VY1 Type _B NSSS Vendor _S

I System: Primary _21_ Secondary 05

Emergenev Bolider Feed Pumo Steam Line
|
!Failure Information

Date 02/ 03/ 83 Power Level 871 Failure Mode _B

Cause: Parimary _la_ Secondary _A2_
'

Duration 1/ 12/ 0-A Containment isolated?

Discovery _R_ Corrective Actions B.A '

,
'

Related LERs 82-015m 83-001

|

;

!

Comments

Fallure of Isolation valves V-16-20-20 and V-16-20-228
discovered due to high nitrogen makeup flow. Valves closed after
several remote actuations. Failures were common-cause due to

; collection of ferrous metal particles on magnet of valve position
'

Indicator. Particles came from corrosion on inside of carbon
| steel piping. Flx = Installation of Y-stralner with magnetic ,

| Insert upstream of valves. |
'

|
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The valvo operator problems accounted for approximatley 40%
of the failures to closo, with air solenolds and limitorque
operators comprising the majority of those, in the case of
air-operated solenold valves, the solenoid failure was often
caused by contaminated air. In several incidents, less clean
servico air was bled into the cleaner instrument air supply.
Solonolds have shown a tendency to stick due to baking of oil
contained in the air supply. The Zion plants have been
especially susceptible to those air-operated solenold valve
problems.

Failuro Trends For Ponotrations

Penetration failures accounted for approximately 30% of all
CIS failuros. Approximately 90% of the penetration failures in
the LER Revelw were attributable to personnel air lock (PAL)
problems. Primary failure causes were as follows:

Lookage past door seal gaskets

Leakage due to forolgn material on seals

Failures to closo due to Interlock mechanism failures or
maladjustment

PAL failures accounted for the majority of failures to isolato
(as opposed to excessivo leakago).

Falluro Trends in BWRs

Primary containment failure / problems for BWRs are most often
related to valve failures to close or excessive leakage. Leakage
past MSlVs was especially frequent (much more than in PWRs),
often Involving as many as 15 valvos leaking in excess of
technical specifications. MSly failures to isolate woro raroly
reported, although the number of MSIVs usually reported as being
involved in an incident leads one to speculato that pairs of
valves (Inboard and outboard) may have boon Involved.

Failuros to close woro most often attributable to valve
operator problems, closing on forolgn materials, and separation
of the valvo disk from the valvo stem (a mechanical control parts
failuro). Other BWR valvos exporloncing problems include vacuum
breaker valves, containment vont valvos, and traversing in-core
probo valves.
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Failure Trends in PWRs

PAL leakage dominated the CIS failures In PWRs, accounting
for approxisttely half of the LERs for PWRs. PAL seal problems
were caused primarily by dirt, again, and foreign material
damage. Faltures of one or both of the PAL doors to close and
latch were also reported frequently. Often, one of the doors
would not latch. When the operator opened the other door, the
pressure differential would cause the unlatched door to swing ,

open. This type of failure was almost always caused by problems
with the Interlock mechanism. However, many of th,' incidents
involving simultaneous opening of PAL doors were attributed to

| " operator error." Also noteworthy is that PAL failures often i
; occurred while the plant was at or near full power.

| Remaining problems in PWRs involved valve leakage and/or
failures to close. .Although much less frequent than in BWRs, i

MSlV leakage incidents were reported for the PWRs. These
i incidents followed the same trends as discussed for the BWR
'

MSIVs. Excessive leakage through large purge isolation valves !

was another prevalent type of valve failure at the PWRs.
Environmental degradation of the valve seat was often responsible
for the leakage.

Trends in Operator / Personnel-Induced Failures !

Both BWRs and PWRs experienced CIS failures attributed toi

! plant personnel. Such occurred relatively uniformly at both
plant types. Common incidents involved the following:

Operators forgetting to close valves after testing or
| power transitions
!

Maintenance personnel incorrectly wiring or installing
| valves

Construction personnel damaging valves and penetrations
| during plant modifications or repairs

i

incidents such as the above were often traceable to procedural
deficiencies. Several incidents were also reported where holes

'

were drilled through containment and left unsealed until
,

discovered during an ILRT. These were attributed to personnel :

error.

i |

r |

|

l

i

i
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General Reporting Trends in LERs

With' reference to the Information extracted from the LER
abstracts for the LER Coding Form, the following data were found
to usually be reported [>2/3 of the time].

Component identifier

System (In which located)

Failuro mode and causes

Olscovery modo

Corrective actions

The following data were sometimes reported [1/3-2/3 of the time]:
Component 1ypo, location (relative to containment), and
manufacturer.

Usually not reported [<1/3 or the time] were the following
data:

Failuro duration

Whether or not containment was isolated

Look ratos

LER abstracts on valvo leakage tended to provido the least
Information, primarily due to a tendency to address soveral leak
rato test failures In a single LER.

LER (and Abnormal Occurronco Report) abstracts from April
1965 through May 1983 woro reviewod. From 1965 through mid-1977,
the abstracts contalnad only general Information about the
incidents. Little of the specific Information sought for the LER
Coding Forms was provliod. No definite numbering system for the
incident reports was evident. Event datos and reactor power
lovels woro reported inconsistently. The ovent descriptions
provided in the abstracts woro general, providing little specific
information such as look ratos and valve types, locations, sizes,
and manufacturers.
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From mid-1977 through 1981, the quality of the abstracts
Improved. More detailed incident descriptions were provided.
More of the specific Information sought for the LER Coding Forms
was teund. However, some relapse in the reporting quality seems
to have occurred with the most recent LER abstracts (1982-3).
Sufficient inf ormation was still provided to permit completion of
most of the items on the LER Coding Forms. However, this
Information was less complott than that found in the mid-1977
through 1981 LER abstracts.

Failures Resulting in High Leak Rates

in reviewing the LER data base several incidents were noted
which had the potential for very high leakage rates. Since
limited Information was provided on leak rates or leak areas, a
brief review was performed of failures involving valvos and
penetrations with a largo leak potential. Throo types of events
are of Interests large penetration failures (e.g. airlocks);
largo valve failures (e.g. purge / vent valves); and direct breach
of containment (e.g. drilling holes).

Many Instances of failure of one airlock door or seal appear
in the data base. A smaller number of failures of both doors or
Instances of leaving both doors were noted. The following
incident is a typical examplo:

Dato Reactor Cont Type Event Leak Rate

12/18/78 Arkansas Large Dry Emergency hatch Leak rate
Nuclear 1 outer and inner function of

doors left open hatch area but
corrective
action taken
in seconds

Although the potential leak area is large for those type of
events, airlock or similar ponotration failures may not be of
major concern due to the short failure duration and frequent
testing interval. The largo number of failures do indicato somo
design problems which should be investigated.

Falluros of large valvos have resulted In largo leak ratos.
The data base contains a largo number of single valvo failuros
but failure of two valvo is required for a largo look rato.
Purgo valvos and vont valvos are of interest because of their
size and failuro rates. Selected incidents are described below

)

i
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Date Reactor . Cont Type Event Leak ~ Rate

1973 Oconee 1 Large. Dry 3 Isolation. No Informa-
valves open tion

(Data Base #40205)

1974 Ft. Large Dry Vent valve No Informa-
Calhoun failure tion-

(Data Base #30334)

1974 Dresden 2 Mark'1 Failure of 2 No Informa-
purge valve tion
seats

(Data Base #40203)

1974 Dre den 3 Mark l Failure of 2 No informa-
purge valve tion
seats

(Data Base #40204)

1976 Ft. Large Dry 2 purge valves 42 inch valves
Calhoun leak

(Data Base #30334)

9/14/79 Palisades Large Dry 2 cont exhaust 3 inch valves
: ,

by-pass valves
j left open'

i

(Data Base #40219) -

Based upon this cursory review, several valve failures with
.potentially Targe leak. rates.h' ave occurred. The LER data base
describes t,he failure mechanism but gives little or no
information on the leak rates. The next section discusses
anothersourc'oofleekjQte Informaffon, Integrated Leak Rate
Test (ILRT) reports./,, .

'

A quick' search'of(the data ba'se revealed no events in which
containment was directfy penetVated by events as inadvertent
drilling. At least two such' instaWees have been documented in
ILRT reports (San Onofre 4 In 1077 and Surry 2 in 1980). These
events did not appear in.the LER data base which Indicates they
did not get written up as LERslar thst the data base missed them.
I f ei ther i s t; ue, addl,tional support ~is lent to examining |LRT
reports. -- >- ,

#,
,

'

'-40-
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Summarv Of Results Of NRC Insoector Survev
~

A number of NRC Senior inspectors for containment systems
were contacted and asked to relate their experience with CIS
performance. Their experiences provide information regarding
both hardware and. procedural influences on CIS performance
usually as Indicated by the results of Type A,.B and C tests.
From a hardware standpoint, the most commonly noted problems
concerned leakage in BWR MSIVs.and PWR large purge Isolation
valves. Coamon causes of isolation valve leakage included
seating problems, dirt / debris, and packing problems.

Procedures used in conducting tests appear to cause a
variety of problems that could be interpreted as poor CIS
performance. Some inspectors identified seat deformation as the
main cause of leakage during testing of PWR large purge Isolation
valves (butterfly type). The inspectors also noted.that, if
these type valves are left open for a few hours prior to a test,
the valve seats deform sufficiently to allow excessive leakage
upon closing and immediate testing. Often, about an hour in the
closed position is required before a valve seat will return to
its normal configuration and seal sufficiently to pass the
leakage test.

All the inspectors mentioned that reported leakage rates
often do not represent true leakage rates. Utilities are
generally allowed to perform some minor repair on a valve prior
to recording its "as-found" condition for a leakage test.
Similarly, major repair (such as completely rebuilding a valve)
is permitted prior to recording that valve's "as-left" condition
at the end of its leakage test. Type B and C tests are also
performed before Type A tests, enabling repairs to be made so
that the Type A tests can be passed easily.

In addition to the NRC Inspector contacts, American Nuclear
insurers was contacted regarding their CIS performance related
work that has been reported in the technical literature
(Weinstein 1980). The goal of their work was to estimate an
upper bound on the availability of containment integrity, and
conversely, a lower bound on the unavailability of containment
Integrity. In developing their data base from a screening of
LERs and integrated leak rate test reports, only those incidents
whero a definite leakage path was established through containment
were considered. Certain classes of large valves were of
particular interest (e.g., purge valves, vent valves, and MSIVs)
since these valve types often fall in pairs, enabling leakage to
exceed the allowed maximum. The American Nuclear Insurerscontainment integrity failure flie currently includes incidents
that have occured through 1982.
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Potential Uses'of i n t e a_ r a t e d Leak Rate (ILRT) Data

.

-A review of reports resulting from ILRTs conducted at
eighteen nuclear power plants during the period 1973 through 1983
was undertaken to determine the potential of thege. type reports
as sources of data for use in.the: detailed review and analysis
task. ILRT' reports for the following nuclear power plants were
reviewed. The reactor-and containment types and the year during
which the ILRT was conducted are presented in parenthesis. )
o Millstone 1 (BWR, Steel Mark-1, 1973)

~

o Pralrie Island 1 (PWR, Steel, Double, 1973)
o Arkansas Nuclear-1 (PWR, Prestressed Concrete, 1974)
o Brunswick 2 (BWR, Reinforced Concrete Mark-1, 1974)
o Calvert Cliffs 1 (PWR, Prestressed Concrete, 1974)
o Brunswick 1 (BWR, Reinforced Concrete Mark-1, 1976)
o Kewaunee (PWR,-Steel Double, 1976)
o Donald C. Cook 1 (PWR, Reinforced Concrete Ice Condenser,

1978) )
o McGuire 1 (PWR, Steel ice Condenser,.1979)
o Donald C. Cook 2 (PWR Reinforced Concrete Ice Condenser,

1981)
o Sequoyah 2 (PWR, Steel Ice Condenser, 1981)
o Surry 1 (PWR, Reinforced Concrete Subatmospheric, 1981)
o Surry 2-(PWR, Reinforced Concrete Subatmospheric, 1981)
o Calvert Cliffs 2 (PWR, Prestressed Concrete, 1982)
o Maine Yankee (PWR, Reinforce 4 Concrete, 1982)
o St. Lucie 1 (PWR, Steel Double, 1983)
o Crystal River 3 (PWR, Reinforced Concrete, 1983)
o Fort Calhoun 1 (PWR, Reinforced Concrete, 1983

The focus of these reviews was to develop an understanding
of the type of information contained in the ILRT reports and
ideas about how the information could be used in the process of
evaluating containment performance under various accident
conditions.

General Description Of ILRT Data Relevant To RACISP

The purpose of ILRTs is to demonstrate that leakage through
primary reactor containment and systems and components
penetrating the primary containment is less than the allowable
leakage rates specified In the plant's technical specifications.
Demonstration of containment integrity is accomplished by
successful performance of local-leak rate Tests first and then
the Integrated primary containment leak rate test.

/

.
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Local ~ leak rate-tests ~are performed Individually on . '

,
-

components which seal 1or penetrate the primary . containment :(TypeL
B tests ) plus-all primary containment. isolation valves'(Type =C
? tests?). .The: Integrated primary containment leak'. rate test..(Type
A~ test) .Is~ performed by-pressurizing the'entireEcontainment-
' structure and measuring the1overall i ntegrated; leakage rate.

.

Generally,-the'lLRT reports. reviewed contained some
'

'Information~about results of.the Type.A, B and C tests; however,.
the degree of .detal li avai l ab l e varied considerab ly.. ' Narrative
summaries describing the conduct of.the Type A tests-(including

. fdescriptions of test equipment, instrumentation used and
-analytical techniques used to compute leakage rates),- Initial~

plant' conditions,-a chronology of events occurring during'the,

test (including the discovery of leaks),' analysis of the Type ~A*
1 test data ~and'a statement about-successful completion of the
tests were. generally. included'in all the reports reviewed.
Detailed numerical data about the Type A test were generally.;

:I nc l uded in the reports in various forms-(i.e., tabular and/or
-

; graphically).

Data from the Type B.and C. tests varied considerably i n th's
degree and form in whichLit was reported. The report resulting
from an ILRT conducted at Maine -Yankee' in 1982 contained -data
from Type B and C tests conducted in 1980 andc1981.- This data
was presented in'two tables making it easy to compare leakage
rates found for given systemsaor component during that two-year-

i- time period. A similar reporting format.was used in the St.
Lucie 1 ILRT: report. Other reports provided some. data from
previously conducted. Type B and C tests but i n less convenient,

! formats, while others provided only limited data from conducted
i in conjunction with-the ILRT being reported. in some reports the
1 system or' component tested was identified by. title; while i n ,

other. reports, . systems-or component identification was by a code -

,

) or number which would require referring to the plant FSAR for
'

further specification.

Various other types of Information such as system' drawings,
j procedure change descriptions, test' checklists,' computer code

. descriptions, and measuring equipment calibration certifications'

were also included in~the ILRT reports' reviewed. This type of-
Information is probably not very useful to the objectives of<

RACISP.
,

i

i information Available in ILRT Reports
2

Basically the information contained in ILRT reports that may
. be useful to RACISP appears to be the narrative descriptions of
1 the Type A and the numerical data resulting from the Type A, B

and C tests,
,

i
.

t
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The narrative descriptions provide information concerning
leaks that are discovered during pressurization of primary

-conta i nment. Discoveryoof a leak during pressurization for the
ILRT was reported in many of the reports reviewed. In every case
pressurization was halted while the source of leakage was
identified and either repaired or isolated. After repair.or
isolation, pressurization contained and the ILRT proceeded until
it successfully concluded. in some cases the leakage rate and 4

the system cr component are specifically identified .in the
narrative.

Th6 numerical data resulting from.the Type A, B and C tests
described in the ILRT Reports can provide useful Information on
the overall condition of containment integrity. . As previously

,

Indicated, the LER data base contains little information on leak
rates and duration times. Information from the over 300 ILRT
reports which have been generated can supplement the LER data
base and provide essential Information on leakage areas. Several
organizations have performed report reviews of.lLRT reports. Oak
Ridge National Laboratory (ORNL) (Dougan 1984) reviewed selected
ILRTs in support'of the Appendix J revision. Quadrex (Rowley et
al. 1983) reviewed a large amount of Type A tests to study
testing time reduction. Stone and Webster (Frank et al. 1982)
reviewed selection ILRTs and assisted in developing Improved test
procedures. However, none of these reviews have examined the
ILRTs to extract leakage rate data. It is recommended that the
RACISP program perform a more detailed review of available ILRT
reports and use this Inforation to supplement the LER data base.

RELATED RESEARCH REVIEW

A search was conducted for information on current projects
,

and documents from completed projects which were directly related
to the RACISP. Brief descriptions of each of the projects were
prepared. The projects were summarized under two headings:
" Current Projects" and " Completed Projects". Each project
description includes, where available: project title, performing
organization, project manager, objectives, major activities, and
comments. Major pertinentsdocuments already published in the
project are included. Examples of projects reviewed include
ongoing work on containment integrity at Sandia National
Laboratories; the ongoing containment leak rate estimation
program being coordinated by the Idaho National Engineering
Laboratory; and the completed containment systems experiment
program performed by Pacific Northwest Laboratory.

i
|
t
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' Some additional studies with-particular relevance;to EACISP-

include:: f the ORNL e (Dougan 1984) review of ILRT reports In
supprot of'the'' Appendix J revision; the Quadrex~(Rowley et al.

-

E
1983) review of Type-A test.results_in1 support of ILRT testing.

time reduction;'and-the' Stone and Webster-(Frank et al.-1982)-
review of, selected'ILRTs tofessist in developing improved test
procedures.-

DETAILED _REVI'EW AND ANALYSIS

1The. data discussed in the previous sections form the basis J
for the~ Detailed Review-and Analysis Task. .The objective of this

.

task is_to characterize to.the. extent possible containment~

,

' isolation system reliability In terms of leakage area versus
leakage probability-for selected reference designs. Work was. recently initiated using_the approach discussed.below.,

St. Lucie 2 and Peach Bottom.2 were selected ~as a reference-' ~

PWR and BWR. The major penetrations and: valves were. categorized
|- for_each plant.- Failure frequency estimates are'being generated

from theLLER-data. base. These values are also being compared to
_ predicted frequency estimates using. reactor safety data bases(e.g., WASH-1400). Leakage rate / area estimates are-being,

generated from available data. The LER data base has'provided.

only limited Information on leakage rates and failure durations.
Predictive models and information from selected ILRT reports are.,

being used to supplement the LER data base.- These estimates ofi
,

'

leakage probability and leakage. area for each of-the major- ,

penetrations and valves will be combined to generate preliminary,

plots of probability of leakage versus leakage area for the- t
i reference PWR and BWR.
1

!
^
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SHORTENED' DURATION ILRT'S VERSUS ILRT FAILURE DETECTION

Carl L. Larsen and Terrence E. Renton
Quadrex Corporation

4500 S. Garnett, Suite 500,

I Tulsa, OK 74146

|

ABSTRACT

The shortened duration ILRT (e.g., less than 24 hour 3) has always been of
significant interest to the -nuclear utility industry. Not surprisingly,
this interest is due to the fact that most ILRT's are typically conducted on
the critical path of an outage. The key requirment for a shortened impact'
on the critical path is a method to determine the minimum number of hours
after stabilization that would accurately represent containment leakage.
Compounding the issue of shortened duration test methodology is the
existence of three different analytical techniques to reduce the data.
These techniques are known as: point-to-point, total time and mass point.

The purpose of this paper is to present 'an argument favoring shortened
duration testing and illustrating that the EPRI criteria (as contained in
EPRI NP-3400) can be used to determine the duration of an ILRT. The

essential element in the arguments presented is that performing a shortened
duration ILRT does not prevent reliable ILRT failure detection.

INTRODUCTION

The basis for this paper is taken from research performed by Quadrex
.

Corporation for EPRI which was culminated by the issuance of a report (EPRI
NP-3400) entitled " Criteria for Determining the Duration of Integrated
Leakage Rate Tests of Reactor Containments", and subsequent independent
research. As a result of these efforts over 90% of all domestic ILRT
reports and several international ILRT reports have been obtained as a data
base. This data base and the subsequent analysis have allowed tabulation of

the ILRT's as either successful or unsuccessful. These two tabulations were
then categorized by time expired as to when the ILRT results first gave
indications of successfully or unsuccessfully meeting the allowable leakage
rate criteria. For those ILRT's which were successful, the EPRI criteria

.
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were used to determine the earliest time at which the test could be
|

considered successful in accordance with the applicable termination
criteria. For those ILRT's which were unsuccessful, the believed f ailure
causes and remedies were tabulated and analyzed.

BACKGROUND

The primary purpose for an ILRT is to provide continued assurance that in
the event of a design basis accident the containment structure will properly
function to control the release of radioactivity to the environment within
established limits and thereby provide for protection of the health and
safety of the public. The detailed regulatory requirements pertaining to an
ILRT (and associated local leak rate testing) are provided in 10CFR50,
Appendix J.

Guidance from the USNRC relating to shortened duration testing is not
included in the Commission's rules and regulations, except as provided by
reference to ANS N45.4-1972. This standard provides little guidance and
methodology which can be used to determine both the time of stabilization
and the minimum number of hours af ter the test that will permit accurate
determination of containment leakage. Instead, the standard and the USNRC

Staff (except as addressed by Bechtel Topical Report BN-TOP-1) arbitrarily
establish a test duration of 24 hours which typically results in tests

lasting upwards of 4 to 5 days from pressurization to depressurization.

The only methodology currently sanctioned by the USNRC for use in a
shortened duration test is that contained in BN-TOP-1. This report,

however, uses the total-time technique for data reduction and includes
extremely conservative acceptance criteria which may lead those attempting
to utilize this method to ultimately perform a 24 hour test. The more

accepted mass point technique for data' reduction, contained in ANSI /ANS
56.8-1981, is not addressed by this report, which results in a major
disconnect in sanctioned methodology versus accepted industry practice.

The EPRI criteria, developed by Quadrex Corporation, provides the needed
connection betdeen accepted industry practice and reasonable (reliable)
methodology. This criteria provides the nuclear industry with a methodology
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, . for shortened duration ILRT's that incorporates comm'only accepted and
utilized technical criteria.

- DISCUSSION.

f As discussed in EPRI Report No. 3400, quadrex has proposed seven (7)
.

criteria for determining the completion of an ILRT. These criteria are:
1. Use the absolute method, mass point technique.

- 2. The containment must be adequately modeled (e.g., sensors' and weighting
factors)..

: 3. The 95 percent upper confidence level leakage rate must be zero or a
e positive value.

4. The calculated LSF leakage rate must be less than 75 percent of the"

plant's allowable leakage rate criteria at test pressure.'

5. Th'e calculated 95 percent upper _ confidence level must be less than -75

percent of the plant's allowable leakage rate criteria at test,

!- pressure.
6. The calculated least squares fit leakage rate as a function.of time

,

shall have stabilized with a negligible positive or negative slope.
7. The calculated 95 percent upper confidence level leakage rate shall. be

| converging with the LSF leakage rate.

As postulated, when all seven (7) criteria are met concurrently,~ the test
can be terminated and can be considered completed successfully. Continuing
the test beyond this point should not significantly affect the test results

j unless a significant physical change occurs.
i,

A total of 247 ILRT reports have been reviewed in preparation for this
i paper. Of the 247 reports reviewed,171 had sufficient information

i regarding test duration of direct use. Table 1 provides a listing, by
j plant, of all test reports reviewed and indicates the reported duration for
i the ILRT (Type A). Of the 247 reports, 53 were subjected to the EPRI

-

criteria. In 47 of these tests the EPRI criteria would have permitted a
shorter duration in the test. The average test duration of these 47 tests1

) using the EPRI criteria would have been approximately nine hours versus the
; average actual test duration of 20 hours. Table 2 provides a comparison of

; the actual final reported duration and LSF 1eakage rate to the EPRI
4
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criteria ~durat' ion and: reported |LSF leakage rate at- the. respective
- termination times.

In those' instances where the actual test only marginally ' met the 'terminatiion

(acceptance) criteria, the EPRI criteria did not permit any reduction in
test duration. In a recent ILRT conducted by Quadrex Corporation,. the EPRI

criteria proved to be particular1y' responsive to even small perturbations in
the sensor data. While the EPRI criteria were not used as test termination

'

criteria, this test did provide substantiation that the EPRI criteria are
responsive and conservative in' predicting test termination.

In 96 of the 247 ILRT reports, or approximately 39% of the total, the Type A
test possibly failed or wa's unsuccessfully completed. The failures were

recognized and the Type A test was interrupted or aborted.before the Type A
phase had begun. Test failure is likely to be detected early, and therefore
a change in methodology will create little impact. The causes of- Type A

test failure or unsuccessful completion were predominately due to valve
failures. Over 60%, or 58 out of 96 test failures were attributed to valve
and penetration problems (e.g. , lineup, error, leakage, failure, etc.). The
vast majority of these failu'res should have been discovered as a part of the
local inspection program (pre-Type A test inspection) or as part of the Type
B and C local leakage rate test (LLRT) program. Proper administrative
control, procedure compliance and full recognition of the importance of.the
LLRT program could have conceivably prevented a large number of these
" failures". In each case, however, when failure occured it was very early
into the Type A test program; frequently during pressurization or
stabilization.

The desirability of shortened duration ILRT's is intuitively obvious.
! Assuming a net replacement cost value of 3 cents per kilowatt-hour generated

! and an 800 meaawatt plant, the net savings would be $24,000 for each hour
that the test was shortened. Using the results of the investigation j

presented above, the 11 hour savings in test duration could produce a
savings, per plant, of $264,000; far in excess of the cost of the test'
i tself. Further, assuming that on the average there are 15 ILRT's performed
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in. the U'.S. each year, such an average reduction in test duration could
result in a savings' of nearly $4 million to the nuclear industry.

REGULATORY PERSPECTIVE

The Code of Federal Regulations, Title 10, Part 50, Appendix J, (Reference
1) endorses . ANSI N45.4-19072. Proposed changes to this regulation endorse
ANSI /ANS 56.8 (through a proposed Regulatory Guide); howeyer, substantial
regulatory position statements reduce the true effectiveness of this'

endorsement. Nevertheless, this change will result in the long awaited
formal sanction of the mass point technique by the USNRC Staff.

~

CONCLUSION

On the basis of. the information and data presented above and in the EPRI
Report NP-3400, it is obvious that a need exists to fully investigate recent
advancements in the methodologies applicable to shortening the duration of a
nuclear power plant ILRT. The driving force is certainly more than a

reduction in the total duration of the test; it is the economic incentive.
1

Work performed by Quadrex Corporation clearly indicates that there is no
,

reasonable doubt as to the viability and validity of the EPRI criteria. In
,

addition, increased emphasis needs to be placed on Type B and C testing due
to their obvious connection with early Type A test failures. It is our

I conclusion that such a program of improved Type B and C testing along with
the use of a proven (and reasonable) shortened duration Type A test criteria i

(such as the EPRI criteria) can produce effective containment testing. Tne

overall objective is minimize the duration of ILRT's, thus improving plant'

economics by reducing critical path outage time, while maintaining an
acceptable and technically accurate approach.

,
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Table 1

PLANT SLNMARY OF TESTING TIME DURATIONS

PLANT NAME YEAR DURATION IN HOURS

ANO 1 1973 8.5

ANO 1 1978 24

ANO 1 1981 10

ANO 2 1977 8

ANO 2 1981 8

BEAVER VALLEY 1 1975 24

BEAVER VALLEY 1 1978 24

BIG ROCK POINT 1974 --

BIG ROCK POINT 19:s 24

BROWN'S FERRY 1 1973 24 FULL /24 HALF

BROWN'S FERRY 1 1976 26

BROWN'S FERRY 1 1980 27.05

BROWN'S FERRY 2 1974 25 FULL /24 HALF

BROWN'S FERRY 2 1983 13.5

BROWN'S FERRY 3 1979 24 I

BRUNSWICK 1 1976 24 FULL /24 HALF

BRUNSWICK 1 1981 24

BRUNSWICK 2 1977 24

BYRON 1 1983 24 FULL /24 HALF

CALVERT CLIFFS 1 1973 9 FULL /8.75 HALF

CALVERT CLIFFS 2 1979 8.15

CONNECTICUT YANKEE 1976 24

CONNECTICUT YANKEE 1980 24

COOK 1 1978 14

COOK 2 1981 24

COOPER 1973 24 FULL /24 HALF

COOPER 1976 NO REPORT

COOPER 1980 14

COMANCHE PEAK 1 1983 25
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PLANT NAME YEAR DURATION IN HOURS

CRYSTAL RIVER 3 1976 24

CRYSTAL RIVER 3 1980 24

DAEC 1978 10.25

DAEC 1980 8

' DAVIS-BESSE 1976 24

DAVIS-BESSE 1980 8

DIABLO CANYON 1 1975 35 FULL /24 HALF

DIABLO CANYON 1 1978 20

DIABLO CANYON 2 1977 24

DRESDEN 1 1975 24
'

DRESDEN 1 1977 24

DRESDEN 2 1976 25.5

DRESDEN 2 1983 12

DRESDEN 3 1982 24

GINNA 1972 NO REPORT

GINNA 1976 H0 REPORT

FARLEY 1 1981 25.25

FARLEY 2 1980 12.5

FITZPATRICK 1978 26

FITZPATRICK 1982 24

FORT CALHOUN 1976 13

FORT CALHOUN 1980 24

GRAND GULF 1 1982 8

HATCH 2 1978 8

INDIAN POINT 2 1971 24'

INDIAN POINT 2 1976 24

INDIAN POINT 2 1979 24

INDIAN POINT 3 1975 24 FULL /24 HALF

INDIAN POINT 3 1978 24

KEWAUNEE 1974 --

KEWAUNEE 1980 24

|
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! PLANT NAME' YEAR DURATION IN HOURS

1

|LACROSSE 1975 24

LACROSSE 1978 24

LACROSSE- 1979 24

LACROSSE 1980 24

LaSALLE 1 1982- 26.18

MAINE YANKEE 1975 24

McGUIRE 1 1979 24

MILLSTONE 1 1970 --

MILLSTONE 1 1973 --

MILLSTONE 1 1976 8

MILLSTONE 1 1981 41 -

MILLSTONE 2 1975 --

MILLSTONE 2 1979 57

- MONTICELLO 1 1980 8.20

NINE MILE POINT 1979 71.5

NORTH ANNA 1 1981 26

NORTH ANNA 2 1979 24

OCONEE 1 1971 10

| OCONEE 1 1976 10

OCONEE 1 1980 65

OCONEE 2 1973 11 Fdl.L/10 HALF
OCONEE 2 1977 10

i OCONEE 2 1980 14.5

0CONEE 3 1974 10

OCONEE 3 1978 24

OCONEE 3 1981 20

OYSTER CREEK 1978 24

OYSTER CREEK 1980 24

PALISADES 1974 24
,

'

PALISADES 1978 )--

PALISADES 1982 --

I
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PLANT NAME YEAR DURATION IN HOURS

PEACH BOTTOM 2 1976 8

PEACH BOTTOM 2 1980 8

PEACH BOTTOM 3 1977 --

PEACH BOTTOM 3 1981 8

PILGRIM 1980 34

PILGRIM 1982 24

POINT BEACH 1 1970 24 FULL /24 HALF

POINT BEACH 1 1977 12

POINT BEACH 1 1981 8 ,

'

NINE MILE POINT 1 1981 24

NINE MILE POINT 1 1983 8.75

PEACH BOTTOM 3 1974 24 FULL /9.5 HALF

POINT BEACH 2 1971 24 FULL /24 HALF

POINT BEACH 2 1978 12

POINT BEACH 2 1982 12

PRAIRIE ISLAND 1- 1973 24 FULL /24 HALF

PRAIRIE ISLAND 1 1977 --

PRAIRIE ISLAND 1 1980 10.7

PRAIRIE ISLAND 2 1977 24

PRAIRIE ISLAND 2 1981 NO REPORT

QUAD-CITIES 1 1976 24

QUAD-CITIES 1 1979 24

QUAD-CITIES 2 1980 24

RANCHO SECO 1974 24 FULL /24 HALF

RANCHO SECO 1977 24

RANCHO SECO 1 1983 10.75

ROBINSON 2 1978 24

ROBINSON 2 1982 24

SALEM i 1979 24

SALEM i 1980 --

SAN ONOFRE 2 1980 24

SAN ON0FRE 3 1982 8
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PLANT NAME YEAR DURATION IN HOURS-

SEQUOYAH 1 1979 NO REPORT

SEQUOY H 2 1981 .24

SHOREHAM 1 1982 24

S1.'LUCIE 1 1975 24 FULL /24 HALF

- ST. LUCIE 1 1979 24

SURRY 1 1981 33.51

SURRY 2 1972 24

SURRY 2 1976 24

SURRY 2 1980 124

SURRY 2 1981 63.99

THREE MILE ISLAND 1 1974 24 FULL /24 HALF

THREE MILE ISLAND 1 1978 44.5

THREE MILE ISLAND 1 1981 24

THREE MILE ISLAND 2 1981 17

TROJAN 1 1975 9 FULL /8.75 HALF
TROJAN 1 1979 24.5

TURKEY POINT 3 1972 NO REPORT

TURKEY POINT 3 1975 24

TURKEY POINT 3 1979 8.

TURKEY POINT 3 1982 24

TURKEY POINT 4 1973 NO REPORT

TURKEY POINT 4 1976 24

TURKEY POINT 4 '1980 41

VERMONT YANKEE 1974 24

VERMONT YANKEE - 1978 37

VERMONT YANKEE 1979 24

VERMONT YANKEE 1980 '--

YANKEE R0WE 1974 24 FULL /26 HALF
'

YANKEE R0WE 1977 NO REPORT

YANKEE R0WE 1980 31

ZION 2 1977 40

ZION 1 1981 215
ZION 2 1980 26
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'- DATA SUMMARY.

Number. % of

Test Duration Tests Total No.

< 8 HRS. 13 7.6%'

> 8 AND < OR = 12 HRS. 22 12.9%
.I 2

>'12 AND-< OR = 16 HRS. 6 3.5%

> 16 ~AND < OR = 20 HRS. 2 1.2%

> 20 AND < 24 HRS. O N/A

= 24 HRS. 83 48.5%

> 24 HRS. 26 15.2% .

DURATION NOT SHOWN/NO REP: 19 11.1%

TOTAL NtNBER OF TESTS: 171 100.0%

:

1

i
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TABLE-2-

-COMPARIS0N OF ACTUAL vs CRITERIA TEST DURATION AND REPORTED LEAKAGE RATE-

DURATION OF TESTS IN HOURS LEAKAGE ~ RATE REPORTED
Allowed Al l owed -

.by Di f fer- -by Ab solute
Ac tual Criteria- ence Actual Criteria Value

'1. ARKANSAS NUC UNIT l'1961 9.75 6.75 3.00- .0382 .0361 .0021<

2. ARKANSAS NUC UNIT 2 1981 10.00 9.25 .75 .0271 .02921 .0021

3. BEAVER VALLEY 1 1978 24.00- 13.00 11.00 .0305 .0414 .0109

i 4. BROWN'S FERRY 3 1979 24.23' 2.67 21.56 .1576 .2410 .0834
'

5. BRUNSWICK 2 1977. .25.00- .7.67 17.33 .3054 .2845 .0209
6. CALVERT CLIFFS 21979 8.25 4.75 3.50 .0523 .0380 .0143
7. COOPER 1980 13.67 10.67 3.00 .4209 .4115 .0094

8. CRYSTAL RIVER 3.1980 24.00 21.00 3.00 .1333 .1420 .0093
9. DAVIS-BESSE 1 1980 8.00 3.25 4.75 .0642 .0883 .0241

10. FARLEY 1 1981 25.25 17.25 8.00 .0441' .0768 .0327
11. FARLEY 2 1980 24.00 6.00 18.00 .0331 .1053 .0722

. 12. -FITZPATRICK 1978 26.00 13.00 13.00 .2914 .2938 .0024
13. FITZPATRICK 1982 24.00 9.00~ 15.00 '.2004 .2210 .0206,.

14. GRAND GULF 1982 8.00 2.75 5.25 .0736 .1038 .0302
#

'

15. LASALLE 1982 26.18 8.84 17.34 .3780 .3805 .0025
16. MILLSTONE 1 1976 24.00 8.00 16.00 .6128 .7767 .1639

! 17. MILLSTONE 1 1981 24.50 11.25 13.25 .2979 .5774 .2984'
! 18. MILLSTONE 21979 15.25 3.25 12.00 .0622 .0020 .0602

f 19. NINE MILE POINT 1975 24.75 14.00 10.75 .7439 .8046 .0607
j 20. NORTH ANNA UNIT 1 1981 24.10 7.23 16.87 .0111 .0306 .0195

21. NORTH ANNA UNIT 2 1979 24.00 18.00 6.00 .0331 .0451 .0120
22. OCONEE UNIT 1 1980 24.00 8.75 15.25 .0220 .0377 .0157
23. OCONEE UNIT 2 1980 15.00 2.75 12.25 .0537 .0413 .0124
24._0CONEE UNIT 3 1981 14.92 9.92 5.00 .0307 .0228 .0079
25. PALISADES 1978 24.00 17.00 7.00 .0084 .0028 .0056
26. PALISADES 1982 23.00 8.00 15.00 .2001 .1103 .0898
27. PEACH BOTTOM UNIT 2 1981 8.00 4.50 3.50 .0113 .1246 .1133
28. PILGRIM 1980 28.00 8.67 19.33 .4170 .2992 .1178
29. PILGRIM 1982 23.00 11.00 12.00 .2002 .1855 .0147
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TABLE 2 (continutd) .
,

.. DURATION OF TESTS IN HOURS LEAKAGE RATE REPORTED ~
Allowed A110wea

by Di ffer- .

by . N) solute
Actual. Criteria ence- Actual Criteria Value j

30. POINT BEACH UNIT 1.1981' 12.00 8.75 3.25 .0804 .0967 .0163

31. POINT BEACH UNIT 2.1982 12.00 10.00 2.00 .0480 .0390 .0090
,

|32. QUAD-CITIES UNIT.1 1979 22.75- 15.00 7.75 .0054 .0002 .0052

33.-QUAD-CITIES UNIT 2 1980 23.75 '10.00 13.75 .4369 .5136 .0767

34. H. B. ROBINSON 2 1982 23.60 12.60 11.00 .0186 .0001 .0185

35. SAN ON0FRE UNIT 2 1980: 24.00 9.25 14.75 .0576 .0614 .0038

36. SAN ON0FRE-UNIT 3 1982 8.00- 5.50 2.50 .0157 .0254 .0097

37. SEQUOYAH UNIT 1 1979 27.38 3.50 23.88 .0005 .0019 .0014

38. SEQUOYAH UNIT 2 1981 25.67 7.33 18.34 .1380 .1488 .0108

39. SURRY UNIT 1 1981 13.00 12.00 1.00 .0328 .0339 .0011

40. SURRY UNIT 21980 15.67 5.00 10.67 .0353 .0424 .0071

41. SURRY UNIT 2 1981 12.00 9.00 3.00 .0187 .0155 .0032

42. THREE MILE ISLAND 1978 144.50 17.00 27.50 .0607 .0343 .0264

43. THREE MILE ISLAND 1981 24.00 9.30 14.70 .0230 .0402 .0172

44. TROJAN 1975 HALF PRESSURE 9.00 9.00 -0- .0007 .0007 -0-

45. TURKEY POINT UNIT 31979 12.00 6.00 6.00 .0975 .1207- .0232

46. TURKEY POINT UNIT 3 1981 12.00 5.25 6.75 .0314 .0358 .0044

47. TURKEY POINT UNIT 4 1980- 15.67 6.33 9.34 .0318 .0414 .0096

48. YANKEE ROWE 1980 30.50 13.75 16.75 .0477 .0734 .0257

AVERAGES 19.67 9.22 10.45 .1278 .1354 .0315
.h

DATA SUMMARY

,

Duration Time with use of Criteria:

< or = 8 hrs: 20 ....... 42%
Between 8 and 10 hrs: 13 ....... 27%
Between 10 and 12 hrs: 5 ....... 10%

Between 12 and 16 hrs: 4 ....... 8%

f Between 16 and 20 hrs: 6 ....... 13%

-TOTAL 48 ...... 100%

i

'
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ON-POWER CONTAINMENT INTEGRITY MONITORING IN |
CANDU MULTI-UNIT STATIONS

'

G. D. Zakalb
Ontario Hydro

.700 University Avenue
Toronto,' Canada

ABSTRACT

Based on a general . review' of current on-power test methods
and experience in CANDU multi-unit containments, it is
conclude _d that such tests make a significant contribution to
plant safety. In .particular continuous mon'.toring at- low
pressure differentials merits further development and more
widespread application.

Current on-power tests include individual component
testing, quarterly reduced pressure tests (typica]]y at
-15 kPa (g)), and continuous pressure . trend monitoring at
normal operational pressure of -3 kPa(g). A continuous
monitoring concept is outlined which consists of a periodica]]y
updated mass balance. Instrument error uncertainty for this
technique was estimated to be on the order of a 1 cm hole.
However systematic fluctuations (often attributable to physical
causes) dominate the error analysis in on-power tests. . Withprecautions on sampling interval, a moving regression may be
used to generate a leakage rate time series such that the
fluctuations can be bounded or eliminated.

Experience to-date has indicated that most containment
boundary impairments are detectable by component r es t.s or
continuous monitoring. On-power tests methods are capable of
addressing a significant portion of the containment failure
mode spectrum. Station risk assessment and regulatory testing
requirements are identified as means by which these methods can
be creditted in demonstrating containment integrity.

INTRODUCTION

The provision of a physical, barrier to mitigate the
potential release of radionuclides represents a fundamental
safety requirement at nuclear electric generating facilities.
Impli ci tly this containment boundary must maintain a high
degree of leak tightness during both normal operation and
accident conditions. Leakage rate testing is the primary means
of demonst rating this requirement is being met over the plant
life.

The purpose of this paper is to indicate the type and
quality of information that is available from on-power leakage
rate tests and continuous monitoring of containment parameters.
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System Description |

The layout of a typical CANDU multi-unit station is

i]Iustrated in Figure 1. The cornerstone of the containment
concept in such a station is the vacuum Building. This large
post-tensioned concrete structure is mai nt ai ned at very low
pressure (about 7 kPa abs (1 psia)). In the event of a
pressure excursion (i.e. LOCA) in any unit , pressure activated
relief valves open, enabling the Vacuum Building to rapidly
draw containment pressore subarmospheric. A pressure activated
water spray system in the Vacuum Building condenses any steam
present, thus aiding the pressure reduction. Containment
overpressures are therefore of low magnitude and short duration.

m f _' 3 W m , m ,sp'~
. p h- rg gry

b [ fl 8'

n n ,,

, __

^ u tr o e3- ,
, ~=- - =.- - - .-' g,,

..e(s ~~~~,g-

N ( %

. =: =::

..
(

,

Figure 1. Example of Multi-Unit Containment Layout
(Darlington GS)

The resultant effect is lower containment design pressures
and less stringent leakage rate targets than other containment
systems. Table I provides containment design parameters for
multi-unit stations operated by Ontario Hydro. The design
target leakage rate for a]] ctations is based on 1 percent per
hour of the contained air mass at the positive design. pressure.

l Two ' types' of containment are used. In earlier stations a
i unitized concept is employed, wherein a low pressure relief
| panel provides for atmospheric separation of the buildings.

The shared containments are connected during normal operation i

by the fuelling machine ducts.

! The reactor buildings and ducts are thick wa]]ed (typica]]y i

4 ft) conventionally reinforced concrete st ruct ures. Epoxy
liners are the norm in the early stations with steel lining

prevalent at the Bruce and Darlington stations.

,

;
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~ Table 1 ! Containment Parameters
'

;' Positive.
- - .. Rea ct o r s ' .

. Volume. . Pressure'

.

.

-Design
-Station (Net Output) g
Pickering'A 6. 8-520:Mw(e') 3

- Pickering B
'

Un'irizsd: 51,000 m ' 4'I~kPa(g)
per '(6-psig)

'

reactor b1dg

Bruce'A- 4-750 Mw'(e)I Shared 95,000 m ' :69 kPa(g)3
;

(Station) (10 psig)

- Bruce'B 4-750 Mw(e) Shared .95,000 m3 84 kPa(g)
! (Station) . (12 psig).

Darlington~
~

4-880 Mw(e). Shared 150,000 m3 96?kPa(g)
p (Starfon) (14 psig)-

. i
I

CURRENT ON-POWER TEST METHODS

i In keeping- with the system-wide goal of achieving high
station availability, i nformation on containment - integrity
status is collected on-power. The methods employed may. be
grouped into the following categories.

1. Component: Testing - This includes periodic. pressure ' testing-
: of airlocks, containment isolation dampers and penetration
;_ seal plate interspaces. Test periods vary from one month.
; to five years. Active components such as airlock seals and
;- isolation valves are rested more frequently than passive
; components.
f-

: We can also include in this category periodic visual !

! inspection (which may reveal incipient failures) and lab' ,

; tests of non-metallic components,

{i 2. Low Pressure Leakage Rate Tests - Typica]]y performed four
: times annually, there are currently two types of tests in

use. In the unitized containment concept, there is a
significant amount of instrument air in-leakage for control

'

valve operation. With containment isolation valves closed,
analysis of the rate of pressurization indicates the
presence of leakpaths for each building. The test is |

| terminated in several hours, prior to approaching reactor
'

trip serpoints. Constant power operation is maintained
during t he test interval.

4

; In the shared containment concept, the Vacuum Building
! is used to-draw a]] the reactor- buildings and associated
| ducts significantly below atmospheric ' pressure in a
j_ controlled manner. Once at pressure, typically -15 kPa(g)
| (-2 psig), leakage rate analysis is performed with measured
j instrument air in-leakage subtracted.

!
I
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In order .to interpret low pressure 'in-service -rest
results . a. comprehensive commissioning program is

undertaken. Leakage _ rates are measured over a complete *

range of pressures between the positive and negative design
pressures. A good example is the results for Bruce A,

illustrated in . Figure 2. These results provide strong
evidence-for a reproducible laminar leakage assumption [1].

tiess Leakage Rate, ag/n

200 .

* teatrol
i rueline aree

160 - !rJLJ

120 -
,

\rlLl
*

80 -

1

"

LinJ.1,i .,

!
O - - - - - - - - -

-40 - |
t

-80 -

-120 -
,

1

-160

-60 -40 -20 0 20 40 60 80

Pressure Differential, kPa (d)

floure 2. Bruce * A* Commissioning Leakage Rate Data

The shared containments are3. Continuous Monitoring -

continuously operated at about -3 kPa(g) (-0.5 psig) ' with

continuous pressure trend monitoring. An abrupt change in
containment integrity status is diagnosed by a change in
computer generated pressure trend or a high containment
pressure alarm (-1 kPa(g)) depending on severity. This

capability along with exhaust flow metering represents a
practical first approximation to the ideal continuous
monitoring concept.

!

I
.
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Leak tightness in the Vacuum Building is even more
readily monitored since it continuously must operate at its
design pressure differential. Not only is the pressure
trend monitored between pumpdown phases,- but vacuum pump
running hours are also recor_ded. As well, atmosphere
separation between the main vacuum chamber and a smaller-

~ hamber (required for spray system activation) isupper c
monitored. Integrity is confirmed by maintaining the two
chambers about 3 kPa apart. The Vacuum Building will be
excluded in future references to " continuous monitoring".

CONTINUOUS MONITORING CONCEPT

The continuous monitoring concept is illustrated in
Figure 3. A purge fan connected to the heavy water Vapour
Recovery System is' the means by which the containment boundary
is maintained subatmospheric. The Vapour Recovery System is
normally used to maintain the reactor vault dew point very low
(about -20*C) to conserve costly heavy water vapour and to

,

minimize radiological hazards (i.e. tritium) for workers.

R
Atm D o Vapour g2

.
Recovery System--

i b

optional pr@p@NSpeM9 TH. ' Wik5 rge ,,

N Containment Dryers*'"

~. 3 kPa (g)
- Filta**Service -.

.
,

c~r .... .

Isolatable g }g p,n, py,g,
intermittent g (,j pen<

qSources

;-*L
y

4 DR ' '

Brea ing,, ,_

s M ' Element'*'
.

.

y j 4
, ...................

pt / t q . .

|M-Wing,Q | |

7 U Q__Q_NQWWW i i
in Leakage

g
Analysis !

-C'..**f'".'................ - ...]O ,.... m
instrument
Air System

FIGURE 3
Continuous Monitoring Concept !
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The principle underlying an absolute measurement of
containment leak tightness.is that of continuously updated form
of the mass conservation equation, integrated over a sampling
i n t e rva.1.

Rate of Rate of ,

Mass Outflow - Mass Inflow = (1) ),

where,

Mass Outflow = Measured outflow rate
Mass Inflow = Measured inflows +

structural leakage rate

h=Rateofchangeofairmassincontainmentas
determined by regression analysis of mass vs time
data using leakage rate instrumentation and
ideal gas laws.

The outflow is measured by a hot wire-type flowmeter in the
20 cm (8 in) exhaust duct although other methods are being
investigated. Each unit has an exhaust fan, but only one is
needed to maintain containment pressure subatmospheric.
Inflows may be monitored by rotameters on the sma]]er
instrument air lines but in-line integrating gas meters are
preferred. Whereas some instrument air is always required for
control functions, service air and breathing air sources are
intermittent (required daring maintenance activities).

With readily available instrument errors and quarterly
in-service leakage rate results we can estimate a target
uncertainty for this technique. Flowmeters of the
aforementioned types have accuracies better than 5 percent of
scale and a typical in-service leakage rate may produce a
result with an error bar of i 10 kg/h for a 4 hour test. With
these assumptions, and considering only random instrument
errors for a 4 hour mass balance at -3 kPa(g), an uncertainty
on the order of the leakage rate through a 1 cm hole is
projected.

Non-random systematic errors, however, must also be taken
into account. These errors can dominate and include factors
such as thermal stability in an operating unit, process air
in-leakage fluctuations, volume changes, etc.

ERROR ANALYSIS

Leakage rate analysis by the " Mass Pl ot " method is now
widely accepted [1,2]. In this method the leakage rate is
defined as the rate of change of contained air mass,

L=h,kg/h. (2)
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-_The . best _ estimat e of slope is ' the result of a linear
regression applied to the mass vs time data. The mass is given
by the ideal gas law,

(P - Py) V
M= , kg (3)R T

where,

P = absolute containment pressure, kPa(a)
Py = wat er vapour partial pressure,- kPa(a)
V = net free volume of containment, m3
R = gas constant for air = 0.2871 kPa m3/kg (air) 'K
T = volume weighted average containment temperature, 'K

Regression theory gives the ~ following confidence interval
for the leakage rate (slope). In computational form,

. _ g

S =T EM - aE(Mt) - bEM95 (4)
(N-2) (E(t ) - (h)

N
where a and b are the slope and intercept of the regression

line respectively. T is the value of the " Student's T"95
dist ribut ion for the 95 percentile with N-2 degrees of freedom.

However, it is necessary to recall some of the assumptions
associated with a valid linear regression result. In
particular,

fi) The errors should be normally distributed random
errors with a mean of zero and a constant
variance for all times, t.

and (ii) The errors are independent, such that the error
at time t has no effect on the errors at
time t+ At.

We have found that these assumptions are often violated
during on-power tests with the consequences that the error
estimate, given by Equation (4), is not credible. This is due
to the presence of " systematic" errors or non-random
fluctuations. They are often the result of actual physical
variations in containment conditions such as those previously
mentioned.

An example of this behaviour is shown in Figure 4A for a
recent Pickering test. The residuals of the linear regression
do not satisfy the aforementioned assumptions. This does not
preclude obtaining a useful result however so long as
sufficient time is allowed to bound the fluctuations. All
fluctuations, regardless of cause, must vary within bounds
which can be delineated or analyzed.
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Exsatple of Leshge Rate Test Eesults.

with Systematic Fluctations
e <

,l A) Residuals Plot from Lir. ear Begre'sion Analysis (Mass Plot)
s

(6) Moving Regression Lei,kage fbte Resutts Based on Hourly Sampling
(Error Bands = 95% Confidence Intervard

-

. Test Conditions:
Picker ng A, Sept.1983i

,

3V = 51000 m /
Decay heat removal; all coolers
and driers operational.

,,

*

lP = 13.8 kPa (g) (+2 psig)
Wartz manometer,13 Pt RTC's /

'

,

*

-68-

,

e

y w , , -- -9 . -y--.-r -e- er -4 -- ---r--c- 9
- w - - - - -- --s- -- =- w --, wywwi--- - -



. . _ . . -

V

Techniques used in _ TIME SERIES ' ANALYSISL sand short-term-

Lforecasting can. be applied in these _ cases.- The general
approach: is t o decompose ~ a - time varying ~ function Y(t) into.

'' ~ t rend, periodic (or seasonal)_- and randoen components.
;

Y-= T.x.P--x R '(5)

The long-term trend ' (or . mean value) can be determined by
regression over_the longest ~ possible - time E period and . divided
out cof. Equation (5). _ _ Similarly - the periodic component, 'if-

present, may be. eliminated by computing the average peak to
mean ratio overta number offeycles and dividing it out. Reca]]
'that for leakage rate evaluation we require a statistical bound-

~

-on the. analysis results. The residual ' random -error. from the
; decomposition process can _be readily - quantified statistically.

More advanced -. t echni ques are _available wh'ich. make use of
autoregression' theory [3] and' require computer analysis.

This - method has been successfully applied when' a periodic-a

fluctuation due to_ daily volume changes or a seasonal
fluctuation due.to temperature effects has been diagnosed. For

"

many cases however,.the fluctuations will not be periodic or
attributable to a' known cause. Figure 4B shows how such .a

f, situation may be treated.- -Regression analysis :is performed for
subintervals of the total test time, and the regression 'is,

; moved along as more data comes in, thereby- tracking the
i fluctuations. The moving regression " averages" out the_ noise

and minor fluctuations in the mass plot providing a reasonable'

i accurate " view"' of ~ leakage rate with time.. Note that in the
{ process, information at either end of the ' test - period is lost.
: Although Figure 4B shows the 95 percent confidence intervals
2 for each data point, only the~mean values of independent hourly

samples are used to obtain the variance of the fluctuation. A
95 percent prediction interval, about +2 standard deviations '

in size, -can then be created. The trend or mean slope is
i reasonably constant at about 87 kg/h in this case.
*

The key means of treating systematic error is sufficient
time or a sufficient number of repeated measurements to bound

! or preferrably characterize the leakage rate-time spectrum.
t This point is illustrated in Figure SA for the case of a

hypothetical sinusoidal fluctuation of amplitude A and period T.

It is evident that the " error" declines with time and that Ii

the maximum error is approximately 2A/t. Hence the time
; required to reduce the error to less than 10 percent of the
3 leakage rate is

' O.I L (6).

!
i

|
t

!

.
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[ timeFor' thel case
~

. illustrated ?in Figure A with A (15 kg, the.<

4 y requi red -- would be. abouti 3.5 hours. . :L - .in . Equation (6)-
'

T [could = ?have been the' target leakage rate 'lf- we were only.
interested 'in . confirming c a- result =below .targer. The minimumap :

L timetis, of course, T/2 or:two turning' points in. order to have.+

. even'fthe: possibility .of'.-bounding the _ error.. Independent''

- repeatedf measurements at ~ dif ferent' times can also .give this
'

L i n f ormat i on'. .
.. A

' . _ One except ion to- the-~ above. criterion. is' 'if : the sampling'

. interval i s -..sel ected . ;nea r : t he fluctuation ~ eriod. Figure 5B| p
,

-illustrates this ..ef fect, again' using _.a hypothetical' sinusoidal<

_

fl u ct uat i,.on . - It = indicates the specific case -_ where . we wish to
~

know how 'long i t takes to reduce the- maximum 1 deviation to-
10 percent.of~the amplitude. - Any sampling ' interval ' below ' abouti,

7 0.3 T enables- bounding ;of- the fluctuation .in -the- shortest
. possible time (about 2.5. cycles-in.this case)~. Jear T/2, T and

- multiples thereof, 'a -non-converging series of results may'-
[ ^.occur. Thi s' - can - int roduce: oscillations in the results which

, may .not' rea]]y exist. To avoid .this _ problem the' following-
'

approaches.should be considered.(in order of preference):

'

('i ) - If- thef series . shows. I repeatable period, divide
i t .'ou t (e.g. -. diurnal fluctuations) .-
preferred approach..

. - Thi s _ i s the.'

-

; (ii) Use more- than ones sampl e period Land -compare
analysis resulta. If the fluctuation is.real it.

j will appear in both sets of results.,

(iii) Select random .. sample p6riods within prescribed4

limits.

, In summary, with the above precautions on sampling--period, I

| 1eakage rate results are convergent with time. This is a
necessary and-import ant consid? ration in the feasibility. of'
continuous monitoring at reduced pressure levels. For-

4 continuous monitoring we must trade-off .the desirability. of
j having frequently updated 'information on containment status
: against the improved accuracy of the result if we sample for
i longer times before updating the mass balance.
i

'

i

i .

EXPERIENCE
i '.me.

Quarterly on-power tests in the latest stations have been |i

4 able to . measure the leakage rate .with accuracies a small
fraction of operational targets. Their main use is diagnosis
of trends, but any apparent increase in long-term leakage trend-

. to-date h'as been small enough that it is 'n o t ' considered
I statistically significant at a high confidence level.
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3 i 1Individu' al-- test; results often _show the- presence of
_ syst.ematic errors :as L discussed above. However, . with .. the large

~

!number.of results acquired over the years, the t ruet. error for
|any given test result has been : es t i mat e d . -- In addition -the'
' presence of a seasonal component-has been noted with results in
winter up to 120 percent . higher' than the mean value now
anticipated. This is particularly evident in vacuum Building
results and may be.a sign of concrete shrinkage.

.f
g

As mentioned previously, Vacuum Building -leakage has proven
to be relatively easy to , moni tor. Problems diagnosed so .far |

~

have; generally;not.been due_ to_ structural leakage-but pressure-
relief valve seat leakage or vacuum pump problems.

Experience i n' conducting verification tests at low
pressures - has shown that it is preferable to input a metered
amount of air from the station compressed air system -rather
than to superimpose an orifice. -The test can be completed
quickly _with a small _ gas ' meter and involves no breach -of
containment with units on-power.

Almost all of-the few containment impairments experienced
to-date have been detected by our components tests, visual
inspection or continuous pressure trend monitoring.. Figure 6
is a particularly interesting example of continuous monitoring-
during a reported event at the Bruce A station. The abnormal
s1 ope of the comput er- generated pressure trend was readily
detectable by operators.- Their efforts to-maintain containment
_ pressure.is evident. Simple equations fitted to the slope of
the pressure rise indicated that an 8 cm (3.3 in) impairment,

existed when modelled as a idealized orifice. In actual fact,
a promptly called leak search revealed that a nominal 10 cm
(4 in) airlock equalizing valve represented the leakpath.

,

e

I
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CONDITIONS PRIOR TO EVENT RESPONSE WITH TDiPORARY.-
- IMPAIRMENT
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FIGURE 6. EXAMPI.E OF CONTINUOUS PRESSURE TREND MONITOR.ING OF CONTAINMENT

RELATED INVESTIGATIONS

Concomitant with the process of detecting abnormal leakage
during overall leakage rate tests or continuous monitoring, is
the problem of prompt location of the leak site. In large
complex containments this is a non-trivial problem.
Containment operation at negative gauge pressures makes the
task even more difficult because of the flow direction of the
leakage.

To assist leak search efforts, assessment and development
programs are now underway in the following areas:

|

(i) Ultrasonic detectors. These hand held units
.

provide for remote leak site identification and I

have directional capability.

and (ii) Tracer gases. SF6 is the currently preferred
tracer because it is odourless, non-toxic and is
detectable in parts per billion. This
sensitivity is important for tests at low
pressure differentials. |

| It is hoped that these techniques may supplement the
| current approach which usually consists of a pre-planned leak
( search starting with known leak-prone components

(e.g. airlocks) .
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APPLICATION TO RISK ASSESSMENT

In order to gain widespread acceptance and to merit further
development, continuous monitoring and other on-power- tests

must have a quantifiable benefit. One means is in

probabilistic risk assessments if containment event trees are
designed to discriminate failure modes. Failure modes may be
categorized by size, as well as by time of occurrence,

In the size category we can have leakages,

(1) On the order of design target values, -

(2) Corresponding to hole sizes that result in siting
guide release limit s being exceeded,

and (3) Resulting from significant structural or large

component failures.

Depending on the station there may be up to an order of

magnitude diiference in the leakages for these categories and
hence in their release consequences.

By time of occurrence we have,

(A) During normal plant operation,
(B) Caused by LOCA,
(C) Long-term post-LOCA.

Continuous monitoring has the potential for making the
probability of undetected Type A failure modes zero. The
larger, more significant failures or those due to active
components (airlock seals, isolation valves) or human
misoperation are the most readily detectable, even on-power at
low pressures.

Potential Type B failures, of all sizes, can only be
detected by pressure testing at accident pressure levels.
Integrated full pressure tests are almost always costly to
undertake, hence test frequencies should be traded off against
the incremental benefit as experience accumulates.

Type C failure modes are addressed by laboratory LOCA
qualification tests and aging tests.

,

Regulatory authorities have an important role to play in
encouraging or discouraging implementation or improvements to
in-service test methods. Proposed regulatory guide C-7 by the
Canadian Atomic Energy Control Board permits the period between
full pressure leakage tests to be twice as long if successful
reduced or negative pressure tests are frequently performed.
Flexibility in this direction is considered appropriate since
it recognizes the safety benefits of in-service test s and gives
the owner incentive to develop a credible integrity monitoring
program.
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CONCLUSION.

On-power integrity monitoring makes an important
contribution to the ' safety of CANDU multi-unit containments.
Continuous monitoring is technically-feasible using instruments
commonly available for periodic pressure tests. Although at
present it may only detect larger failure modes occurring
- during routine station operation,._ this portion of the failure
' mode spectrum' is considered significant enough to warrant
further development. . More widespread impl ementat ion or
retrofitting requires that credit. be given for the improved
assurance of containment boundar'y int egri ty in station risk
assessments and regulatory testing requirements.
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- DETERMINATION OF AS FOUND CONTAINMENT
INTEGRATED LEAKAGE RATE

Robert E. Shirk and Robert M. Carey
Gilbert / Commonwealth
Post Office Box 1498 '

Reading, Pennsylvania 19603

ABSTRACT
'

Section llI.A.l(a) of Appendix 3 to Title 10, Code of Federal Regulations, Part 50
(10CFR50) states the following:

"During the period between the initiation of the containment inspection and the
performance of the Type A test, no repairs or adjustments shall be made so that the
containment can be tested in as close to the "as is" condition as practical."

and further:

"During the period between the completion of one Type A test and the initiation of
the containment inspection for the subsequent Type A test, repairs or adjustments shall be
made to components whose leakage exceeds that specified in the technical specification
as soon as practical af ter identification."

Most utilities perform local leakage rate testing (Type B and C), including necessary
repairs and retests, from the start of the refueling outage until the Type A test
containment' inspection. Although this does not appear to conflict with the 10CFR50,
Appendix 3, requirement due to the time frames involved, it does not allow an evaluation
of the containment integrated leakage rate in an "As Found" condition, prior to local
leakage rate tests and repairs. The word of the law is met, but not the intent.

Meeting both the word and intent of the law would entall performing the Type A
test prior to performing any repairs or adjustments, i.e., at the beginning of the outage.

Recognizing (NRC) has not prohibited the practice of conducting local leakage rate tests '
the economic penalties which would exist, the Nuclear Regulatory

Commission
(and subsequent repairs) prior to the Type A test.- Instead the NRC is interpreting
Section Ill.A.l(a) of 10CFR50, Appendix J, to require an evaluation of the "As Found"
condition of the containment to assess the extent of containment deterioration that may
have occurred since the last Type A test.

,

,

f.
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INTRODUCTION

Background

~ The purpose of the periodic integrated leak rate test (ILRT) is to measure the total i

degradation which has occurred to the containment boundary system. In assuring that this i
degradation has not caused the containment leakage to exceed certain acceptance i

criteria, continued containment boundary integrity is assumed. Local leakage rate testing
(LLRT) is performed at each refueling outage to help ensure the continued integrity of the. ;

containment boundary between periodic ILRT's. Local leak rate tests are also used to
identify, measure and document sources of containment boundary degradation prior to an
ILRT for possible repair. The repairs performed to the containment boundary before an
ILRT improve the performance of the containment system during the ILRT but tend to
mask the actual amount of degradation the containment barrier suffers between ILRT's.

Section V.B.3 of Appendix 3 to 10CFR50 requires that "For each periodic test,
leakage test results from Type A, B and C tests shall be reported. The report shall
contain an analysis and interpretation of the Type A test results and a summary analysis
of periodic Type B and Type C tests that were performed since the last Type A test". As
Appendix 3 of 10CFR50 allows local leakage rate testing between iLRT's and the
reporting format is specified, the NRC has been deriving data for an "As Found/As Left"
analysis of the containment boundary from information supplied in the present test report
format.

Definitions

"As Left" Containment Leakage ,

The leakage measured during the ILRT is considered by the NRC to be the "As Left"
leakage of the containment, i.e., leakage after the repairs to containment barrier
components, initiated because of Type B & C tests, resulting in an improvement of overall
containment performance.

"As Found" Containment Leakage .

The containment boundary system leakage prior to repairs, i.e., what the leakage
measured during an ILRT would have been if it had been performed prior to Type B & C
testing and subsequent repairs.

Current NRC Position

The NRC had been deriving its own "As Found" analysis from the ILRT results and
the pre-repair / post-repair local leakage rate test results reported with the ILRT.
Currently, the NRC is requesting (read " requiring") that an evaluation of the local leakage
rate tests be performed to determine the total leakage savings achieved through repairs.

' and retests. The NRC is considering altering the ILRT Test Report format to require the
. reporting of containment leakage in the "As Found" and "As Lef t" conditions.

METHODOLOGY

Local Leakage Rate Testing
i
, Local leakage rate testing is performed as surveillance testing each refueling outage
| to meet the requirements of the license's technical specifications. The results of these
:
,

'
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stests are reported with the Type A test results, and if these ' local leakage rate tests'

. indicate excessive leakage, repairs are performed, and the post-rene.ir leakage rate is also
- reported. When possible, each containment isolation valve in a penetration pathway is
tested separately, and the results .are reported separately. . In .many cases, the-

-

containment isolation valves in a penetration pathway are not individuallyLtestable, so the -
valves' leakages are determined and reported together as a total pathway leakage.

o

Minimum Pathway Leakane

- As previously discussed, the NRC is requiring that an evaluation of the local leakage
rate ' test results be performed to determine the total leakage savings achieved through :
repairs and retests. .This evaluation is performed based on minimum pathway leakage.'

[ Minimum pathway leakage is the minimum leekage value that can be quantified through a -
i' penetration leakage path (e.g., the smallest leakage of two valves in series). This is

' consistent with the results of the Type A test, which would reflect the lowest leakage of
two containment isolation barriers in series. For example, in Figure IA, barrier one (VI)

| had a leakage rate of 500 sccm and barrier two (V2s, in the same; penetration path
! . (penetration 1) and in series with barrier one, had a leakage rate of 1,500 sccm. The
; . - Type A' test results would reflect ~only the leakage from barrier one. Therefore, the
: minimum pathway leakage for that penetration would be the 500 sccm of barrier one.-

i

Leak 4me MVinas
4

| Leakage savings are realized when containment isolation valve repairs result'in a
! lower minimum pathway leakage 'than that measured prior to valve repairs or
j adjustments. Figure IB litustrates the results of post-maintenance local leakage rate-

testing on the penetration path shown in Figure IA. Repairs to barrier two (V2) resulted
in a post-maintenance leakage rate of 200 sccm.. The minimum pathway leakage for+

.
penetration 1-is now 200 sccm, a net savings of 300 sccm. Note that if the repairs on V2

|- had resulted in a leakage rate of 500 sccm or above, the minimum pathway leakage for
; penetration I would not have changed and no " savings" or improvement in penetration

leakage rate performance would have been realized.

C=Ind= ting the As Found Leakaze Rate
,

I

. The "As Found" containment leakage is derived as follows:

(1) Type B and C test results are analyzed.

] e The lowest pre-repair barrier leakage for each penetration is considered
the pre-repair minimum pathway leakage and is the basis for

, determining penetration leakage performance improvements for the "As
j Found" analysis,
i e

{ e In the case of penetrations in which valve repairs have been performed, |

| the lowest post-repair leakage rate represents the minimum pathway |

- leakage for that penetration.
1

;
; e The post-repair minimum pathway leakage is compared to the pre-repair

minimum pathway leakage. If the post-repair pathway leakage ~ is
smaller, a leakage savings has been realized for that penetration (Figures,

| 2A and 2B).
!-
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]

V1 V2

fx x
500 sccm 1,500 sccm

N
[/Test Minimum

Connection / Pathway = 500 sccm
Leakage

Pro Maintenance Local
Leakage Rate Testing '

Figure 1A

i

! Penetration 1 Test
Vent

;

/ 8
/; V1 V2

i C)<l / C><
500 sccm 200 sccm ;

,

Test Minimum
Connection Pathway = 200 sccm

Leakage

Post Maintenance Local
Leakage Rate Testing

Figure 18
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-If the post-repair minimum pathway leakage is equal to, hr larger thane.
the , pre-repair minimum pathway leakage, no leakage saving has been
realized for that penetration, and no contribution is made by - that.-

. penetration to'the "As Found" condition of the containment (Figures 3A
and 3B).-: #

i;
'

|(2) The total of all' improvements, or leakage savings realized from repairs, is
applied to the reported Type A leakage to determine _the "As Found" condition
of the containment.

Table 1 is a sample Pre-Maintenance Minimum Pathway Leakage Analysis, using the
-penetrations and leakages illustrated in Figures I A, 2A and 3A. Table 2 is a sample
Post-Maintenance Minimum Pathway Leakage Analysis using the same penetrations as
Table 1 but with the post-maintenance test results shown in Figures IB, 2B and 3B.
Table 3 compiles the pre-maintenance and post-mairitenance minimum pathway leakages.

Jin tabular form for a Determination of Leakage Savings. These leakage savings are
applied to the reported Type A leakage to determine an "As Found" containment leakage
rate in Example 1.

EXAMPLE 1

Assume an ILRT was performed ' subsequent to the local leakage rate testing
illustrated by the preceeding figures, with a resultant "As Left" containment integrated
leakage rate of 0.056 percent. by weight per day at the upper 95 percent confidence
interval. The initial weight of the air in the containment, determined by least squares fit
analysis, was 389,403 pounds. The "As Found" containment integrated leakage rate is
determined as follows:

A. Convert the totalleakage savings from sccm to pounds per day:

4,300 X (3.531 x 10-5) s.cf X .07517 b X 1440 "- = 16.44 lbs/ day
scc

m scc sci day
.

B. Convert lbs/ day to percent by weight per day:

16.44
X 100 = .004 wt.%/ day

389,403

C. Add the leakage savings to the "As Lef t" containment integrated leakage rate: '

O.056%/ day + 0.004%/ day = 0.060%/ day

The 0.060%/ day number represents the "As Found" containment integrated
leakage rate.

As Found/As Left Leakane Rates Acceptance Criteria

The acceptance criteria for the "As Found" and "As Lef t" integrated leak rate tests
is as follows:

o "As Found" leakage = La
o "As Left" leakage = 75% La
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An "As Found" leakage greater than La would indicate that containment degradation
benen Type A tests is unacceptable, and a Corrective Action Plan would have to be
arveloped. The NRC can require a Corrective Action Plan presently (even though a
change in the reporting format has not been endorsed) due to the wording in 10CFR50
Appendix 3 requiring testing the containment in as close to the "as is" condition as
possible.

IMPACT ON UTILITIES

Pre-Maintenance Local Leak Rate Testing

The vast majority of pre-repair and post-repair leakage rates included in the Type B
and C test results summary portion of the Type A test report were historically the results
of repairs identified as necessary by the Type B and C test programs. Technical
specification requirements to perform local leak rate testing on containment isolation
valves prior to maintenance vary widely throughout the industry. The NRC realized in
their early "As Found" assessments that without pre-maintenance leak rate data on
containment isolation valves prior to any maintenance which might affect their leakage
characteristics, an accurate "As Found" assessment of the containment was not possible.
Therefore, in order to provide the necessary data for calculating leakage savings for the
"As Found" analysis, the NRC requires that a utility must perform pre-maintenance local
leakage rate tests to establish the "As Found" (pre-maintenance) leakage rate.
Pre-maintenance local leakage rate tests are performed prior to any scheduled
maintenance on a containment isolation valve. After the maintenance has been
performed, an additional local leakage rate test must be performed to determine the "As
Lef t" (post-maintenance) leakage rate. This has increased the amount of testing required
during an outa e and therefore results in increased manhours and schedule (read
" increased cost" .

Design Considerations

in addition to the impact of the requirement for pre-maintenance localleakage rate
testing, many of the older plants, per Appendix J design, do. not have the design features
necessary to test containment isolation barriers in series. This imposes an additional
penalty in that it is of ten not possible to determine the leakage rate of individual valves,
and therefore, as in the Figure 2A, the measured leakage rate becomes the minimum
pathway leakage (even though the leakage could be mostly, or entirely, from one valve).

CONCLUSIONS

Based on the limited data available, the determination of "As Found" containment
integrated leakage rates has not shown any significant degradation of containment
integrity since the performance of the last Type A test. One question which must be
asked is whether the approach described is valid for determining "As Found" containment
integrated leakage rates. Another is that since containment isolation valves have
historically been the major contributor to containment leakage and these valves are
tested at each refueling outage, will containment integrity be improved by determining
"As Found" containment leakage rates based only on the performance of these valves in
leakage teste just prior to the Type A test, or is a broader perspective called for?
Improvements in containment performance can only be achieved by paying the proper
attention to problem areas such as containment isolation valve design and operation. Will
determination of "As Found" containment integrated leakage achieve this?
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Table 1 |

| Minimum Pathway Leakage (MPL) !
' Analysis-Pre Maintenance |

| Inboard Outboard
'

Pen. CIV Leakage CIV Leakage MPL
No. (sccm) (sccm) (sccm)

: 1 500 1,500 500
2 4,600- -

3 700 1,800 700

Table 2
Minimum Pathway Leakage (MPL)

Analysis-Post Maintenance
,

i

inboard Outboard
j Pen. CIV Leakage CIV Leakage MPL
| No. (sccm) (sccm) (sccm)
I

1 500 200 200
! 2 600- -

3 700 800 700
,

i
! .

,

I !

| Table 3
j Determination of Leakage Savings
1

) Pre Maint. Post Maint. Leakage
Pen. MPL MPL Savings;

| No. (sccm) (sccm) (sccm)
,

1 500 200 300
'

2 4,600 600 4,000
3 700 700 0

Total Savings: 4,300 sccm )
'

!
J
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CONTAINMENT INTEGRITY AND LEAKAGE EVALUATION

Edmund C. Tarnuzzer
Yankee Atomic Electric Company

Framingham, MA

ABSTRACT

As part of a Probabilistic Risk Assessment
(PRA) of the Yankee Atomic Electric Company plant
at Rowe, MA, an evaluation was made of the ulti-
mate pressure capability of the reactor contain-
ment structure. Design features of the structure
that had the potential to limit the ultimate capa-
bility were investigated in detail. Data was not
available to calculate the capability of electrical
penetrations and a test program to qualify these
components is described. The ultimate capability
is determined to be approximately three times the
design pressure.

An evaluation is presented for leakage
characteristics at pressures in excess of design.
The leakage rate at the ultimate pressure is
extrapolated and data from previous tests up to
the design pressure is compared to the developed
extrapolation curve.

Yankee Atomic Electric Company has completed a Probabi-
listic Risk Assessment (PRA) on its Rowe plant. This is one
of the older nuclear units in the country, having been in
operation since completion of construction in 1960. As a
part of the PRA, an evaluation was made of the containment
pressure capability and leakage characteristics at pressures
in excess of design. The primary containment consists of a
125 ft. diameter, free standing, bare steel sphere, elevated
25 ft. above grade and supported at the equator by 16 3-1/2
ft, diameter columns. The nominal design conditions of the
structure are: 34.5 psig and 250'F and a leakrate of
0.1%/24 hr. It was constructed by Chicago Bridge & Iron
using the rules of Section VIII of the ASME Boiler and Pres-
sure Vessel Code, 1956 Edition.

The concept behind section VIII is the " design by rule"
approach, wherein the basic vessel (in this case a sphere)
is designed for specific pressure and temperature conditions<

and penetrations such as pipe nozzles, hatches, and the like
are " designed by rule" to have strength properties at least
equal to the basic vessel. The basic vessel shell thickness
is 7/8 in. Several thickness plates were used in construc-
tion and they ras.ge from 7/8 in. to 3 in. The thicker
sections being around the major penetrations and the equator
support area.
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In order to determine the pressure capability of the
structure, the minimum shell thickness was assumed along
with 90 percent of the minimum yield strength from all heats
of the 7/8 in. plate material used in fabrication of the
shell. Under these . assumed conditions, vessel failure is
calculated to occur at 84 psig, almost 3 times the nominal
design pressure. This result is in agreement with other
industry studies and consistent with recognized factors of

,
safety inherent in the ASME code.

The above analysis assumed an uncomplicated, simple '

spherical structure. Three design features of this contain-
ment structure had the potential to limit the ultimate
strength.

First, stainless steel expansion bellows are provided
between the shell and a set of eight columns that support
the inner shielding structure and reactor primary and sec-
ondary systems. These bellows mechanisms are necessary to
provide for differential movement of the two separate struc-
tures. Sufficient documentation was available to demon-
strate through calculations that the bellows seal assemblies
would not limit the containment pressure capability.

Second, two purge air lines and several pipe lines pen-
etrate the shell and provide potential leakage paths.
Valves are located in these lines and form the pressure
retaining boundary. As a minimum, these valves are standard
commercial units with ANSI 125 pound pressure rating and, as
such, will not limit the pressure rating of the structure.

Third, electrical cables and instrument signals cross
the shell boundary through penetrations that are sealed
against leakage by double 0-rings on the bolted flange and
two sets of seal fittings around each conductor. Documenta-
tion was not sufficient to immediately qualify these pene-
trations and I will shortly describe the test program under-
taken to do so.

The only other penetrations not previously described
are the following:

A 14 ft. diameter equipment hatch closed with
a single grooved seal, bolted flange con-
nection. The hatch cover is inside the
structure, bowed inward such that increased
internal pressure will flatten the seal and
result in metal-to-metal contact.

A 7 ft. diameter personnel air lock in which ,

the inner door opens inward. Each door
flange contains a single grooved seal and
hydraulic breach lock. Increased containment,-

pressure increases sealing pressure on the

inner door.
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Threef bolted flanged ~manways~ used during fcon-- '

struction - now closed with . 's'eal-welded edia-,

phragms.-- The bolted flanges'are rated at'150
'

~ pounds...

'

The spent ' : f uel . chute to the'. fuel < pit: is.-

,

closed by _ a ; blind ~ spectacle._ flange . at the
containment end 'and E a 125 ._ pound: rated valve -
at.the-spent fuel pit end.-

..
,

ELECTRICAL PENETRATION-QUALIFICATION
.~

Electrical: penetrations .. consist' of piping penetrations-.*

welded ' to the containment shell and containing a flanged,'

; , . bolted, double - 0-ring - end Hseal . -The electrical _ cartridge
1 consists 'of - a s'maller diameter pipe section containing two
i end 1 seal- plates, through which 'the electrical ' conductors
! pass, and a mating bolt flange.

| Three basic types of penetrations were originally 1 in-
stalled: one for the 2400 V ' reactor coolant - pump powere '' supply and for the 480 V power and control supply, zone for
the coaxial and triaxial instrumentation cables,:and-one for

e .the thermstouple cables.- A brief description. of each is as
.

*

follows.

For 2400 V conductors, a solid copper . rod '_ with 5 kV
Buna insulation is used for the conductor through the pene-
tration. The solid copper rod serves to stop any- leakage i

through the cable stranding. A sonolastic (pourable syn-
thetic' rubber sealing) compound is used in the seal in'addi-
tion to the high temperature _ rubber seal furnished with'the
gland seal. After completion of the car tridge '' assembly ~by
shop bench methods, the assembly was cured and leak tested.

Mineral insulated cable (MI) is used for power and con-
trol penetration under 600 V except for coaxial cables. A
cartridge of similar construction to the 2400 V cartridge is
used, except the gland seal closely fitting the cable is
potted with sonolastic sealing compound. Coaxial and triax-
ial cables pass' through primary containment penetrations in
a cartridge similar to' those used for power and control
cables, except connectors filled with epoxy are inserted in I

the coaxial and triaxial strands to prevent air passage.
Thermocouple cables are magnesium oxide insulated with

an overall cold drawn steel sheath. A ~ gland seal with |metalic seal ring and potting compound around - the cable is
tapped into the end flanges of the electrical cartridge
similar to the 600 V type of fitting.
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Initial . prototype testing and subsequent periodic
testing did not verify that - these penetration cartridges had
the capability to withstand pressures in excess of 40 psig
and temperatures in excess of approximately 250*F. A

detailed test program was deviced to verify the ability of
these. penetration cartridges to withstand' conditions exceed-
ing the original design. This test program was as follows. |

TEST PROGRAM

A series of five tests were conducted of a Type IB MI
insulated, 600 V power cable penetration cartridge that had
been removed from service and replaced. The tests were de-
vised to be of increasing severity to determine the condi-
tions resulting in failure. The initial test was at ambient
temperature and 35 psig, which is representative .of the pe-
riodic test conditions for all penetrations. Temperature
and pressure were increased as the testing progressed, with
the final test conditions being 100 psig and approximately
360'F.

TEST RESULTS

No leakage was measured across the bolted, flange
connection during any testing. All measured leakage from
inside containment to outside containment was acceptably

low. Conditions that would cause the penetration to fail
were not discovered. Pressure was limited to the capacity
of the service . air compressor discharge, approximately 100'
psig. No attempt was made to adjust any of the mechanical
connectors prior to the test, so that testing was the "as

'
.,

found" condition and would be representative of the existing
penetrations in the primary containment.

A random electrical penetration that had been removed
from service and replaced was selected for testing at ele-
vated pressure and temperature. The penetration selected
was a Type IB, containing three mineral insulated cables.
The penetration was tested in the "as found" condition with ,

no attempt to check any of the cable fittings. New flange
0-rings were installed to replace those damaged when the
penetration was removed from service.

The test device consisted of a 40 in. section of 8 in.
pipe, blanked at one end and flanged at the other end to
match the flange of the electrical penetration. The pipe
section was wrapped with four 1000 W and four 500 W electri-
cal strip heaters and covered with an insulating blanket. A

test tap with an isolation valve and a test gauge permitted
pressurization of the test chamber. A thermocouple in-

stalled on the outside of the test chamber near its flange
provided temperature indication.

-90-.
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A series-of five tests--two at ambient temperature, and ,

- three -'at elevated temperature---were conducted to _ demonstrate
- the ability of a typical electrical penetration to withstand
without failure, the~ _ postulated -accident conditions and'

beyond. In preparation for testing, one electrical penetra-
Ltion' was selected from those that had been replaced and had
not yet been discarded.'. Preliminary examination indicated

,

that the original 0-rings had possibly been cemented -into
' the ' grooves in the electrical penetration prior to their
initial installat' ion in 1960.

-Parts of both 0-rings had pulled away and ' loose rust
particles were evident as afresult of its removal. The old
0-rings were-removed and all . loose rust .was removed in the

; area _ of _ the ' two grooves. New O-rings were obtained from
!

stock and installed in their respective grooves with only
friction holding them in place. The penetration was mated
to the test device and ; each of the eight flange bolts were
torqued to 50 ft. Ibs.,'which was estimated to be the origi-
nel requirement.

|

The first test was conducted at 35 psig and ambient
temperature to determine (1) that the test device did not
leak, and (2). that the penetration assembly could meet the
current testing requirement for electrical penetrations on
the primary containment structure.

The second test was conducted at 85 psig and ' ambient
temperature to determine the ability of the components to
withstand such pressure without failure as well as to
measure the leakage rate.

prior to the lhird test the heaters were energized and
'

heated the insulated test chamber to a surface temperaturea in excess of 300'F. The test ' pressure was 35' psig. Upon
; completion of the third test, the pressure was increased to
| 85 psig for the fourth test. A fifth test was conducted at

a later date to both check the repeatability of the test
procedure', as well as to qualify the penetration' at a
pressure of about 100 psig.

The primary purpose of the testing program was to de-
termine the ability of the selected penetration to withstand
without failure, a postulated containment transient with a
peak pressure at' 85 psig and 270'F. The fifth and final

,

test was conducted at 100 psig after the temperature had
stabilized at over 300'F. All tests were successful, giving
reasonable assurance that the existing electrical penetra-
tions will withstand a minimum of 85 psig without failure.

The only leakage observed during any testing was a
maximum of 0.1 lb. mass per hour from the test chamber to
the inside of the penetration cartridge. This leakage

/
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decreased with time as the pressure within the test chamber
and the inside of the cartridge equalized. The time to ~

equalize was approximately 40 minutes. This indicated that

one or more of the three gland nuts around the inner -

-

conductors leaked slightly. However all three gland nuts
surrounding the outer conductors were leaktight and no

leakage occurred between the inner containment and the '.4

outside.

CONTAINMENT LEAKAGE CHARACTERISTICS
AT ELEVATED PRESSURES

The primary containment structure leakage characteris-
tics were evaluated based upon past Type A integrated

Irakage test results. Based upon these test results, a

conservative extrapolation of containment leakage at

pressures in excess of calculated peak accident pressure has
been made.

The previous evaluation has determined that gross con-
tainment failure will not occur below about 85 psig. The
current Technical Specification limit on overall containment
leakage is 0.20%/24 hours at a calculated peak accident

pressure of 31.6 psig. All of the containment leakage tests
have been conducted at 32 psig or less, and all test results - -

have been less than 50% of the allowable limit. The four

most recent test results were examined to determine a real-
istic extrapolation factor for pressures in excess of

design, that still would be conservative. The potential
flow regimes of leakage from this containment include ori- ' l

fice, turbulent, laminar and molecular flows, or a combina- .-

tion of these. Orifice flow has been disregarded as not '

being realistic as it would represent a large (relative to
the allowable leakage) opening and most certainly would have
been detected by the operating continuous leakage monitoring
system (CMS) and repaired. Molecular flow can also be dis-
regarded for even if it does exist, it can only make a very
small contribution to the overall leakage rate. Turbulent
and laminar flow represent the most reasonable flow regimes
for this type of containment. The total leakage is composed

of a series of small diameter leaks that have defied detec- '

tion in over 20 years of operation. They most likely con-
sist of long leak paths (when compared to path diameter) and
exhibit laminar flow characteristics, especially at the

lower end of the pressure spectrum. In this situation, one
would predict the flow regime would shift from predominantly
laminar to turbulent flow as the pressure differential in-

Assuming a laminar flow model for all pressures iscreases.
conservative.

i

..
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The available data' consists of the results of~ two
tests--one.at 16 psig and one at- 32 psig--that exhibit pure
' laminar flow. Published data on leakrate tests run at ele- .

vated temperatures and ~ pressures and with steam-air atmo-
spheres ' indicate . a - reduction in measured leakage rates due
to swelling of, resilient seals and plugging of leakage path-
ways, when compared to . test results run-at ambient tempera-
tures. We, therefore, are quite confident that our model
will produce conservative results and that even under
extreme accidentL conditions, beyond those previously ana-
lyzed, the off-site consequences will not exceed those spec-
ified in 10CFR Part 100. -

a
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] ABSTRACT -;

Experimental data havings a direct applicability for nuclear i

Power reactor containment design has been limited.- The experi-
|- ment seriee conducted at the HDR facility '(Karlstein, Germany) ' have I

brought a Walcome and needed addition to this data base.- The type i

of thermal-hydraulic. data measured during the tests is reviewed and4

placed into context.(:The impact of this new data on containment
design is summarized. -

:-
OVERVIEW

.

The experimental data base having a direct applicability to
*

nuclear power reactor containment design has been limited. That is |understandable. Power reactor containments are large structures
2 and consequently full or near scale experiments are expensive and

difficult. Until a year ago ' basically only two sets of. experiments
were available. A repetetive and sparsely instrmental test at the
CVTR containment (1) and two ' series of well instrumented tests per-
formed at the scalled Battele-Frankfurt facility (2). The tests per-

i
formed at Marvikken are of limited applicability since that is a |

pressure-supression containment.,

|.

This relatively narrow data base has now Nien broadened by 6
4 blowdown tests performed in the HDR facility ati Karlstein, Germany.' ' The tests were conducted in an actual containment which in terms of

overall scale is quite close to containments of large, modern power;

plants (the linear scale ratio is % 1.6 to 1). The Battele-Frank-
: furt experiments were performed in a carefully scaled specially

built test facility. A qualitative illustration of scale for these
facilities is shown in Fig. 1.

The data obtained from these two test series complement each
other in an important way. The Batt-Fr. datr is distinguished by-
its comprehensiveness. It covers a broad range of blowdown inten-

-'sities which approaches, and in some respects exceeds, the con-
'ditions that could be expected in the event of loss-of-coolant
accident. The facility is especially built for experimental pur-

*
.
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pos,es,.therefore-for'some runs the experimental conditions (i.e.
- geometry,' flow channels) could be idealized in order .to facilitate
~ the analysis of specific physical phenomena.. The HDR tests cover
a spectrum of.blowdowns-of-similar intensity but they extend the
range of the data base in two respects.

,

1. The containment is larger and more complex therefore a'

wider variety of local test conditions are present.

2. As already.noted, this is a containment built.to.. house a
nuclear power plant. As a- consequence :tJue compartments have irreg-
ular geometries, they are connected not by idealized openings, buti

by doors, stairwells, pipe. penetrations and elevator. shafts. They
'

are packed with pipes, heat exchangers, stairs, railings and other
' - -structures.

The later, seemingly obvious point is emphasized since its
determines both the strength and the drawbacks of the HDR data base.

t Real containments are complex therefore it is true. that in several
respects it is not easy to analyze the measured data. Internal flow
fields are unknown, flow geometries can not be idealized and flow
resistance coefficients can not be found even in such comprehensive
compilations as Idelbhiks. It is difficult to represent the bewil-
dering variety of structures in terms of a finite number of
analytically tractable analogues. Both the data and the analytical
model employed to analyze it are therefore subject to a wider un-
certainty margin. However, this wider uncertainty also incorporates

| essential design information. It is a mirror of the actual design
4 and operation reality. Thus the HDR test results have provided an

opportunity to check how effectively the available knowledge could;

be utilized to reproduce physical processes taking place in a con-
tainment under accident conditions. With the addition of the HDR'

; test results, the data base chain available for containment analysis
is now complete. It consists of basic heat and mass transfer data
obtained from small scale experiments, data measured in large,

~

acaled experimental facilities and data obtained in an actual con-'

: tainment.

TYPE OF DATA
J

The HDR test series encompasses a wide range of disciplines,
including structural mechanics, earthquake effects, thermal schock
tests and others (13,17). In this review we confine our attention
to those measurments which are relevant to the calculation of loads
generated by the pressure, temperature and composition changes of
the confined containment atmosphere.

,

The data is made available in its entirety through a series of
,

! reports which are issued shortly after the completion of individual
tests (3-7). EvaluaticA of various measurement categories and their4

| comparison with analyticelly obtained results has been presented in
a number of studies (8-11). The volume of this new data base is'

[ oizable. In order to provide an overview, representative samples
i
<
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ABSTRACT, f

Experimental data having' a direct applicability for nuclear.

power reactor containment' design has been limited. _ The.experi -
,

ment series conducted at the HDR facility (Karlstein, Germany) have' -|

brought a'welcome and needed addition to this data base. . .The' type
F of thermal-hydraulic data measured during the tests-is reviewed and

placed into context. The impact of this new data on containment |

i design is summarized. i

OVERVIEW
,

The experimental data base having a direct applicability.to
nuclear power reactor containment design has been limited. That is

; understandable. Power reactor containments are large structures
and consequently full or near scale experiments are expensive and |

difficult. Until a year ago basically only two sets of experiments,

were available. A repetetive and sparsely instrmental test at the
CVTR containment ' (1) and two series of well instrumented tests per-

: formed at the scalled Battele-Frankfurt facility (2). The tests per-
formed at Marvikken are of limited applicability since that is a

4

pressure supression containment.

This relatively narrow data base has now been broadened by 6
blowdown tests performed in the HDR facility at Karlstein, Germany.,

The tests were conducted in an actual containment which in terms of
overall scale is quite close to containments of large,' modern power
plants. (the linear scale ratio is % 1.6 to 1). The Battele-Frank '

: furt experiments were performed in a carefully scaled specially I
! built test facility. A qualitative illustration of scale for these

facilities is shown in Fig. 1.

f The data obtained from these two test series complement each
other in an important way. The Batt-Fr. data is distinguished by
its comprehensiveness. It covers a broad range of blowdown inten-
-sities which approaches, and in some respects exceeds, the con-
ditions that could be expected in the-event of loss-of-coolant,

i accident. The' facility is especially built for experimental pur-

!
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poses, therefore for some runs the experimental conditions (i.e.
geometry, flow channels) could be idealized in order to facilitate 1

the-analysis of specific physical phenomena. The HDR tests cover
a spectrum of blowdowns'of similar. intensity but they extend the'
range of the data base in two respects.

1. The. containment is larger'and more complex therefore a
. wider variety of local test conditions are present.

,

) 2. As already noted, this is a containment built to house a
nuclear power plant. As a consequence the compartments have irreg-
ular geometries, they are connected not by idealized openings, but
by doors, stairwells, pipe penetrations and elevator shafts. They
are packed with pipes, heat exchangers, stairs, railings and other-
structures.

The later, seemingly obvious point is emphasized since it
determines both the strength and the drawbacks of the HDR data base.
Real containments are complex therefore it is true that in several
respects it is not easy to analyze the measured data. Internal flow
fields are unknown, flow geometries can not be idealized and flow
resistance coefficients can not be found even in such comprehensive'

compilations-as Idelbhiks. It is difficult to represent the bewil-
dering variety of structures in terms of a finite number of,

analytically tractable analogues. Both the data and the analytical
model employed to analyze it are therefore subject to a wider un-

a certainty margin. However, this wider uncertainty also incorporates
'

! essential design information. It is a mirror of the actual design
and operation reality. Thus the HDR test results have provided an
opportunity to check how effectively the available knowledge could
be utilized to reproduce physical processes taking place in a con-
tainment under accident conditions. With the addition of the HDR
test results, the data base chain available for containment analysis

,

is now complete. It consists of basic heat and mass transfer data'

obtained from small scale experiments, data measured in large,
scaled experimental facilities and data obtained in an actual con-

~,

| tainment.
i

|
TYPE OF DATA

The HDR test series encompasses a wide range of disciplines,
including structural mechanics, earthquake effects, thermal schock

| tests and others (13,17). In this review we confine our attention
! to those measurments which are relevant to the calculation of loads

generated by the pressure, temperature and composition changes of-'

the confined containment atmosphere.
.

| The data is made available in its entirpty through a series of
' reports which are issued shortly after the completion of individual

tests (3-7). Evaluation of various measuremant categories and their
| comparison with analytically obtained results has been presented in

a number of studies (8-11). The volume of this new data base is
sizable. In order to provide an overview, representative samples

;
i-
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are chosen for illustration purposes.

o Total Pressure

.One of the most-important-parameters measured during a contain-
ment blowdown test is the buildup and decay of the total pressure.
Fig.-2 shows the time dependent pressure during the first 3 minutes
for tests V-44 and V-45. The tests differ in the total' amount of
Primary water available for. blowdown and in the size of several in-
ternal flow openings. The energy available in this primary system
for the above tests is sufficient to increase the containment pres-
sure to above 4 bars in an adiabatic transient. As seen, the
actual maximum pressure reached barely touches 2.4 bars. This is
a direct illustration of the importance of energy transfer to
structures in an actual containment. Data of this nature can be .

used as part of a check verifying integral energy transport models.
o Pressure Differences

The HDR facility is extensively instrumented. Thus, for example,
typically pressures are measured at % 20 locatione differential
pressures at N 9. This has the advantage that a reasonably complete
pressure history can be established for the entire containment. A X

typical direct pressure difference measurement is shown in Fig. 3.
It represents the pressure difference between the break and an
adjoining compartment for tests V-44 and V-45. As seen, for this
parameter the test results are distinctively different. The V-45
pressure difference is lower because an additional flow area out
of the break compartment was opened for this test. Of interest also
is the time variation of the measured AP values. As seen, a broad
maximum exists at 2 < t < 3.5 sec. The maximum blowdown rate occurs
before 2 sec, the inertial resistance of the break compartment -

atmosphere has decayed in less than 1 sec, consequently the observed-
peak must be caused by other physical phenomena. It must be due to
changes in the suspended water content or possibly also due to its
physical state (droplet size).

/
o Temperature Distribution

Atmospheric temperatures are measured at over 30 locations.
Besides providing a comprehensive picture of the temperature history
within the containment, these measurements can be used to estimate
atmosphere composition (.in conjunction with pressure data) and to
infer direction of the main atmospheric currents. A small part of
this data obtained for test V21.1 is plotted in Fig. 4. It illu-
strates the atmospheric temperature history at various elevations
within the containment for the initial 20 min. Observe that during
the first few minutes the temperatures at the middle elevations
(where the break compartment is located) climb to a nearly uniform
maximum. After blowdown is. terminated a gradual adjustment of
temperatures and elevations take place. The stratification reached
in % 10 minutes is quite large (over 4 0 *C) and remarkably stable.
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o Heat Transfer: Coefficients ~
,

A. total of~ll instrumented metal and concrete blocks were-
employed to measure local heat fluxes. The heat flux measurement'

-ingconjunction with a' near by : (usually s 20 cm) . atmospheric tempera-
-ture is then.used to infer time' dependent. heat-transfer coefficients..

i Most of the blocks are distributed at various levels within the -

'jcontainment, but three of.them.are grouped in close proximity (with 3
'

inLN'2.5 m). The measurements obtained-from~these blocks for-test
1.

'

V-44 are shown'in Fig. 5. .The figure includes-also the data ob-
' .tained from a 2ithermocouple heat flux measurement device'which

produces reliable measurements only at relatively high heat flux'

rates.
t ,

Several points of interest'can be noted. .During and immediately_ ,

;' _ cfter the blowdown period when steam concentrations and turbulence.
levels ~ are high, extremely: large heat transfer coefficient values

: can be present. For comparison purposes, the-heat transfer co-
efficients shown exceed the maximum values of the widely used
Uchida correlation (18) by a factor of 4 5. _The exceedingly ~high
values measured _for the steel-block can be ascribed to differing-

;

(_ turbulence levels. The. steel block is placed directly~in the
path of a stream < exciting from the break compartment while the re-
maining measurement surfaces are built flush with a wall and:are-

;- therefore somewhat shielded.

o Atmospheric Velocities
j

i The measurements listed.up to now are available also from pre-
vious test series. The HDR project has developed and installed f

also some unique instrumentation. A particularly welcome addition
i are 3 multibeam infrared sensors built'into flow channels connect- |

i ing containment subcompartments (12). Under ideal operating con-
ditions these instruments should be able to measure steam air and.

i droplet density, droplet velocities and to infer an average droplet
; size. Conditions have not been that ideal, however some reliable-

I' measurements have been obtained. In particular droplet velocities
An example of this 'ata is presented in Fig.d 'have been measured.

F4 6. It shows droplet velocities in a channel leading from the ,

| break compartment. The velocities are seen to be surprisingly
j high. For the first 3 see they exceed 300 m/s and thus approach
[ nonic; velocities for two phase flow.

; o Atmospheric Composition
i
; The -new- instrumentation includes also 3 infrared beam attenu-

i
! _ation devices:for the measurement of local steam concentrat ons.

For all of the tests conducted up to now saturation conditions pre-
; vailed in the containment. Atmospheric composition can then be
|

determined also from the more numerous local pressure and tempera '
ture measurements. The infrared devices then merely provide an
independent check. The time dependent infered atmospheric com-
position for test V-43 is shown in Fig. 7 (from ref. 10). It-

|

|| r
'

:
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illustrates:the-extreme ranges of steam concentrationLthat will-
*

. . - ! exist for large : scale iblowdowns._ 'As shown,ithefbreak and.near .
y Lbreak. zone-contain|almost pure steam.while the' composition of the
|, flower containment (regions: changes'very little.'J
' >

'

-IMPACT OF.THE NEW DATA ~

r | Development of computational-models typically goes~through.
|

- '
several stages.1 :.In the_ initial stages when little directly appli-

' . cable : data exists , ' models L are developed which . usually -fit the
: limited data base:inian examplaryEfashion. . Asuthe amount of ex-,

perimental data grows ' and covers a . wider : range . of. operational con- -:
'

-

ditions, various shortcomings in-.the initial models become. apparent.
This, in general describes _the present situation in containment-

; -analys'is..

,
,

It is worth noting that we are; talking about modeling short-s
,

i comings and not outright errors. . Containment thermal' analysis
1' methods rest upon.the solid: foundations of. time. dependent mass,.

energy and momentum balances. This approach remains sound. How-
'ever improvements are required in the modeling of some transfer-,

||
rates and in the degree of spatial and~ atmosphere component re--
solution. '

.

The.models involved are complex.- A listing of the observed
experiment to-analytical result differences and an. analysis of the
probable causes is beyond1the scope.of this review. -Se'lected'

! modeling. areas are studiedoin referen'ces 8 to 17. This work is
still ongoing. Here we will only note the main thermo-hydraulic.
areas for which the new HDR experimental data have hadran appreci-

; -

able impact.
I s

j o Total-Pressure-integral Heat Transfes
.

F For a condition where the energy source term (the blowdown) is
i reasonably well known, the calculation of the time-dependent total

pressure depends primarily on an accurate modeling_of energy trans-
fer into structures. This in turn requires the ability.to calcu-

. late proper local atmospheric conditions and to determine reason-
j able averaged heat transfer coefficients. -The HDR experiments ' con-
j" stitute a severe test for both?of'these modeling a'spects. The

-elongated shape of the HDR containment favors the establishment of| -

{ strongly stratified atmospheric conditions (see Figs. 4 and 7).
'

The large.nmdoer and variety of internal structures emphasizes the-
difficulties of grouping the structures ~into a finite. number of
heat transfer surfaces. Averaged heat transfer coefficients musts

then -be calcu' lated which reflect. both the local conditions and sur-
. face _ variety.- |

1

'

Pre and post test calculations of the HDR experiments exposed
~ weaknesses.in both modeling areas. They showed that1few node re-,

; presentations of the containment could not be used for best

[ . estimate pressure transient computations, that more flexible heat

!

$
;-
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transfer correlations are required and that in order to calculate
the long term pressure behavior natural circulation effects must
be accounted for (8,9,10).

o Pressure Differences-Intercompartment Mass Transfer

The largest direct impact of the HDR experiments probably has
been in this area. Pre test calculations and subsequent experi-
ment to model comparison clearly showed that the models employed
were unsatisfactory (13,14). Further analysis showed that this
is not merely a question of a more accurate evaluation of integral
input parameters such as flow resistance coefficients. Rather the
tests demonstrrted that the transfer of a two phase fluid between
large compartments through irregular flow channels is a complex
physical process which can not be represented by over-simplified
models. The models will have to be able to consider (or at least
approximate) the effect of:

Internal atmospheric currents,

o Amount and relative velocity of suspended water,

Flow resistances of internal structures.

These phenomena are interrelated. The data provided by the
HDR experiments served to highlight their importance. A satis-
factory resolution will require additional analytical work and in
all probability additional experimental data.

o Equipment Qualification-Local Heat Transfer

A companion concern of containment analysis is the assurance
of survivability of safety related equipment under accident con-
ditions. This requires the determination of local (rather than
averaged) energy rates. Fortunately, this is a parameter which
can be measured directly and as already noted, during the HDR
tests local heat transfer coefficients were measured in up to 11
positions. The test sites covered the entire range of potential
ambient conditions, from pure steam and very high atmospheric
turbulance down to almost all air and low turbulence. Signifi-
cantly, though in several locations extremely high heat trans-
fer coefficients were measured (see Fig. 5), heat fluxes were
limited by the circumstance that the atmospheres remained saturated.

o Thermal Stresses-Atmospheric Stratification

The HDR experiments have shown convincingly that under loss
of coolant conditions substantial temperature gradients will be
established and maintained in the containment atmosphere (Fig.
4). The same phenomenon was observed for the CVTR tests (1) ,
however, in that case steam was released at a moderate rate into
the main body of the containment. In the HDR tests blowdown inten-
sity was higher and the blowdown was directed into relatively en-
closed compartments. Nevertheless, after an initial period in
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which theLateam concentrations ~(and temperatures) were higher in
M* ithe mid level break zone, buoyancy forces' established an1 elevation

.

f' based, stable atmospheric temperature stratification.: It wasE
I pointed. out by Jansky - (17) .that _ such quasi steady state temperature

differences can lead to thermal stresses in the containment steel
Shell.

~

"
o Margin of Uncertainty _,

'The traditional engineering design method. consists of a_best
estimate _ calculation adjusted by a safety. factor which covers the
uncertainties inherent in the design . parameters and. operational
conditions.- Regretably, for the most part this methodology has-
not been-used in past containment designs. Rather,,a 'conserva-
t'ive ' approach was usually imposed'in which.each computational
step is biased in a ' conservative' direction. It is recognized
that such a procedure compounds and amplifies'to arrive at a re-
'sult f6r which the actual safety margin is unknown. The justi-
fication for this procedure has been that the,available data base
is inadequate to establish. realistic safety margins. At a time
when only the CVTR measurements were available, it was difficult
to oppose this argument, however the situation is altered now. . )
With the extensive and comp 1'ementary data base generated by the
Batt.-Fr and-_HDR test series, containment design methodology can
rejoin.the - traditional engineering disciplines. Now we can
establish not only what we know, but we can also quantify the un-
certainty margins which bound our knowledge.

In the final analysis this will probably be the most signifi-
cant impact of the HDR data.
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CONTAIN CALCULATIONS OF CONTAINMENT LOADING 0F DRY PWRS"

K. D. Bergerm. D. C. Williams
Sandia National Laboratories

Containment Modelling Division 6449
Albuquerque, NM 87185

ABSTRACT

As part of the NRC's effort to re-evaluate the severe accident
source term, two experts' groups-have been formed to consolidate
information and assess the. state of the art in key.
phenomenological areas. These are the Containment Performance',

Working Group (CPWG) , and the Containment Loads Working Group
(CLWG) . The CONTAIN code has been used extensively in support of
the latter group to calculate pressure and temperature loads for
a variety of phenomenological scenarios for core melt accidents
at two reference plants, subject to standard problem constraints'

established by the CLWG. The two plants are a large dry PWR-
(resembling Zion) and a subatmospheric PWR (resembling Surry).
~The accident sequence in both cases was TMLB'. The following
conclusions have been reached:

1. In terms of uncertainties, adiabatic pressurization due
to a steam spike is essentially a one-paramete'r problem.
A useful choice for the independent parameter is the
total mass of water boiled. The non-adiabatic steam
spike is essentially a two-parameter problem, the second
being the time until boiling stops (presumably because u
of end of contact between debris and water.)

2. For the steam spike cases studied, the effect of heat
losses, expressed as a percentage reduction of the
pressure rise (compared to the adiabatic pressure rise)
is relatively independent of the total-mass of water
boiled, and depends principally on th'e boiling time.
For example, in the large dry case, for a boiling time

'

of one minute, the pressure rise is reduced by 7% due to
condensation on heat sinks, whereas for a boiling time

;

' of ten minutes, the reduction is about 20%.

*This work was supported by the U.S. Nuclear Regulatory
Commission and performed at Sandia National Laboratories |

which is operated for the U.S. Department of Energy
under Contract Number DE-AC04-76DP00789.

;

!
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' L3.,'Quenchingof'debdisinwater,leadin ;to a steam spike,s,

resultsiinfpeak pressures-and1 temperatures which do1not
"

fappear to, threaten. containment-integrity for.the plants
.

nstudied. Also, hydrogen burns: were suppressed by high-
. atmospheric water con *;ent for ethese . sequences early in ;
: time (though ' not neces'sarily late in : time.')

"4 Potential 5heathsinks forJthe-stored.~and-decay' heat of.

therfuel can be' ranked:according to: severity;of-
resulting' containment' loading in the'following. order:
concrete (least load) , water, gas (greatesti load) ~. i

' Direct heating of atmospheric gas by;all.the debris' heat.
results in loads which represent marginal threats of1

early containment. failure.1 d

- 5. -Significant direct heating ca'n'only' occur 11f. debris is
'

.

finely dispersed' (possibly' by high pressure' ejection) .
and has a sufficient residence time in the~ containment:
atmosphere. However, if;these. conditions are met,;
consideration must also be given to additional heating

,

-

due to chemical oxidation of metals-in the debris..
Adequate chemical energy exists in the gas and metal
inventories to severely challenge.any containment, so
more analysis and experiment is warranted to determine !

the likelihood qf this phenomenon.

1. THE CONTAIN CODE FOR SEVERE ACCIDENT CONTAINMENT ANALYSIS

CONTAIN has been under development at Sandia National
Laboratories for a number of years under the support of the
USNRC. It is intended to be the' NRC's principal best-estimate
calculational tool for calculating the physical and radiological
conditions inside the containmdnt building'of a nuclear reactor
following a hypothetical severe -(i.e. , core-melt) accident. It
is unique among containment analysis codes in that it
simultaneously models thermal-hydra $lic phenomena, aerosol
behavior, and radioisotope transporit,' decay, and heating. The

"
calculations to be discussed in this paper do not make use of
this integrated analysis capability,.however, cince fission
product and aerosol modelling.were not required. The principal
models used in these calculations consisted of gas-steam-water
thermodynamics, condensation on heat sinks, and conduction into
heat sinks. The non-thermal-hydraulic features of-the code will '

not be discussed here; the interested reader-is referred to
Reference 1, or to the CONTAIN- User's Manual (2 ), which will be
released in-the very near future. ;

-Some of the calculations discussed below make use of a ;

program referred to as DHEAT./ This is a short code which was
written to run very quickly,'in order that large numbers of
parameterovariations could be considered. DHEAT results were

'

checked carefully against those from CONTAIN over the parameter

i

.
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ranges of interest, so'-that CONTAIN's role-for these. calculations
-:was as''a validation', . or be~nchmarking tool'.~

2. THE CONTAINMENT LOADS WORKING GROUP STANDARD PROBLEMS 1 AND 2
%

Th'e LContainment Loads -W rking Group (CLWG)R is an ad hoc'_ o
committee formed by'the NRC, consisting of, researchers from

.

_

'

numerousrlaboratories who are knowledgeable about. severe accident:
containment phenomena. .The-overall purposefof the group was to
illuminate the state'of the' art of severe' accident-containment
-loading. analysis, with special emphasis.on applications to NRC's.
source term reassessment studies. .The focus of attention was
leakage.or failure within the first three-hours following vessel

~

f ailure. _ The mode of ' operation chosen was tx) define a number of
-

standard problems which would allow the different analysts to
perform calculations and compare:results, thus identifying areas
of general; agreement about severe accident: phenomena, as well-as
areas of. disagreement, which could then be discussed at the.
technical meetings. These standard problems-were not intended to-
be surrogates for-all accident sequences, nor can conclusions
drawn about containment loadings for-these cases be ge'neralized
to any particular class of accidents'(e.g., risk-dominant, most. j
probable, worst credible, etc.).The principal motivation in -

specifying the standard' problems (which were six in number) was
to provide a common basis'for discussion by specifying initial-
and boundary conditions for detailed calculations, with the.
purpose of revealing current expert thinking about severe ,

accident containment phenomena.

Two of the six standard problems will be discussed in this
paper: Standard Problem #1 (SP-1) and Standard Problem #2 (SP-2).
SP-1 involves a large dry PWR, with many parameters taken from
the Zion plant, while SP-2 was a subatmospheric containment, like
the Surry plant. However, no attempt was made in either' case to
be completely faithful to any particular existing containment. -

Both problems represented a TMLB' sequence leading to core melt
and vessel failure at high pressure. The principal features of
the standard problem specifications are the initial' containment
conditions prior to vessel failure, the mass of molten debris
released to the cavity, the temperature and composition of the
released debris, the water level in the reactor cavity, and
various geometric features of the containment building. Table 1
provides the most important of the standard problem parameter
specifications (these are the base cases; a number of parameter
variations were also specified, but will not be discussed in this
paper.)

It should be noted that although the specification of. I
initial conditions was helpful in focusing attention on specific
containment phenomenological issues, it was'also a source of some
. difficulties. For example, those analysts who used containment

-
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Parameter SP-1 SP-2

Fraction of Core Released 100% 100%
P w/o UO2 in Melt - 65% 70%

w/o-Steel-in Melt' 17.5%. 15%-
w/o Zr in Melt' 17.5% 15%'
; Fraction Zr Oxidized 0.5. 'O.3-

O
y. Corium Temperature. . 2533 K 2533 K

Water Level' in. cavity - 1.5m 0.10m-<

-Containment. Pressure 0.4MPa. 0.19MPa-
Pressure in Vessel -17.0MPa 15.7MPa-

4

: Table 1. - Key parameters : from standa$d problem : specification of
'

conditions; prior-to vessel failure.
; '

-

I codes which included heat transfer to stru'ctures found that it
was necessary to run the problem'from the beginning of the,

' . accident (i.e., the~ initial blowdown) in order to condition the
i heat sinks. However, it was found to be difficult or impossible
'

to reproduce the specified containment pressure' at vessel failure
if realistic blowdown' histories were used. Such problems will be-,

[ discussed in' more detail in Section 3. ;
,

A wide' variety of calculations have been performed for these
standard problems, some using CONTAIN, some using other-

.

;-

; . calculational tools. They will be reported in this paper in two
~

,
sections. Section 3. discusses the two base. case problems

i evaluated for a variety of alternative assumptions about
i phenomenology, but with no consideration of the possibility-that ,

finely particulated debris could directly heat the air, or react,

| chemically with it; these' are called " steam spike calculations." ,

j Section 4 discusses results obtained when varying degrees of '

{ direct heating of the atmosphere are assumed.
!

'

; 3. STEAM SPIKE PARAMETER STUDIES
i i

When the molten debris is ejected from the pressure vessel,
it may. encounter water in the cavity or in the upper containment

' (after'being swept out of the cavity as a result of ex-vessel
steam explosions, or-high~ velocity gas entrainment.) In either
case, rapid. quenching of the core debris is assumed to be;

possible. Extensive discussion of the various phenomenological;

issues among the-CLWG resulted in a consensus concerning the,

i- reasonable upper bound which should be placed on the fraction of ,

I released melt which is quenched immediately after-vessel failure. '

) LThe group consensus was that 100% was the only justifiable upper
:

'

L

f
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bound for the high' pressure scenario. ,The calculations' discussed
,

| below are based on this' assumption. The. parameter studies' refer

| primarily-to.SP-1, but.similar results are expected for SP-2.

L Many of the calculations' reported at C6WG meetings made use~

: of;the. assumption thatt no heat transfer occured.to structures on
|: 'the short time scale of the quench. .One important purpose of the

present work.is to report the.results of.nonadiabatic
calculations using realistic heat sinks.for SP-1 and CONTAIN's
relatively sophisticated model'for condensation, heat transfer, . '

which has been. proven.to be~ successful in predicting experimental
results'in blind validation exercises (see Reference 3.)

It is quite clear that.the adiabatic st am spike question is
a one-parameter problem.. That is to say, once the initial
conditions and containment parameters are.specified,.we need to

~

know only one quantity to predict the final pressure. The
controlling, parameter.used forLour calculations is M the mass oft
water boiled. Adiabatic calculations-are quite simple, and can
be performed by hand. The nonadiabatic case is more difficult, r
'and requires a code to deal with the nonlinearities of
condensation heat transfer into the' heat sinks. .In'this case,
the problem is best understood as a simple.two-parameter problem.
Again, M is important, but a time parameter must also be

t
considered. For the second parameter, to, the boiling time, is
used. This is the time between melt release an6 the end of.
boiling (due to physical separation of the debris and water.) A
matrix of calculations was performed for these two parameters,
and results are presented in Table 2.

,

Non-
Adiabatic Adiabatic
Pressure Pressure

Case M t Rise Rise Changet o

1 5.6E4 60 2.8E5 2.6E5 7%

2 5.6E4 600 2.8E5 2.3E5 16%

3 5.6E4 3600 2.8E5 1.7E5 39%

4 2.8E4 60 2.0E5 1.8E5 7%

5 2.8E4 600 2.0E5 1.6E5 18%

6 2.8E4 3600 2.0E5 1.lES 46%

' Table 2. CONTAIN steam spike calculations: two-parameter matrix.

.
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It was difficult in these calculations to match the initial
conditions specified in SP-1. In order to preheat the heat
sinks, the calculation had to be run from the beginning of'the i

'

accident. All the calculations presented correspond to the high
pressure (TMLB') case, and the CONTAIN sample problem for the l
Zion TMLB' was used to generate the initial conditions. This 1-

calculation is based on the same sources and heat sinks as were
used in NUREG-0850 [4]. It proved impossible, using. realistic,

J blowdown sources and heat sink data, to obtain a total pressure
at vessel failure time of 0.4 MPa (the specified value in fable
1.) so a case was selected with a peak pressure before failure of
0.4 MPa, which decayed to a pressure at vessel fa'ilure of 0.3
MPa. This difference is not considered important to the results
in Table 2, since these deal with pressure rises.only. However,
in later discussions which are presented in terms of peak
pressure, this difference of one atmosphere must be kept in mind.;

The percent change indicated in.the last column in Table 2
is the reduction in the pressure rise for the nonadiabatic case,
compared to the adiabatic case. It is interesting that the
percent reduction in the pressure rise due to heat loss effects.
(last column in Table 2) is relatively independent of M . Thust
we can say, based on these calculations, that heat losses reduce

'

the pressure rise by about 7% when the water limit is reached at
one minute, and by about 20% when it is reached at ten minutes. ,

Two additional runs, designated Cases 7 and 8, were made in
order to determine whether there is a dependence on the time to
complete the initial quench., This time, t should be,

o, wSich is the time atdistinguished from the boiling time, t
which boiling stops because of loss of contact between water and
debris.

In Case 3,and tthe Oe,bris is quenched in one minute, but
water continues to boil due to decayBetween t

heating.
the decay heat continues to generate steam for the full hour. In
Case 8, the quench takes one hour, and decay heating adds co the
steam generated by quenching. Figure 1 shows the results. The
final pressure is virtually the same in Cases 7 and 8. The fact
that peak pressures are essentially the same for the one-minute
and one-hour cases is strong support for the two-parameter
hypothesis (both cases have the same t = 1 hour.)o

4. PARAMETRIC STUDIES INCLUDING DIRECT HEATING

If vessel failure occurs at high pressure, the high velocity
steam-hydrogen gas stream which would follow the melt out of the
vessel and into containment could entrain the molten debris in
the cavity region, and transport it into the larger containment
volume. Recent experiments at Sandia and Argonne indicate that
this process can occur with reasonable efficiency, and moreover,
that significant fragmentation of the melt occurs in the process.
An issue of recent concern is the possibility that if such finely
fragmented debris is thrown into the containment building

4
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Figure 1. CONTAIN Results for two cases with the same total
steam generation, but ditferent rates of production.

atmosphere, it could give up its heat directly to the gas,
resulting in higher pressurization than for the steam spike case -

with the same amount of heat transferred. However, more
important for the direct heating scenario is the fact that the
unoxidized metal in the debris can react chemically with the
oxygen and/or steam in the atmosphere, resulting in a signficant
increase in the total heat transferred.

In this section, a number of calculations are described
which explore the magnitude of the various effects of interest.
These calculations are not intended to represent either central
or limiting estimates of the pressures that might recult from the
specified scenario, since considerable uncertainty exists
concerning how much direct heating might actually take place.

-
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CONTAIN Calculations.

A' series of nonadiabatic CONTAIN' calculations was performed
for each standard problem in order to determine the pressureia6d E'

temperature. rises to be expected for certain hypothetical:

Llimiting cases as well as for other cases as.noted_below. In

each. case,ia sixty seco'nd input offsteam and direct heating
energy was4 assumed. For_SP-1, the pre-failure history assumed ,

was that of.the CONTAIN sample problem for the Zion TMLB'
sequence. .For.SP-2, the: pre-failure history was that. calculated
for'the. base case.Surry TMLB' sequence in the QUEST' program 5.
Following, vessel failure,.the blowdown was assumed.to be from the-

"

RCS volume filled with steam saturated at the system operating
pressure, as was'specified"in the standard problem definitions. i

,

In addition, the SP-2 blowdown included 8800-kg of saturated!
primary system-water, as had been calculated by the MARCH code in
the QUEST base case noted above.-

,

Calculations performed for the QUEST program showed that
gases and vapors from core-concrete interactions'(as calculated
by CORCON) would not be nearly enough to reverse the pressure
decline due to condensation on structures during the first few- a

'
hours following vessel failure. Hence, core-concrete
interactions-need not be considered in any of' the cases discussed-
in this report.

After vessel failure, the atmosphere is typically about 80% .

water vapor, much more than the 50-60% which is usually assumed'
to suppress hydrogen combustion'in the sense of self-sustaining
flame propagation through a relatively cold gas mixture. Hence,
it is usually argued that energy release due to hydrogen -

1
'

combustion can be ignored in sequences of this kind. However, it
should be pointed out that this argument neglects the very high .

temperatures which can be developed in direct heating scenarios, j

as will be seen below. At these temperatures, hydrogen and <

oxygen might react even if conditions for'self-sustaining flame
propagation'through a cold gas mixture are not satisfied. Direct ,

heating scenarios necessarily imply the presence of a large
ramount of' particulate with a high aggregate surface area

suspended in the containment atmosphere at the time of maximum |>

temperature. These particulate surfaces could catalyze the !

hydrogen-oxygen recombination. In all the calculations presented
'

in this report, any energy released by hydrogen-oxygen .

recombination has been neglected.

Results of the CONTAIN calculations are summarized in Tables
4 and 5 for SP-1 and SP-2, respectively. The tables also include

;

i results obtained with the adiabatic DHEAT code which will be
discussed below. In each table, the first line gives the'

prefailure conditions within containment, and the next line gives '

the pressure resulting from only the blowdown, with no steam
spike generation or direct heating. In each" case, the blowdown !

'
,

4
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'

yields a | pressure rise 'of;approximately l' bar . (lE5 Pa) . The
third linefin'each table gives the pressure resulting if 100% of a

; the core mass is quenched by boiling. water to yield a steam-
' ,

spike. - The steam spike yields pressure increases of slightly |

'under 2 bars for both problems , relative torwhat the blowdown-
jf alone.gives.

,

.

The fourth line in each table shows'results obtained ,

assuming that 'all the core participates .in direct heating - (DH) ,
with the full core-mass coming into thermal equilibrium with the
containment atmosphere; The resulting pressure increases, over
and above the blowdown pressure increase, are..about 5 bars in,

SP-1 and somewhat more than 5 bars in SP-2. . Thus, core energy
' deposited.in the atmosphere as direct heating is between-2.5 and

.

3 times as, effective in producing a pressure rise'as is.the same
amount of energy deposited in water to generate steam. In fact,.
if we consider that concrete, water, and gas are the three :
possible depositories for the corium heat in containment, it is !found that forsthe same heat transferred, gas (i.e., direct i

heating) gives a greater pres'sure rise than water (i.e., steam
generation) , which in turn gives a greater pressure ' rise than

'
concrete -(i.e. , core-concrete interactions.) Even so, with 100.4
direct heating, the pressure.in SP-1 is'1 bar less than the
assumed failure pressurer with more realistic fractions of the
core participating in direct heating it is unlikely that a
serious threat would exist. For SP-2, the results exceed the
assumed failure pressure by over a bar. Even so, it is not clear

'

that more than a marginal threat to this system would exist for :

realistic core fractions, provided direct heating is from the- !
core th2rmal energy alone.

By far the severest threats arise when it is assumed that'

the corium constituents can react with oxygen in the containment
atmosphere. In the SP-1 base case, the atmosphere contains more
than enough oxygen to oxidize all corium zirconium metal to ZrO '
all iron to FeO, and all UO to U O . In-SP-2, oxygen supply is -

i2
2 3g |sufficient to oxidize all the Zr and Fe, but only slightly less'

than half the UO2 present could be oxidized. However,'in all
calculations presented in this report, it was assumed that UO

2would not be oxidized and only metal oxidation was considered.
Hence, oxygen supply was never a limiting factor in any of these
calculations.

The sixth case in each table shows the results obtained if
it is assumed that 100% of the core participates in direct
heating with 100% of the metal (but no 00 ) being oxidized. The2
pressure increase is more than doubled, relative to that obtained
when only the core thermal energy is assumed available. The
increase would be still larger were it not for the fact that the
heat capacity of the containment atmosphere-increases ;

,

substantially (by almost 50%) at the very high temperatures that !

"
, .
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CONTAIN DHEAT

P T P T
Case 10+5Pa (K) 10+5Pa (K)

1.. Pre-Failure 2.99 394 2.97 392

2. Blowdown 4.07 406 3.97 405~

3. 100% Steam Spike . c 5.97 423 5.78 422*

4. 100% DH 8'.85 875 9.01. 920
0% Oxidation

5. 90% DH 13.9 1342 (14.53 1426)
.

10% SS
90% Oxidation

6. 100% DH 14.79 1463 15.11 1543
100 Oxidation

Table 4. Phenomenological Parameter Study, SP-1.

CONTAIN Results DHEAT Results
T P T

10+gPa (K) 10+5Pa (K)Case'

1. Pre-failure 2.79 452 2.48 386

2. Blowdown 3.80 405 3.60 403

3. 100% Steam Spike 5.69 423 5.57 422
'

4. 100% DH 9.14 962 9.38 1047

5. 54.2% DH
42.% Oxidation 12.05 1045 12.42 1138
45.8% Steam

6. 100% DH .
15.96 1744 17.21 1922

100% Oxidation

7. 100% DH, 100 Ox. 17.93 1850' 17.61 1861
(Adiabatic) ,

Table 5. Phenomenological Parameter Study, SP-2

L
p
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are achieved in - these . cases.: This'effect7 reduces the temperature
; rise, and.hence the pressure rise, relative to what would.be
obtained if one assumed-a_ constant heat capacity. ,

TThe'fifth line in the_tabiss gives results.for intermediate.

" mixed" cases, in which it is assumed that the specified
fractions of the_ core participate.in thermal direct heating,
chemical reaction, and. steam generation. No special significance
is to be ascribed to the fractions specified in these cases..

In all the-cases in Tables 4'and 5 which involve steam
generation, only the core' thermal energy is assumed to be
available for: boiling water. No allowance is made_for additional-s

energy which might be available due to'Zr-water reaction.,
DHEAT Calcula51ons

>

Figures 2 and 3 show the peak pressures and t'emperatures for
the entire range of direct heating assumptions. These
calculations were 1 performed not _with CONTAIN _ but with a simpl'er
computational model (designated DHEAT)~ developed expressly for
parameter studies involving direct heating. The principal
difference between CONTAIN and DHEAT was that the latter code
neglects heat transfer to structures. Numerous comparisons of
DHEAT and CONTAIN results have been performed, across the entire
range of the parameter space of interest,-and differences between
the predictions were found to be small. (See Tables 4 and 5.)
Several assumptions were made about the energy available andfits
disposition for the calculations shown in Figures 2 and 3,. In
all cases, it was assumed that the fraction of potential metal
oxidation energy going to direct heating was equal to the ;
fraction of the core that contributed its thermal energy to ,

direct heating. The remaining thermal energy was assumed to go -' |

to steam generation, without any augmentation by metal-water E l

reaction.

l

The curves for the pressure show a distinct curvature, with
the slope decreasing as the direct heating fraction increases. 1

One major reason for this effect is the increase in heat capacity
with temperature that was noted previously. Another reason is-
that, after thermal equilibration with the atmosphere, some
energy still resides in the corium that participates in the
direct heating process. As the direct heating fraction
increases, both the corium mass involved and the temperature
increase. Hence, the fraction of the total system energy that
resides in the corium at equilibrium increases with increasing
direct heating. For 100% direct heating, about 17% of the energy
remains.in'the corium at equilibrium in SP-1, and about 21.5% in
SP-2. Thus the effect is,not large, but neither is it entirely
negligible. The effect becomes very important in limiting the
influence.of direct heating if it is assumed only a small ;

fraction of the containment atmosphere is available to receive 1

c I

h
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tenergyffrom the'corium. .The plot of final. temperature versus
direct, heating fraction is.almost linear for both SP-1-and.SP-2.
Evidently,;the effects noted above in connection ~with the- -

'pressures are largely compensated:for by.the reduced-steam-,

-generation-as the direct heating fraction increases. This
.effect, in. turn,, permits'a' larger temperature rise for a given
energy-input.

,

l CONCLUSIONS '

A-number of parameter studies have been performed:with the
~

CONTAIN code, and with a simpler 1 code which has been successfully
validated by CONTAIN. These' calculations are.. based on the two
standard problems specified.for-the.CLNG.for a large dry
containment and a subatmospheric containment. A number of
conclusions can be drawn from theseEresults:

1. Once containment volumes and' heat sinks are specified,
the peak pressure in the adiabatic steam spike problem
depends essentially on one parameter, while.the
non-adiabatic problem depends on_two; a convenient
choice is the mass of water boiled and the time to the
end of boiling.

2. For both SP-1 and SP-2, peak pressures and temperatures
, remain well below their nominal failure values for the

first tew hours following vessel failure when the-
pressurizing mechanism is steam generation. Hydrogen
burns are suppressed for the accident sequence
considered, and non-condensible gas generation due to ;

corium-concrete interactions are not an important
pressurizing mechanism on this time scale.

3. If it is assumed that, because of fragmentation and1

dispersal of the relt, chemical reactions between
atmospheric oxygen and unoxidized metal in the debris
can occur, and that the atmospheric gas can be heated
directly by the debris, then the early pressure and
temperature loads on containment can be very severe.
Whether such direct heating might occur, and what
fraction of the ejected melt might participate remains
highly uncertain;. additional experimental and analytical
research would be required to reduce this uncertainty.
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:

BSTRACT

The potential for combustion-induced failures of containment
must be considered when estimating the risk associated with
nuclear power plants. Some large-dry PWR containments are
sufficiently strong that it is difficult to envision scenarios in
which combustion events alone would challenge their ultimate
capacities.. On the other hand, the ultimate capacities of other,
weaker, large-dry-containments are more easily challenged by
combustion events.' Recently, analyses have been performed to
investigate the range of possible containment loadings that could
be produced due to combustion events during severe accidents in
large-dry PWR containments. Calculations are presented for
typical atmospheric and sub-atmospheric containments. Various
accident scenarios are examined and key parameters influencing

,

potential combustion-induced loads are identified.

INTRODUCTION

In this paper we discuss the factors which control
combustion-induced, pressure-temperature loads in large-dry PWR
containments during postulated severe accidents. These loads, in
turn, influence the potential for pressure-temperature-induced
containment leakage or large-scale structural failure of
containment. We discuss pressure-temperature loads in three time
regimes: 1, before the reactor pressure vessel is' breached and
core debris is discharged to containment, 2) shortly following
vessel breach, and 3) longer times after vessel breach. Our
observations are based, in part, on analyses performed recently
for the Containment Loads Working Group organized by the US
Nuclear Regulatory Commission.

'

|

*This work was supported by the US Nuclear Regulatory Commission, |
Office of Nuclear Regulatory Research, and performed at Sandia l

National Laboratories which is operated for the US Department of
Energy under Contract Number DE-AC04-76DP00789.
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Large-dry PWR containments share some common design features
which can influence combustion-induced loads. For example, most
are relatively open steel-lined concrete structures which permit
rapid mixing of gases throughout their free volumes. All
large-dry PWR containments utilize containment sprays for
removing heat an'd radionuclides from their atmospheres.
Deliberate ignition systems are not currently installed in
large-dry PWR containments.

There are also some important differences among large-dry
PWR containments. The subatmospheric containments tend to have
lower estimated ultimate capacities; however, this is somewhat
compensated for by their lower pre-accident operating pressures.
Some large-dry containments have safety-grade fan coolers which
provide an alternate means of heat removal; whereas, others only
have containment sprays. Some containments are designed to
permit overflow of water from the floor of containment to the
reactor cavity (so-called wet-cavity designs); whereas, others do
not (so-called dry-cavity designs).

Quantitative analyses presented in this paper are based on
the plant parameters presented in Table 1. These parameters are

lused to characterize pressure-temperature loadings in the Zion
2 containments. Zion and Surry are representativeand Surry

atmospheric and subatmospheric containments, respectively. The
results presented herein should not be applied to large-dry
containments having significantly different design parameters.

Table 1
Zion and Surry Parameters.

Zion Surry

Containment Design Pressure, psig 47 45

Estimated Failure Pressurel 4, psig 134 85

Containment Free Volume, ft3 2,715,000 1,800,000

Conditions at Containment Isolation
Temperature, F 100 100
Pressure, psia 14.7 10
Percent Relative Humidity 100 40

Amount of Zirconium in Core, lbs 47,671 36,300

H2 from 100% Zirconium
Oxidation, lbs 2,107 1,604

Safety-Grade Fan Coolers 5 None

Overflow from Floor to Reactor Cavity Yes No

,
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COMBUSTION EVENTS BEFORE VESSEL BREACH

There are two.possible causes of pressure-temperature loads
in large-dry PWR containments prior to vessel breach and the
discharge of' core debris from the reactor' coolant-system. First,
steam and hydrogen blowdown from the reactor coolant system can
pressurize and heat the containment atmosphere, particularly if
containment heat removal systems are not operating. Second,
combustion events are possible, provided sufficient hydrogen from
in-vessel zirconium oxidation is- released to containment and
steam concentrations'in containment are not high (combustion is-
precluded when steam mole fractions exceed 0.5 to 0.6).

Primary System Blowdown

Large-dry PWR containment heat removal systems are designed
to keep the containment pressure below the design pressure
following a large pipe break.in the reactor coolant system, even
when the worst conceivable single failure of electrical systems is
postulated, usually disabling about 50% of the containment heat
removal capacity. Thus,.in severe accident scenarios in which'
containment heat removal systems operate, there is little
challenge to containment due to primary system blowdown alone. In
fact, with full containment heat removal capability, containment
pressures, in the absence of combustion events, can usually be
kept under about 25 psia. Steam concentrations will not be high
enough to preclude combustion events before vessel breach in such
accidents.

In accident scenarios in which containment heat removal
. systems are not operating, steam blowdown from the reactor coolant
system rapidly results in " steam inerting" (i.e., a steam mole
fraction in excess of 0.60) which precludes combustion events. In
many such scenarios, blowdown from the reactor coolant system is
limited to the initial coolant inventory with some conversion of
water to hydrogen due to in-vessel zirconium oxidation. With this
limited blowdown, the containment ultimate capacity is rarely
challenged and the containment atmosphere will still be steam
inerted (with pressures typically in the 40 to 60 psia range) just
before vessel breach. If additional reactor coolant system
blowdown is generated as a result of limited or full emergency
core coolant flow, decay heat will effectively be transferred to
the containment atmosphere and large-scale structural failure of
containment could occur due to steam over-pressure.

Hydrogen Combustion
'

In severe accident scenarios in which containment heat
removal systems operate to condense steam, combustion events may
occur. Factors which would determine the actual magnitude of
combustion induced loads and the threat to containment integrity
which they pose include:

1. Steam and hydrogen releases to the containment over the
course of the accident,

j
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2. The containment design, particularly its ultimate hk
capacity, free volume, and compartmentalization, 2f

-

3 The survivability and performance of containment ESFs g
which act to reduce pre-burn pressures and, in the case *

of containment sprays, the pressure rise associated 1[,

with a burn, gg

4. Pre-burn transport and mixing of gases released to !!
containment, EE

5. The point in time and space at which ignition occurs, )

6. The burn time, and v

7. The completeness of combustion. jg
3

Figure 1 shows adiabatic, constant-volume hydrogen burn -2
(deflagration) pressures for Zion and Surry as a function of both gj
the pre-burn hydrogen mole fraction (ranging from 0.04 to 0.14)
and the corresponding pre-burn hydrogen mass in containment. The

._

,

pre-burn containment atmosphere is assumed to be steam g-
saturated. Combustion is assumed to be complete. Results are
shown for pre-burn pressures of 20, 30 and 40 psia for Zion and !!
15, 25, and 35 psia for Surry. In addition, results are shown 3
for pre-burn conditions bounding the onset of steam inerting 1
(steam mole fractions ranging from 0.50 to 0.60). $

==

The burn pressures shown in Figure 1 are upper bounds. They j
depend primarily on the pre-burn pressure and the quantity of a

hydrogen burned. Table 1 includes the initial conditions at
containment isolation which were*used to develop Figure 1. Less !
water vapor in the atmosphere at the time of containment !
isolation would increase the air mole fractions, but this would i

chift the adiabatic burn curves in Figure 1 only slightly i
higher. For the assumed initial conditions, Zion has roughly 2.0 3

times and Surry roughly 1.5 times as much oxygen as would be 4
required to burn the hydrogen from 100% zirconium oxidation. ;,

Actual peak pressures would be less than shown in Figure 1 Oi

due to the time available for heat transfer from the burning
gases and the possibility of incomplete burning, For example, i

Figure 2 shows typical results for the pressure suppression
achievable due to containment sprays as a function of burn -

[
time 3 As a point of reference, the TMI-2 burn time has been
estimated as 0.13 minutes. L

h
The estimated ultimate capacity of the Zion containment is

l149 psia . Accepting this estimate, Figure 1 shows that j
containment failure due to hydrogen deflagrations is not 2
plausible at Zion before vessel breach. j

The ultimate capacity of the Surry contai is estimated i
to be 100 psia (with a large uncertainty band)gmentFigure 1 -

.

shows that 100 psia due to a hydrogen deflagration before vessel j
.
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breach at Surry would only be possible if approximately 100%
zirconium oxidation occurred, all the hydrogen were released to
containment before vessel breach, the containment heat removal
systems were performing marginally so that a high (but not high
enough to be steam inerted) pre-burn pressure existed, and there
was a very rapid and complete deflagration.

Given the uncertainty in the containment failure pressure
for Surry, it is instructive to use Figure 1 to see what kind of
burn would be required to reach the proof pressure (67 psia).
With containment sprays operating, containment pressures prior to
vessel breach are typically less than 25 psia. From Figure 1, to-

reach 67 psia at Surry due to a burn initiated at 25 psia would
require the hydrogen from approximately 60% zirconium oxidation
to be released to containment and ignited.

Hydrogen mole fractions greater than 0.041 (conventional
limit for upward flame propagation) are certainly achievable
prior to vessel breach at Surry. Hence, burns prior to vessel
breach could occur at Surry. Without a deliberate ignition
system, combustion would depend upon ignition from other sources
such as sparks from electrical equipment. Thus, the point in
time and space where ignition would occur (if it occurred) is
uncertain. If burns do occur prior to vessel breach they could
have detrimental effects on equipment operability or containment
penetration seals. On the other hand, such burns would reduce
the possibility of subsequent containment failure by reducing the
hydrogen and oxygen inventories.

|
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Local Detonations

I A local detonation may be possible if hydrogen accumulates
:in-certainfareas and the: geometries are such that.a detonation

,

-can: propagate. Detonations;have been observed in. hydrogen-air
mixtures containing 13.8%. hydrogen 5 For mostapostulated
severe accidents in large-dry PWR containments, steam and
hydrogen blowdown-from the primary system would be directed to-
one'(or both) of the steam generatcr compartments prior;to vessel,

breach. Pockets of high' hydrogen concentration would be
difficult to achieve in accidents in which sprays were operating
because strong mixing would be induced by the sprays.
Detonations also req. ire fairly strong ignition sources-or a

*

transition from a deflagration to a detonation. Finally, even if
a local detonation were to occur,.the' secondary shield walls
which enclose the steam generator compartments are usually 3 to 4
feet thick and might serve to isolate the containment from the
local detonation. In spite of-the above arguments it is not
possible, at this time, to state with certainty the threat to
large, dry PWR containments posed by possible local detonations.

! PRESSURE-TEMP"RATURE LOADS SHORTLY FOLLOWING VESSEL BREACH

; . After the' reactor vessel has been breached and the core'

debris discharged into containment, there are five sources of- '

; energy available to heat and pressurize the containment
: atmosphere:

1. Internal energy of steam, hydrogen, and water in the
reactor coolant system just prior to vessel breach.

2. Combustion energy associated with hydrogen in the
: containment and reactor coolant system.
1 3 Internal energy of the core debris.

4. Chemical energy potentially available via oxidation of,

! the core debris.
j S. Decay heat which will be released by the core debris.
;

The internal energy of steam, hydrogen, and water in the reactor
-

| coolant system will be added to the containment as the reactor
coolant system depressurizes following vessel breach. There are

*

four principal methods for transferring portions of the other
energy sources to the containment atmosphere:

| 1. By vaporizing available water.
2. By direct heating, that is, heating due to direct

4

contact between finely dispersed debris and the
: containment atmosphere.

3. By combustion events.
4.- By interactions between debris and structures (e.g.,

the concrete basemat). Such interactions can
indirectly transfer energy to the containment
atmosphere.
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During the hour following vessel breach, vaporization, direct
I -heating, and combustion are' capable of imposing high

pressure-temperature loads. The potential loads which could
result from combustion events alone are adequately covered by
Figure 1. Combustion events coincident with steam spikes and
direct heating are discussed below.

Steam Spike

The term " steam spike" refers to the phenomena which would
occur in containment shortly after vessel breach if the hot
debris expelled from the vessel were quenched by water in the
reactor cavity. The associated rapid production of steam can, in
certain instances, threaten containment integrity due-to steam
over-pressure. In order for this phenomena to occur, there must
be water present with the debris in the reactor cavity and the
debris must be fragmented sufficiently to provide ample heat
transfer area. Water can be available in the reactor cavity from
at least two sources, either due to overflow from the containment
sump earlier in the accident or due to accumulator discharge at
the time of vessel breach.. The debris can be fragmented by the
ejection process itself or by interactions with water in the
reactor cavity.

The US Nuclear Regulatory Commission devised standard
problems for the Containment Loads Working Group to quantify the
potential containment pressure-temperature loadings due to " steam
spikes" in large dry containments such as Zion and Surry.
Analyses of these standard problems have shown that for very rapid
(ane minute or less) quenching, the pressu:'e rise attributable to
quenching may be treated adiabatically, and, as a first
approximation, is independent of the containment pressure prior to
vessel breach. That is, the containment pressure-temperature
loads due to a steam spike alone are determined by two parameters:
the amount of water vaporized and the time interval over which it
is vaporized. Steam spike pressure rises of 25 to 30 psi are
conceivable at both Zion and Surry. The additional pressure rise
due to reactor coolant system depressurization following vessel
breach will depend on the reactor coolant system pressure but can
be as high as 15 psi. These two ef fects combined are insufficient
to challenge either the Zion or Surry containments.

Steam Spike Coincident with Combustion

We cannot preclude the possibility of combustion events
occuring coincident with a steam spike. For example, consider an
accident in which the primary system is above the accumulator set
point and the reactor cavity is either dry or only partially full
of water just before vessel breach. If there is a combustible
mixture in containment, hot debris initially ejected from the
vessel could serve to ignite the mixture before steam inerting
could be achieved during the subsequent quenching of ejected
debris by accumulator water and/or pre-existing water in the
reactor cavity. If the debris is quenched by pre-existing water
in the reactor cavity, the quench could produce steam inerting
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'before-any' release of hydrogen from the vessel,-and combustion
coincident with the steam spike would be limited .to the hydrogen

, present in containment before vessel breach. . If the debris is
quenched by~ accumulator water, substantial hydrogen could be
released from the. vessel before-the accumulator dump (and
associated steam spike), and this. hydrogen could participate in

~

combustion.

Table 2.provides' adiabatic estimates.of the peak pressures
(P2) which could result from a deflagration. coincident with'a
steam; spike. The values _ presented in Table 2 are consistent with
--those in Figure.1, with P1-now being interpreted as the
containment pressure which would result from vessel.
depressurization and the steam spike without coincident

. combustion. The effect of postulating ignition.just before the
steam spike is to effectively negate steam inerting so that
resultant pressures higher than those.shown in Figure 1 for 60%
steam become plausible.

Table 2
Adiabatic Loadings for Combustion Coincident'with Steam Spike

Containment Zr Oxid. H2 (lb) P1 (psia) P2 (psia) T2
(F)

Surry 25% 401 35 55 640
45 65 573
55 74 532
65 84 507

50% 802 35 73 1018
45 83 875
55 93 785
65 102 722

100% 1604 35 106 1714
45 116 1437
55 126 1257
65 136 1131

Zion 25% 527 40 58 550
50 68 509
60 77 483

<

70 87 468
50% 1054 40 75 852

50 84 754
60 94 690
70 104 647

100% 2107 40 105 1412
50 115 1215
60 124 1083
70 134 988

In the absence of direct heating (see next section), the
values in Table 2 are upper bounds. Timing would determine the
actual peak loadings following vessel breach. The key timing
questions are:

,

,
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1. When would combustion begin?
2. How much hydrogen would be burned?
3 What would the burn time be?
4. When would quenching begin?
5. How much debris energy would be quenched?
6. What would the rate of quenching be?

Longer burn times and slower quenching rates would tend to reduce
the peak loads. Similarly, time separation between burning and
quenching would reduce the peak loads. While currently the
possibility of containment failure due to coincident quenching
and burning in containments like Zion can be excluded, it cannot,

for containments like Surry.

A local detonation may be possible at the time of vessel
treach. Ejection of melt.from the reactor cavity could provide
the required ignition source. The comments made in our
discussion of local detonations before vessel breach still
apply. Again, the likelihood of a detonation would depend on
geometry and mixing dynamics, and it is not clear that a local
detonation would substantially increase the loads imposed on the
containment shell.

Direct Heating

Recent efforts by the Containment Loads Working Group have
focused on so-called direct heating scenarios in which hot debris
ejected from a pressurized reactor coolant system at vessel
breach escapes the reactor cavity as finely fragmented
particles. Experimental evidence has been obtained in the 1:20th
scale SPITS experiments and the 1:10th scale HIPS egperiments atHowever,Sandia to confirm the possibility of such scenarios .
there is considerable uncertainty regarding the fraction of hot
core debris which could participate in direct heating in full
scale reactor accidents. Some investigators feel that as much as
50% of the debris thermal energy and 50% of the available
chemical energy could be transferred to the atmosphere in direct
heating. Others feel that physical barriers coupled with
simultaneous ejection of water from the reactor cavity would
limit direct heating to 2% of the debris thermal energy with the
remaining debris energy being water quenched or proceeding to
core-concrete interactions. Direct heating scenarios have also
been questioned on the grounds that the reactor coolant system
pressure boundary may fail due to high temperature even before
the core melts. The resultant reactor coolant system
depressurization would remove the driving force for the
particularizing and ejection of debris into the containment
atmosphere at the time of vessel breach.

Bergeron, Williams, and Zimmerman7 have performed
extensive parametric calculations of the possible containment
loads associated with direct heating. Their results indicate
that core energy deposited in the atmosphere by direct heating is
between 2.5 and 3 times as effective in producing pressure rise
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as is the same amount of energy deposited in water to generate
steam. For example, if water quenching 100% of the debris gave a
steam spike pressure increase of 30 psi, a 50:50 split between
water quenching and direct heating would give a pressure rise of
approximately 56 psi. Thus, direct heating involving thermal
energy alone would not challenge the estimated ultimate capacity
of the Zion containment but could, depending on the containment
pressure just prior to vessel breach, challenge the ultimate
capacity of the Surry containment.

The chemical e'nergy available for direct heating will depend
primarily on the amount of un-oxidized zirconium in the ejected
debris. At 40% in-vessel zirconium oxidation, the available
chemical energy is roughly twice the available thermal energy,
assuming a debris temperature of 4100 F. The heat of the
reaction Zr+0 --Zr02 is -258 kcal/ mole. The heat of the2
reaction 2H +0 --2Hp0 is -115;6 kcal/ mole. Thus direct2 2
oxidation of zirconium with oxygen in the containment atmosphere
would add roughly 2.2 times as much energy to the containment
atmosphere as in-vessel zirconium oxidation followed by
combustion of the resultant hydrogen (since the heat of reaction
associated with oxidation of zirconium in-core to produce
hydrogen primarily remains with the core). If both chemical and
thermal energy are directly transferred to the containment
atmosphere, involvement of only modest fractions of the core
debris (10 to 35%) could generate severe threats to containment
integrity even for Zion.

Hydrogen combustion concurrent with direct heating can be
precluded if the extent of direct heating is mild (<2% of core
debris involved) and the containment atmosphere is steam inerted
prior to vessel breach. If the containment atmosphere is not
steam inerted, a single hot particle could serve as an ignition
source. The loads presented previously in Table 2 are roughly
applicable for the mild direct heating scenarios, since
non-adiabatic effects would tend to compensate for the small
additional heat input due to direct heating. If large fractions
of the core are involved in direct heating, the resulting
temperatures can be high enough to permit recombination of
hydrogen and oxygen in the containment atmosphere even in the
presence of high steam concentrations. However, as noted above,
the dominant uncertainty is not that associated with whether
concurrent hydrogen recombination will occur. Rather, the
dominant uncertainty is whether large fractions of core debris
can participate in direct heating.

LATE PRESSURE-TEMPERATURE LOADS

Steam and Non-condensible Gases

There are two factors which combine to determine to
potential for significant combustion-induced loads late in the |

accident. First, the status of the delris will determine the
amounts of gases available for combust on. If the debris assumes
a coolable configuration and sufficient water is available to *
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keep.the debris cooled, the decay heat will:be removed from the '

debris in the form of steam released to the containment
atmosphere. If the debris is not coolable, concrete attack is

. hen basemat concrete is decomposed due to contactWinevitable.
.

with molten debris, steam and carbon-dioxide are released. When t

the steam and carbon-dioxide pass through the over. lying molten
debris,.they can react chemically with metallic species in the
molten _ debris. These chemical reactions release combustible

icarbon monoxide and hydrogen to the containment atmosphere.

Second, the status of containment heat removal systems will
stronglycinfluence whether the containment will be steam
inerted. If containment heat removal systems are not operating,
or. fail due to condition's in the containment atmosphere, steam'
from debris-liquid and/or debris-concrete-contact as well as from
the heating and~ degassing of unlined concrete walls can induce or
maintain steam inerting. If concrete attack by the hot debris
takes place while the atmosphere is steam inert, hydrogen and
carbon-monoxide will accumulate in the containment atmosphere.
If the steam mole fraction is subsequently reduced below the

'level required-for steam inerting, these combustible gases would
be available to participate in combustion events. 1This scenario
is discussed further below. Of course, without containment heat
removal system, the containment may fail by over-pressurization-
while steam inerted.

Late Combustion With Continuous Containment Heat Removal

If containment heat removal systems operate continuously
throughout the scenario, late combustion-induced loads can
potentially be higher than combustion induced loads before vessel
breach. More combustible gases are available after vessel breach
than before. Additional hydrogen is released to containment as
the reactor coolant system depressurizes,and hydrogen and carbon
monoxide are released via ex-vessel oxidation of matallic
debris. The molar. combustion energy for carbon monoxide is
approximately 10% higher than that for hydrogen. More
importantly, however, carbon monoxide tends to increase the,

downwardflammability limits. Forexample,theclagsical,
flammability limit increases monotonically from a combustible
mole fraction of 0.09 for hydrogen to a combustible mole fraction
of 0.15 for carbon monoxide. This means that, when carbon
monoxide is present, proportionately more energy has to be
released per unit volume to sustain global burning. The release
of non-condensible gases following vessel breach will also tend
to raise the baseline pressure for late combustion events. On
the other hand, carbon dioxide released from core concrete
interactions acts (like steam) to inhibit burning and, given a
burn, acts to reduce peak pressures somewhat due to its
relatively high molar heat capacity.

In spite of the above considerations, the adiabatic results
presented in Figure 1 are, to a first approximation, applicable
to combustion after vessel breach if: 1)the total combustible
mole fraction of hydrogen and carbon monoxide is used in lieu of
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the hydrogen mole fraction, 2)the combined steam and carbon
dioxide mole fraction is used as an inerting indicator, and 3)the,

threshold for ignition is adjusted upward in accordance with
Reference 8. Finally, the total amount of burning is ultimately
limited by the amount of oxygen present in containment. In
scenarios in which containment heat removal is continuously
available, it is much more likely that the oxygen would be
consumed in a series of burns initiated at 7-10% combustible gas
than it is for the combustible gas to accumulate to the point
where one large burn would consume all the oxygen.

Late Combustion Following De-inerting

The question of combustible gas accumulation is appropriate
~

for accidents in which steam inerting occurs early, but
sufficient steam is condensed late in the accident to bring the
containment atmosphere back into the combustible region.
Substantial combustion induced loads then become plausible.
Figure 3 illustrates the effect of such'a delayed ignition for a
postulated (TMLB') accident at Zion. The accident is initiated
by loss of AC power. Vessel breach occurs at about 2.5 hours,
and power is restored to permit containment heat removal by
sprays and/or fan coolers six hours into the accident. Note that
the time required to de-inert the atmosphere (at least 30 min.)
would also allow a large amount of fission product removal from
the containment atmosphere in this scenario.
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Figure 3.

Combustion Induced Loads at Zion Following De-Inerting
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There are two factors which might tend to reduce or prevent
combustion induced loads following de-inerting. First, ignition
and complete combustion tend to be more difficult to achieve when
steam mole fractions approach the levels required for inerting.
Second, pressure-temperature induced leakage could occur before
de-inerting thereby depleting the inventories of hydrogen, carbon
monoxide, and oxygen in containment.

Continuous Recombination in the Reactor Cavity

It has been postulated that during core-concrete
interactions the temperature of the reactor cavity atmosphere
would be high enough to allow the hydrogen and carbon monoxide
released to spontaneously recombine with oxygen. This would be a
continuous recombination as opposed to a combustion event, and,
because of the high temperatares it is postulated that the re-
combination could occur in spite of the very high steam concen-
trations which would exist due to degassing of unlined concrete
walls of the reactor cavity. Such recombination would eliminate
the threat to containment due to global combustion late in the
accident. There are two key questions here. First, will suffic-
ient oxygen be present in the reactor cavity omosphere to
support continuous recombination in the reactor cavity? The
postulate is that natural convection currents between the reactor
cavity and the rest of containment will be sufficiently strong to
provide the required oxygen. While it is reasonable to expect
some natural convection, it is not clear that it will be adequate
to supply the required amounts of oxygen. Second, will the
recombination reaction occur in spite of the locally high steam
concentrations? It is not clear that it will, and if not, the
ccmments on combustion in the previous sections still apply.

CONCLUSIONS

In scenarios in which operating containment heat removal
systems preclude high steam concentrations in the containment
atmosphere, combustion events in large dry PWR containments are
plausible before vessel breach, immediately after vessel breach,
or later in the accident. Before vessel breach, combustion
induced loads by themselves are sufficiently limited by the
available hydrogen that they will not challenge typical estimated
failure pressures for atmospheric or sub-atmospheric large-dry
PWR containments. Combustion occurring coincident with vessel
depressurization and a steam spike cannot be precluded. The
pressure loads resulting from such coincident events could
conceivably challenEe containmente with relatively low failure
pressures such as Surry; however, stronger containments such as
Zion would not be challenged. Late combustion could challenge
the ultimate capacity of either containment if hydrogen and
carbon monoxide accumulated during periods when containment heat
removal systems were inoperable, but burned after containment
heat removal systems were restored, thereby de-inerting the
containment atmosphere. In any of the above scenarios, the
potential impact of combustion-induced loads on equipment
operability and penetration seals should be considered.
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HECTR RESULTS FOR ICE-CONDENSER CONTAINMENT
STANDARD PROBLEM

F. Eric Haskin, Vance L. Behr, and Allen L. Camp
Sandia National Laboratories

Albuquerque, NM 87185

,

ABSTRACT

We have performed calculations to study the Ice-Condenser
Containment Standard Problem for the NRC Containment Loads
Working Group (CLWG). This problem is based on a TMLB' accident
sequence. TMLB' denotes a transient-initiated accident in which
there is total failure of both AC power and feedwater to the
steam generators. We used MARCH 2 and CORCON Mod 2 to predict
the steam, hydrogen, carbon dioxide, and carbon monoxide
sources. We employed HECTR to predict the containment pressure
temperature response. The results of our calculations include

t
quantitative indications of the sensitivity of containment
pressure-temperature loadings to the gas source terms, the
ignition criteria, and the magnitude of the steam spike
following vessel breach.

STANDARD PROBLEM DESCRIPTION

To generate the steam-hydrogen source term, we employed,

MARCH 2(1) and an input deck provided for the standard problem
by Battelle Columbus Laboratories (BCL). Table 1 summarizes the

'

key events predicted by MARCH 2 prior to vessel breach for the
base case input deck provided by BCL. Natural circulation i

,

through the steam generators permits removal of decay heat by |,

4 boiling and relief of steam through the atmospheric dump valves
on the secondary side until 3885 s when the steam-generators
boil dry. The primary system then rapidly heats up and the
primary system relief valves open, discharging primary coolant
to the containment. Core uncovering is predicted to begin at

4

'.
5550 s. This is followed by core heatup, melting, slumping into
residual water in the bottom head, and bottcm head heatup and
failure. While one can postulate events which would
depressurize the primary, the standard problem did not consider
these and the primary system is predicted to remain pressurized
at the relief valve setpoint until vessel breach at 9465 s.

*This work was supported by the U.S. Nuclear Regulatory Commis-
sion, Office of Nuclear Regulatory Research, and performed at
Sandia National Laboratories which is operated for the U.S.
Department of Energy under Contract Number DE-AC04-76DP00789.
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Most'of the hydrogen generated from Zr oxidation is
predicted to remain in-vessel until vessel breach. Upon vessel
breach. MARCH 2 discharges the steam and hydrogen remaining in
the primary system in a single timestep (15 s as specified by

i BCL). As a result, the steam and hydrogen sources for the base
case have very large spikes at the time of vessel breach as
indicated in Figures 1 and 2..

T&ble 1. MARCH 2 Base Case (Q Case) Chronology

Event Time (s)

Steam Generator Dryout 3885
Begin Uncovering Core 5550 i4

Start Core Melting 7350 |
Core Slump 8640
Start Botton Head Heatup 8745
Vessel Breach 9465

i
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! Steam Source for Q Cases Hydrogen Source for Q Cases

The standard problem statement requests peak containment
loadings during the hour following vessel breach. The modeling

:
of events following vessel breach is left to the discretion of;

; each analysis group, with three constraints. First, geometry
and heat sinks characteristic of the Sequoyah containment are'

to be used. Second, the containment is specified to have zero4

leakage and an unlimited structural capacity. Third, the
.

properties of the basemat concrete are specified to be the|
default properties from MARCH 1.0(2) a limestone concrete.--

|
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y - CODES AND MODELS
!

L BCL. Version lli of MARCH 2 was used to provide the steam-
i hydrogen sources to, containment. We replaced the INTER core-

,

concrete-interactions subroutine in MARCH 2 with CORCON Mod 2(3): 1

however, this' change had little impact since gases generated from |
core concrete interactions have a negligible impact on contain-

'

~ ment loadings during the first hour following vessel breach.
,

We used HECTR(4) to predict containment pressure-temperature-'

loadings. HECTR is a lumped. volume code developed specifically to
compute containment pressure and temperature loadings associated
with hydrogen deflagrations'(detonations are not modeled). HECTR
models for intercompartment gas flows, combustion, heat transfer,; ,

containment sprays, and the ice-condenser are more mechanistic |.

than corresponding MARCH models. HECTR has been shown to agree4

; well(5) with two other lumped volume codes of comparable
| complexity (CLASIX and COMPARE) in predicting ice-condenser
j containment loadings for a small-break LOCA.

The nodalization of the ice-condenser containment for our
; HECTR calculations is shown in Figure 3. The nine compartments

include the done; the lower' compartment (which contains thei

i reactor coolant system); an annular, dead-ended compartment; the
j ice-condenser upper and lower plenums: and four ice regions of

the ice-condenser. HECTR includes models for the recircula-'

| tion fans and containment sprays; however, both are inoperable
j due to failure of AC power in TMLB' accidents. The models used
; for the ice-condenser lower-plenum and intermediate-deck doors
j block downward flow through the ice-condenser. However, there

is a small " bypass" flow area around the intermediate deck doors
I which (coupled with finite door closing times) permits downward
j burn propagation and limited downward flow.

;

i
'

j We employed HECTR default values for 1) inerting due to high
; (>55%) steam and carbon-dioxide mole fractions, 2) inerting due
! to low (<5%) oxygen mole fraction, 3) flame speed, 4) burn
i completeness, and 5) burn propagation (4.1% upward, 6.0%
j horizontal, 9.0% downward).
1

|
CASE DESCRIPTIONS AND RESULTS

j In order to examine the sensitivity of the containment
pressure-temperature loadings with respect to variations in4

3 source term, ignition criteria, and steam spike magnitude, we
examined twenty cases. Each case has been assigned an identifier-

] consisting of a single letter prefix and a two digit suffix.
Each distinct prefix denotes a different steam-hydrogen source

j term obtained with a different set of MARCH inputs chosen to vary
such things as the amount of Zr oxidation and magnitude of the4

} steam spike. Parameters affecting combustion and intercompartment
; flows were varied by changing HECTR inputs thus, each case
! required a separate HECTR run. Results for all cases are compiled
j in a table at the end of the paper. Specific sensitivities
j indicated by these results are discussed below.

I
o
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Figure 3
HECTR Ice-condenser containment model.

LOADINGS WITHOUT COMBUSTION

In order to better understand the containment loadings for
different combustion scenarios, it is helpful to first analyze
the containment response with combustion precluded. This is a
possible scenario because the failure of AC power in the TMLB'
accident sequence would eliminate many sources of ignition,
including the AC-dependent deliberate ignition (DI) systems
currently planned for or installed in ice-condenser contain-
ments. Since the steam-hydrogen source is dominated by the
spike at the time of vessel breach, we plot results for the

,

|
no-combustion case over the 60 s interval beginning 5 s before
vessel breach.

i Figure 4 shows the pressure in compartment 1, the dome. The

| pressures in all compartments are essentially equal. The peak
pressure during the hour after vessel breach is 339 kPa (48
psia) and occurs ~ 30 s after vessel breach. During primary
system depressurization and the subsequent steam spike, steam is
released to the lower compartment too rapidly to permit total
condensation in the ice regions. Figures 5, 6, and 7 show the
steam, hydrogen and oxygen mole fractions in the dome.

:

'
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Steam and hydrogen accumulate in the done thereby decreasing the
oxygen mole fraction. However, inerting does not occur in the
done at-any time either due to high (>55%) steam or low (<5%).

, oxygen mole fractions. By 3 s after vessel breach upward burn
ipropagation into the done.becomes possible (>4.1% hydrogen).

L

im . .

s

. . . -

. . . .
, ,

E e.,-

} e.s-
-

,=i . . . . -

a ... -g
. g e.s . .

g
m

s.
,

. . . .
. . .

SEAS SUS ge's See OEM 5 30 mag gese 3s70 esso es. seC0 30 SMD

Time leocondel Time lee M)

Figure 4 Figure 5
Dome Pressure. Case Q.06 Dome Steam, Case Q.06

1 4

0.9 - e.s -

s.4 - s.e -

,0. s.7 - 0.7 -

0.4 - 0.4 -

j ...- g .. -
. . . . . . . -.

e.3 - g e.3
2

0.1 - 8.3 - %

. . - . . . .

- -
- .e., .e. .e. ... - .e., . ,e. . ... -

Time leocandel Time toecessfel

Figure 6 Figure 7
Dome Hydrogen, Case Q.06 Dome Oxygen, Case Q.06

Figure 8 shows the temperature in the lower compartment''

which initially receives the steam and hydrogen from the primary
system and from the steam spike. The peak temperature in
containment in the absence of combustion occurs in the lower
compartment. The peak during the first hour following vessel
breach is 440 K (330 F).
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Figures 9, 10, and 11 show the steam, hydrogen, and oxygen
mole fractions in Compartment-2, the ice-condenser upper
ple'nua. Figure 10 si.ows that there is always ample hydrogen in
the upper plenum to permit combustion; however, by 17 s after<

vessel breach the upper plenua contains insufficient (<5%) j

oxygen to support combustion, and by 18 s after vessel breach. |

the upper plenum is also steam inerted (>55% steam). i
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| Besults for the upper ice regions. Compartments 8 and 9, are
similar to those for the upper plenus. Prior.to vessel breach, I

detonable concentrations occur in Compartments 8 and 9; however,
following vessel breach'these compartments rapidly inert. Table i

2 summarizes the combustibility conditions in all of the :
'

compartments following vessel breach. .

i Table 2. Inerting During the Hour Following ' '

Vessel Breach (VB), Case Q.06--No Burningi

* Time Period During Which There is-;

Compartment <5% 02 >55% H O <4.1% H22

[ 1 Dome None None <VB+ 3s
' 2 IC-Upper Plenum >VB+ 17s >VB+ 18s None'
: 3 IC Lower Plenum >VB- 720s >VB-5300s >VB+18s
! 4 Lower Compartment >VB-5330s >VB-5920s >VB+18s
! 5 Dead-ended Region None None <VB r

i 6 Botton Ice Region >VB- 720s >VB- 720s >VB+19s !

7 Next-To-Botton Ice Region >VB- 660s >VB- 660s >VB+21s
,

i 8 Next-To-Top Ice Region >VB+ la >VB+ 3s None
,

9 Top Ice Region >VB+ 6s >VB+ los None j

i Note that the lower a compartment is in the ice-condenser,
,

the more rapidly it inerts. Compartment 8 is inerted within one
.

second, Compartment 9 within six seconds, and Compartment 2
| within 17 seconds of vessel breach. The lower compartment
j (Compartment 4), the lower plenum (Compartment 3), and the lower
] ice regions (Compartments 6 and 7) are inert both before and

,

! after vessel breach. The dead-ended region (Compartment 5),
j although not inert, has a relatively low (<5.3%) hydrogen
;! concentration at all times.
i

IGNITION FOLLONING VESSEL BREACH |

! Currently planned or installed deliberate ignition systems ;

} for ice-condenser containments are powered by the AC systems
j which fail by definition in TMLB' accident scenarios. Failure !

] o' the AC power systems might also preclude other ignition
j sources, that is, electrical discharges from operating equipment
; inside containment. It is, therefore, not unreasonable to I

postulate that ignition could be delayed until after vessel-
,

i breach. The ejection of hot gases or particles during vessel
i depressurization might serve as a source of ignition. ;

i Alternatively, ignition might be delayed indefinitely. i

i

| Based on Case Q.06 in which combustion was precluded, we '

developed several cases to examine the sensitivity of contain-'
i

; ment loading to the timing and threshold for ignition following
_

; vessel breach. Table 3 summarizes the sensitivity of contain-
! ment loading to the timing of ignition. Ignition was assumed to
j' be possible starting at the times indicated and was precluded
; again 30 s later. An ignition threshold of 8% hydrogen was
}

'

.

N
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' assumed. There was no ignition in the dead-ended region because
it contained less than 5.3% hydrogen following vessel breach.

,

Table 3. ignition Timing Sensitivity ,

Preburn Dome Peak Peak'
'

Case Ignition Limit Press.& Hydrogen Pressure' Temperature

No. Time %H2 kPa (psia) %H2 kPa (psia) K (F)

0 07 VB 8.0 466 (68) 4.1 620 ( 90) 2110 (3330)
0 08 VB+5s 8.0 228 (33) 6.1 540 ( 78) 1300 (1890)
Q.09 VB+10s 8.0 250 (36) 8.0 690 (100) 1460 (2170)
0 10 VB+20s 8.0 298 (43) 11.0 850 (120) 1500 (2250)
S.02 VB+1hr 8.0 246 (36) 22.7 1500 (210) 2370 (3800)

Case Q.07 postulates ignition at the time of vessel breach;
that is, 9465 s after accident initiation. At this time, the

;
' mixtures in the upper plenum (Compartment 2) and the upper ice

regions (Compartments 8 and 9) are ignited. The initial burn in
<

Compartments 8, 9, and 2 acts to retard the buildup of hydrogen
in the dome and inert Compartments 8 and 9 due to low (<5%)

I oxygen. Two subsequent burns are ignited in the upper plenum
(Compartment 2) and propagate upward into the dome. The first
upward propagating burn occurs when the done pressure is 260 kPa'

(37 psia) and the dome hydrogen concentration reaches 4.14.
The second upward propagation occurs when the done pressure is
470 kPa (68 psia) and the dome hydrogen concentration again
reaches 4.1%. This later burn results in a peak pressure of 620

m
kPa (90 psia). The peak temperature of 2110 K (3340 F) occurs
in Compartment 2 during the first burn.

;

!

! Case 0 08 postulates ignition 5 s after vessel breach. As ;

indicated in Table 2 Compartment 8 is inerted by this point in
'

;

time. Ignition occurs in Compartments 9 and 2. Sufficient
! hydrogen has accumulated in the dome to permit upward propa-

gation from the upper plenum. When upward propagation occurs,
, the done contains 6.1% hydrogen, but the pressure is only 230I

kPa (33 psia). The resulting peak pressure is 540 kPa (78 psia)
) which is lower than for Case 0 07 due to the lower pressure

'

preceding burning in the dome. The burning in the dome forces

| sufficient oxygen back into the ice-condenser to permit
j additional burns in Compartments 8, 9, and 2, but these burns do

not affect the peak loadings. The peak temperature of 1300 K
,

: (1890 F) occurs in Compartment 2, during the first burn.
,

Case Q.09 postulates ignition 10 s after vessel breach. As
indicated in Table 2, ice compartments 8 and 9 are inerted at
this time; however, 8% hydrogen has accumulated in the dome so -

'

| that the initial burn is ignited simultaneously in the dome and
: the upper plenum. This initial burn starts at a baseline

pressure of only 250 kPa (36 psia); however, it forces oxygen'

i
.

k
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back into the ice-condenser permitting simultaneous burns inF
- Compartments 8 and 9. The pressure resulting from the initial

dome burn and concurrent burns in Compartments 2, 8, and 9 is
690 kPa (100 psia). The peak temperature of 1460 K (2170 F)
occurs in Compartment 8.=

-

Case Q.10 postulates ignition 20 s after vessel breach. As
indicated in Table 2, all of the compartments in the ice-
condenser (including Compartment 2, the upper plenum) are
inerted at this time. However, 9.8% hydrogen has accumulated in

: the dome and is ignited. The baseline pressure at ignition is
- 300 kPa (43 psia). The burn in the dome forces enough oxygen

back into the ice-condenser to permit simultaneous and sub-
L sequent burns in Compartments 2, 9, and 8. The peak pressure of
: 850 kPa (120 psia) results from the initial burn in the dome.
I The peak temperature of 1300 K (1890 F) occurs during the first

burn in Compartment 2.

f The maximum load we can conceive of during the hour follow-
; ing vessel breach would occur if ignition were delayed until the
- end of this one hour time interval. The longer the delay until' ignition, the more hydrogen will accumulate ini he dome. Thet
r source term considered for Case S.02 postulates 100% in-vessel
- Zr oxidation. With ignition delayed until one hour after vessel

breach, the dome mixture at time of ignition is composed of,
3 22.7% hydrogen, 14.5% oxygen, and 7.9% steam. This is clearly a

detonable mixture: however, HECTR treats only deflagrations.
; The HECTR-predicted peak loadings for Case S.02 are 1459 kPa

(212 psia) and 2369 K (3804 F) in the dome. A detonation of the
L same mixture would result in even more severe loadings.

Based on the preceding discussion, the results in Table 3
; can be explained as follows. If ignition is delayed until after
; vessel breach, the peak loadings will be sensitive to the time

interval between vessel breach and ignition. The peak loadings
are, in general, determined by the dome hydrogen content and the
pressure prior to burning in the dome. For early ignition (neare

E the time of vessel breach) burning in the dome will not occur
[ until the dome hydrogen mole fraction is sufficient to permit
E upward propagation (4.1%). Early burning in the ice-condenser

can delay the buildup of hydrogen in the dome while increasing
. the pressure. Thus, ignition at vessel breach (Case Q.07) *

yields higher peak loadings than ignition which is delayed
5 o (Case Q.08). However, with more delay (Casen Q.09, Q.10)
the hydrogen content in the dome begins to dominate the result-
ing peak loads, and, for an indefinite delay, detonable mixtures

[ can be achieved in the dome (Case S.02).
-

- IGNITION THRESHOLD

- Table 4 shows the effect of reducing the ignition threshold
g from 81 to 4.1% for cases in which ignition follows vessel
_

M
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breach. Recall from Table 3 that, by reducing the ignition
threshold from 8% hydrogen to 4.1% hydrogen, initial burning
will occur in the dead-ended region (Compartment 5) as well as
in the upper regions of the ice-condenser and possibly the

5Thus, in Table 4 the peak temperature in Compartmentdome.increases when the ignition threshold is changed from 8% to 4.1%
The addition of burning in the dead-ended region hashydrogen.

only a slight impact on the peak loadings predicted for ignition
at vessel breach (Case Q.05 versus Case Q.07). For ignition at

vessel breach plus 5 s (Case Q.00 versus Case Q.08), the impact
on the peak pressure is more significant due to the higher
preburn pressure and the addition of more hydrogen to
Compartment 5 before ignition.

.

Table 4. Sensitivity to Ignition Threshold
When Ignition Follows Vessel Breach

Case Ignition Limit Peak Pressure Peak Temperature, K (F)
kPa (psia) Compt. #2 Compt. #5

No. Time %H2

0.05 VB 4.1 620 (90) 2100 (3330) 641 (694)
0 07 VB 8.0 620 (90) 2110 (3330) 475 (395)
0 00 VB+5s 4.1 600 (87) 1400 (2060) 546 (523)
0 08 VB+5s 8.0 540 (78) 1300 (1890) 475 (395)

DELIBERATE IGNITION

As mentioned earlier, ignition in a TMLB' tecident is unpre-
dictable because the failure of AC power implies failure of the
deliberate ignition system and other potential sources of elec-
trical discharge. One might attempt to achieve non-rando.n
ignition with a deliberate ignition (DI) system designed to be
independent of AC power. Table 5 summarizes the sensitivity of
peak loadings to deliberate ignition. Two igniter configura-

tions were considered. In Case Q.01 igniters were located in
all compartments except the ice-condenser lower plenum and the
ice compartments (DI ex IC) similar to actual designs currently
installed or planned. In case Q.02 igniters were located in all
compartments including the ice regions (DI all). By inducing
burns before vessel breach, the deliberate ignition systems raise
the baseline pressure for burns after vessel breach. As a

result, higher peak pressures are predicted with deliberate
ignition. However, deliberate ignition precludes the possibility
of a detonable mixture in the dome. Adding igniters to all

; compartments, including the ice-condenser lower plenum and the
ice compartments, lowers the predicted loadings (Case Q.02
versus Case Q.01), and also precludes the possibility of local
detonations. Containment pressure responses for Cases Q.01 and
Q.02 are shown in Figures 12 and 13.
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Table 5. - SenkitivitytoDeliberate. Ignition (DI)*
,

Case Ignition Limit- Peak Pressure Peak Temperature:

No . - Type %H2 kPa (psia) . ~K (F) - o

,;

0 01- DI~ex IC 8.0- 730 (110) 1628-(2470)
Q.02 _DI all 8.0 570 ( 83) 1177 (1660)
0 08 .va + ss 8.0 540 (-78) 1305 (1890)
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!

j NONMECHANISTIC IGNITION THRESHOLD
i

! To permit comparisons with results obtained by others, in
four cases (Q.00o, Q.01, Q.02o, and Q.03o) ignition is assumed
to occur whenever the hydrogen mole fraction in non-inerted

: compartments outside the lower plenum and ice regions reaches an i

j arbitrary threshold. The arbitrary ignition thresholds for !
these runs are 10%, 8%, 12%, and 30%. Our opinion is that only |

4 one of these runs (Q.01 with ignition at 8% hydrogen) has any |
i physical significance. As discussed above. Case Q.01 simulates
: a deliberate ignition system which is independent of AC power.
! Such a deliberate-ignition system would most realistically yield'

ignition at 18% hydrogen, well before 104, 12%, or 30% hydrogen.
i Without deliberate ignition, a cingle random ignition could
; certainly occur et 8%, 10%, 12%, or even 30% hydrogen; however,
! there is no mechanism which would make all subsequent ignitions
|- occur at the same threshold. j
,

.
>

There are two reasons for. excluding ignition in the ice>

j compartments in' Caves Q.000,'Q.01, 0,02o, and Q.03o. First, I

; ,
-

i.
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'CaseLQ.0llwasidesigned to simulate deliberate ignition indepen--

dont of AC power and deliberate ignition-systems currently
: . planned:or installed do not have igniters-in the ice compart- q

,

ments.-:Second.cCases Q.000 .Q.02o, and Q.03o are non-physical, ~ j
'

i' .their sole purpose is'for comparison to calculations made by
|

others'with MARCH which does not compartmentalize the~ ice.
{ | region. 1Hence, there was no point in postulating ignition in.
| theLice compartments for Cases Q.01, Q.000, Q.02o, and'Q.03o. ~

The;results for these casestare summarized in. Table 6.''

Table 6. Sensitivity.to Nonnechanistic Ignition Threshold'

i .

Peak
.

Preburn Dome Peak
Case Ignition Limit Press.& Hydrogen- Pressure Temperature

No. Type %H2 kPa (psia) %H2 kPa (psia) K.v

. (F)-
t

i Q.01 DI ex IC 8.0 328.(48) ~ 8.0 730 (100) .1630 '(2470)
O.000 Nonnech 10.0 305 (44) 6.8' 670 ( 95) 1670 (2540)'

{ Q.02o 'Nonnech 12.0 300.(44) 6.6 650 ( 93) 1770 (2720)
1 Q.03o Nonnech 30.0 * * 350 ( 50)* 2040 (3220)

! *No combustion'in the done
b
: The results presented in Table 6 are somewhat. counter-

L intuitive. The peak temperatures increase with increasing
j ignition threshold, but the peak pressures decrease. This can

~

! be explained as follows. The peak temperature for all four

|
cases occurs in the upper plenum (Compartment 2). The more

i hydrogen burned in a single burn in Compartment 2, the higher

i the temperature. The peak pressure, however, is determined by
} burns in the done (Compartment 1) which, unlike burns in the

upper plenum, cannot expand into larger compartments. In Case

Q.000 and in Case Q.02o the igr.ition threshold (10% and 12%,

:

| respectively) is not reached in the dome, but burns propagate
i

into the done from the upper plenum of the ice-condenser. The
F

! higher the ignition threshold, the fewer upper plenum (and
| propagated ice region) burns. With fewer ice-condenser burns, ;

t the pressure is lower when propagation into the done occurs and
'

| hence the peak pressure is reduced. In Case Q.03o, with the

! ignition threshold set at 30% hydrogen, burning in the
j ice-condenser precludes buildup of hydrogen in the done to a

level (4.1%) which would permit upward propagation.
~

t-

i
: DEPRESSURIZATION PRIOR TO VESSEL BREACH

As indicated in Figures 1 and 2, the base case steam and
j hydrogen source terms predicted by MARCH are strongly concen-
! trated about the time of vessel breach. This is because MARCH

assumes that the primary system will remain pressurized untili

( the time offvessel breach. Cases V.00 and V.01 test the impor- -

|
tance of this assumption with respect to predicted containment

|
loadings. In Cases V.00 and V.01 the primary system relief
valve'(SRV) is assumed to stick open 8640 s into the accident

;
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when' MARCH predicts the core.will: collapse into residual water :

in the bottom head.. Relief thr,ough the stuck open relief valve-
reduces the primary-system pressure to below the accumulator
setpoint and delays vessel breach un'til 10150 s as' opposed to
9465 s for the"Q cases. Table 7. compares the peak containment
loadings predicted by HECTR with and without depressurization
prior to vessel breach.

. ,)=
~

y

When ignition is postulate'd shortly after vessel breach
(Cases V.00 and 0 08) primary. system depressurization prior to
vessel breach allows hydrogen to accumulate tcr significant
levels-in the dome before ignition.. _ In Case V.00 HECTR predicts.
14.5% hydrogen,'15.6% oxygen, and;11.0% steam in the done at cm ,

time of initial ignition, 5 s after vessel, breach. Obviously, 1
if ignition ir postulated shortly af ter vessel -breach, primary '

system.depressurization before vessel breach yields higher
loadings (Case V.00 versus-Case Q.08). ..However~:early primary,

system depressurization would also eliminate the high pressure e

ejection of hot core debris particles which could serve.as
ignition sources.

Table 7. Sensitivity to Depressurization Prior to Vessel Breach

SRV Peak Peak,

Case Sticks Ignition Pressure Temperature
No. Open Type kPa (psia) 1C (F)

0 02 No DI all 570 ( 83) 1180 (1660)Q.08 No VB+5s 540 ( 78) 1300 (1890)V.01 Yes DI all 660 ( 96) 1800 (2790)
V.00 Yes VB+5s 1050-(150) 1680 (2560)

When deliberate ignitihn is postulated (Cases V.01 and-
Q.02), early primary system.depressurization shifts both the ,

|

hydrogen release and associated burning to before vessel
breach. In Case V.01, an initial series of burns occurs in
Compartments 2, 8, and 9 after the relief valve sticks.open at
8640 s. This initial series of burns results in the inerting of-
Compartments 2, 8 and 9 due to insufficient oxygen. Subse-
quent ignition occurs when the hydrogen concentration in the
done reaches 8% at 9340s. The dome burn forces sufficient
oxygen back into the ice-condenser to result in simultaneous-
burning in. Compartments;2, 8, and 9. The pressure preceeding
the done burn is 270.kPa (39 psia). The-peak pressure for Case
V.01 is higher than for the corresponding deliberate-ignition
case (Case Q.01).with no primary system depressurization prior
to vessel breach. In Case Q.01 the dominant dome burn was
ignited by propagation-from Compartment 2 when the dome pressure

:was 300 kPa (44 psia) and the done contained only 5.14 hydrogen.

EXTENT OF IN-VESSEL Zr OXIDATION

Table 8 indicates the sensitivity of peak containment loads
to the extent of in-vessel Zr oxidation. .In.all of the cases in
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Table 8 the primary. system is assumed to remain pressurized until
vessel breach, ignition is assumed to be delayed until 5 s after
vessel breacu, and the ignition threshold is taken to.lui 8%
hydrogen. In genexal, the higher the in-vessel oxidation level,
the more hydrogen is available to burn after vessel' breach and
the higher the predicted peak pressures and temperatures.
However, for Case R.00-(49.4% in-vessel Zr Oxidation) the. peak
temperature is 135 K (243 F) less than for Case U.00 (39.4%
-in-vessel Zr oxidation).- In both Cases U.00 and R.00 the peak
temperature is predicted in the upper plenum (Compartment 2) and
is sensitive to the timing of successive ignitions.in this com-
partment, which in turn depends on the details of the source
term. In Case S.01, however, with 100% Zr Oxidation, sufficient
hydrogen is released to yield initial ignition in both the dome
and the dead-ended region with propagation downward from the
done into the ice-condenser. The peak temperature for Case S.01
occurs in the upper plonum during this initial burn. A higher

peak temperature is obtained for Case S.01 than for Cases U.00
or R.00 mainly because for Case S.Ol the upper plenum gases,

cannot escape.due to simultaneous burning in the dome'. j

Table 8. -Sensitivity to Extent of In-Vessel Zr Oxidation

Case In-Vessel Peak Pressure Peak Temperature

No. Zr Oxid. kPa (psia) K (F)

U.00 39.4% 407 ( 59) 1440 (2130)
R.00 49.4% 488 ( 71) 1305 (1890)
S.Ol 99.8% 704 (102) 2022 (3180)

STEAM SPIKE

Table 9 indicates the sensitivity of peak containment
loadings to the magnitude of the ex-vessel steam spike. In Case
0 08 and Case T.01 a large steam spike is postulated by invoking )
the IHOT=0 option in MARCH to model quenching of all of the !

debris as particles of 0.5 cm (0.197 in) diameter. In Cases !

U.00 and R.00, the steam spike is virtually eliminated by
|setting IHOT=2 to permit only 2 quenching timesteps to be taken
I

, by MARCH.
l

Table 9. Sensitivity to Steam Spike
'

Case Steam In-Vessel Peak Pressure Peak Temperature

No. Spike Zr Oxid. kPa (psia) K (F)

U.00 Low 39.4% 407 (58) 1440 (2130)
' R.00 Low 49.4% 488 (70) 1305 (1890)

.

T.01 High. 39.4% 602 (86) 1440 (2130)'

; Q.08 High 49.4% 535 (77) 1305 (1890)~

In all of the cases in Table 9 the primary system is assumed
to remain pressurized until vessel breach, ignition is assumed
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to' occur'in the' interval from 5 s,to 35 s after' vessel breach.
and the ignition threshold is.taken to be 8% hydrogen. By
eliminating the steam spike, the baseline' pressure for hydrogen ,

'

burning and the resulting peak pressures are significantly
reduced'. '

,

CONCLUSIONS AND CAVEATS
t

,A summary of all the cases an'd the key results from HECTR
can be found in Table 10. For comparison, the estimated fa'ilure
pressures for ice condenser containments range from 51 psia 6
(a lower bound fo'r.Sequoyah) to 155 psia 7

~

(an upper. bound for
Watts-Bar). The HECTR results discussed 'above indicate that for
TNLB' accidents in an ice-condenser..the peak containment loads

,

are strongly influenced by four factors: '
,

1) The timing of ignition which is difficult to predict
due to failure of AC' power and consequent failure of
present deliberate ignition systems,4

2) The extent of in-vessel Zr oxidation,
3) Primary system depressurization. prior to vessel

breach,
'

4) The magnitude of any ex-vessel steam spike.

A 1cwer bound to the containment loadings during the hour '

following vessel breach corresponds to Case U.Ol-in which a low
steam spike is postulated and burning is precluded. An upper
bound to the containment loadings during the hour following

I vessel breach corresponds to Case S.02 in which 100% in-vessel
Zr oxidation is postulated and ignition is delayed until one

: hour after vessel breach to maximize the buildup of hydrogen in
I the done prior to ignition. These are very wide bounds of

uncertainty and are due largely to the uncertainty in the time
of ignition and amount of zirconium oxidation. However, the
loads calculated by HECTR for Case S.02 are not absolutely
conservative because they are based on deflagrations, whereas a
detonation in the dome is possible.

We have no "best quesa" as to the containment loading which
would actually arise in a TMLB' accident in an ice-condenser
containment mainly because of uncertainties regarding the
factors (listed above) which strongly influence predicted
loadings.

'

The HECTR predictions show that detonable mixtures could
occur in the ice compartments; however, HECTR cannot calculate

. the loadings which might result from detonations of such mix-
t tures. Independently powered deliberate ignition throughout the

containment including the ice regions would virtually eliminate
,the possibility of detonations and permit a lowering of the'

upper bound on containment loadings. However, we have not
determined that such a deliberate ignition system would be
feasible or warranted from a cost-benefit (risk reduction)
perspective.
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Table 10. Case Descriptions arm! Stasary of itDC'm Results
'

Icp11 tion Peak loadings Peak Temp. Prelvrp Drae '

Pressure Temp. Ocup. 85 Civu11tionscase In-Vessel Steam Type * Limit-
Number of Burns by Ccapartment . psia (Cisp.8) F(Crsp.9) P ' psia. SH2No. Er Oxid. Spike lH2 1 2 3 4 5 -6 7 8 _9

0.00 49.4% High VD+5s 4.1 2 3 0 0 l' O O 1 4 87 (1-3,6-9) 2060 (2) 523 78 4.1
,

0.000 49.4% High Nonmedi.10.0 1 8 O O 1 O O 2 2 97 (all) 2540 (2) 1130 44 6.8 ,
"

,,

0.01 49.4% High die [IC 8.0 1 7 0 0 1 0 1 2 6 106 (1,2) 2470 (2) %1 48 8.0 '

O.02 49.4% High DI all 9.0 , 1 10 0 0 1 0 1 9 17 83 (all) 1660 (2) %8 44 5.1

0.02o 49.4% High Nmmech 12.0 1 8 0 0 1 O O 2 4 95 (all) 2720 (2) 1590 44 6.6 -

0.03o 49.4% Iligh Nmmedi. 30.0 0 1 O O O O O O 1 --51 (all) . 3220 (2) 302
'

- -

0.05 49.4% High. VB 4.1 2 9 0 0 3 O. O 4 9 90 (all) 3320 (2)' 695 67 4.1

0.06 49.4% High None - 100.0 0 0 0 0 0 0 0 0 0 48 (all) 327 (4) 293 - --

0.07 49.4% High VB 8.0 2 3 .O O O O O 1 1 90 (all) 3330 (2) 397. 68 4.1

h O.00 49.4% High VB+5s 8.0 1 2 O O O O O- 1 3 78 (all) 1890 (2) 395 33 6.1
<n
O O.09 49.4% High VD+10s 8.0 1 2 0 0 0 0 0 2 2 100 (all) 2170 (9) 462 36 8.0

0.10 49.4% High VB+20s 8.0 1 2 O O O O O 1 l' 123 (1,2) ' 2250 (8) 440 43 11.0

R.OO 49.4% low VB+5s 8.0 1 2 O O O O O 1 3 71 (all) 1890 (2) 394 33 6.1
^

S.01 99.8% Iow VB+5s 8.0 1 3 0 0 1 O O 2 2 102 (1,2). 3180 (2)' 1480 35 8.7

S.02 99.8% Iow VD+1hr 8.0 1 1 O O 1 O O 1 1 212 (1,2) 3000 (1) 2800 36- '' 22.7

, T.01 39.4% High VB+5s 8.0 2 2 O O O O O O 1 87 (1,2) 2130 (2) 386 66 4.1

U.OO 39.4% Iow VB+5s 8.0 1 2 O O O O O O 3 59 (all) 2130 (2) 350 32 4.6

U.01 39.4% Iow None 100.0 0 0 0 0 0 ,0 O O O 37 (all) 300 (4) 251 - - ,

V.OO 48.3% High VB+5s 8.0 0 0 0 0 0 0 0 0 1 152 (1,2) 2560 (1)~ 451 36 14.5

V.Ol 48.3% High DI all 8.0 1 8 O O O O O 5 8 % (1-3,6-9) 2790 (2) 478 34 8.0

*DIex1C -Deliberate Ignition eAcept in Ice Otspartments and lower plenum
DI all --Deliberate Igliticri an all compartments
VB -Vessel Breach
Nmmech.--Itvimedanistic Ignition
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HECTR results presented herein assume that the intermediate-
' deck doors'and the lower-plenum-inlet doors on~the ice-condenser-
would continue to-function to block, backflow.through the ice-
condenser. In some cases in which burning occurs in the-done,
substantial differential pressures are predicted across these
doors when.they shut to block backflow. . Based on previous
calculations, failure ~of the' doors to block backflow would alter
predicted containment loadings; however,:~more complete analyses
would be. required to firmly establish the significance of door-

~

* ,~

failure..

~

Finally, we can state that the temperature. loadings calcu-
lated in.the dead-ended region.(Compartment 5)'do not appear
severe when compared to the typical.450 K (350 F) qualification
temperature for electrical penetrations located there. Higher
atmospheric temperatures are predicted for some cases.during'

burns in the dead-ended regions:-however, these temperatures are
short-lived (<10 sec) and could~not be transmitted to the elec-
trical penetration seals within the time frame of the burns.
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COMPUTER AIDED PROBABILISTIC ASSESSMENT
-0F CONTAINMENT INTEGRITY-

J.' C. Tsal
. -R. A. Touchton .

1906 Woodleigh Dr., W. '6367 Hydepark Circle
-1.0 ABSTRACT 1 Jacksonville, FL' .32211 Jacksonville, FL 32210'-

' '

: In the probabilistic risk : assessment . (PRA) of a' nuclear? power-

p . plant J therei are three' probability-based techniques which' ~are ' widely -
"

used for event sequence.. frequency quantification ;(including nodal-
'

'

. probability ; estimation) . . 'Ihese three techniques' are thel event ~ tree
analysis, the fault tree' analysis and' the Bayesian _ approach for data-

.

base developnent. ;In the barrier analysis ; for assessing radionuclide
: ~ release to the ' environment ;in a : PRA i study,( these techniques are

employed .to : a greater extent' in estimating conditions 1 which could
lead to failure of the fuel _ cladding and the reactor coolant; system .

. (RCS) pressure . boundary, but to a lesser degree in1 the . containment-
.

' pressure boundary failure analysis._ The main _ reason:is that contain-
ment issues 1 are f currently still ''in a | state '. of flux.- -However,

programs are --in. progress by the nuclear industry and governmer.tal '
agencies to resolve the' containment" issues'and to._ provide :an improved -

: -data base,
,

j In this paper, the authors. describe briefly the, computer programs.
; currently used by the nuclear industry to .do . event tree analyses,

. _

fault _ tree analyses and tne - Bayesian update. : The programs. have been
; applied to various projects.such asLnuclear power plant PRA studies,

safety and reliability analysis:for defense related missile _ systems,- ;
j support for ' power plant life - extension studies and reactor vessel

pressurized thermal shock analyses. - The authors discuss ~ how these -,

. couputer aided probabilistic techniques might be adopted - for failure.
,

{ analysis of the containment pressure boundary. -|

2.0 INTRODUCTION

The functional requirement of a steel or concrete containment is
| to r.wintain its structural integrity and : to' provide a leak-tight
j pressure boundary under specified design basis leadings such as the
j earthquake. Icad or the pressure load due to a loss-of-coolant

accident. For safety evaluation of containments subjected .to'

loadings beyond the design basis, probabilistic risk assessment (PRA)-
~

,

-techniques are generally enployed to assess 1the frequencies of.

, accident sequences as well as consequences of containment failures.
In the'PRA studies. performed for nuclear power plants so far, failure'

criteria for containments .were mainly. based on . ultimate capacities
; conservatively established from analyses using a deterministic
; approach. Considerations ofileakages through the containment barrier.

before structural failure were limited in scope because of the lack
of'_ established analytical procedures & test data. However,' leakages

' are important in that they are directly related to the radioactivity
" release categories". which in turn significantly affect the results
.of the consequence analysis. 'Ihe purpose of this paper is to discuss
the probabilistic|-techniques currently used in PRA studies 'for-,

i .possible expanded application to the containment integrity issues.
i

I
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3.0 RISK-BASED DECISION-MAKING TECHNIQUES

In the PRA study of' a nuclear. power. plant, there ~ are three'
probability-based techniques which are widely used for event sequence
frequency quantification (including nodal probability estimation).
Sese three techniques are the event tree analysis, the fault tree
analysis and the Bayesian approach for data-base development. In the
barrier analysis for assessing radionuclide release to the environ-
ment in a PRA study, these techniques are enployed to a greater
extent in estimating conditions which could lead to failure of the
fuel cladding and the reactor coolant system ~(RCS) pressure boundary,
but to a lesser degree -in the containment pressure boundary failure

. analysis. The main reason is that containment issues are currently

still in a state of flux (References 1 & 6). As a result, rather

large . uncertainties are associated with the quantification of
containment failure probabilities. More definitive logic diagrams

and an improved data base are needed to improve the quantification of
containment failure modes and pathways. In the interim,.probabilis-

tic techniques which have been successfully applied for estimating
~the frequency of sequences leading to fuel cladding and RCS pressure
boundary failure can begin to be applied for the analysis of con-
tainment integrity in a systematic manner (References 2 through 5).
Programs are in progress (1984) by the nuclear industry (e.g., IDCOR
and EPRI) . and the U.S. government (e.g., the DOE and NRC-sponsored
research programs at various institutes) to resolve the containment
issues and to provide an inproved data base.

The following is a brief description of the three probabilistic
techniques.

3.1 Event Tree Methodology

An event tree is a logic diagram that tracks the series of
subsequent events in an acc1&nt sequence. It is made up of a finite
number of branching locaticos, each branch denoting the success or
failure of a psrticular plant system or function. Wese branch
points are referred to as " top events" and require careful selection
by the analyst on the basis of their effect on (cr significance to)
the subsequent courso of events. The event tree is drawn horizon-
tally with the initiating event (on the left hand side) as the first
top event. The tree is usually unde of binary branches with the
upper branch at each node (branching point) depicting the success of
the corresponding top event and the lower branch denoting its
failure. In branches of the tree where the . outcome of prior top

j

events obviate the singificance of the top event or where the top i'

event is of no relevance, no branching is modeled for that top event.

The probability of a sequence occurring is the product of
individual probabilities (of success or failure as the case may be)
for each top event along the sequence. Although the methodology is

-straightforward, the bookeeping can be extremely cumbersome for large
event trees. However, most of the bookkeeping is now handled by the

,

! computer. Figure 1 shows a simple event tree model for a fire hazard
j analysis.

-1

|

|
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3.2 Fault Tree Methodology

Fault trees are commonly used to evaluate the system unavail-
abilities (failure probabilities). he fault tree is a deductive
logic model used in the PRA for systematic evaluation of physical and I
human failures. Unlike the event tree, a fault tree is a display from
effect to cause of how a system my malfunction. The undesired
effect is at the top of the tree with a logic structure beneath, I

which identifies the credible causes contributing to the top event. ;

Fault trees .are developed down to the lowest levol for which " data
base" information is available. A fault tree is typically con-
structed and quantified for each system which appears in an event :

tree in order to provide the probability of failure for that branch
point (note that the success probability is 1.0 minus the failure :

probability for binary branches). Figure 2 is an example fault tree
display.

.

3.3 Bayesian Approach

The Bayesian approach is a well established statistical tool for
data reduction. It provides a form 1 way of explicitly organizing and
introducing into the analysis assumptions about prior knowledge (or
distribution). This knowledge my be based on past generic industry-
wide data and experience, engineering judgement, expert opinion, and
so forth, with varying degree of subjectivity. he parameter es-
timates will then reflect this knowledge. We approach allows the
incorporation of belief and information beyond that contained in the
observed data and the assigning of a distribution that describes the

.

analyst's belief about the values of the parameter. This distribution
is called the prior distributicn. The approach also provides a formal j
way of updating the generic prior distribution when new evidence a

beccmes available, as well as providing a procedure for cbtaining I
plant- or application-specific paramater estimates from the generic $prior distribution based on the plant-specific evidence. The updated, I
or specialized, prior is called the " posterior distribution" because sj
it can be derived only after the evidence is incorporated. The prior -

reflects the analyst's degree of belief about the parameter before
such evidence; the posterior represents the degree of belief after 2

incorporating the new evidence. Plant-specific estimates are then Y
"

obtained from the posterior distribution.

4.0 RISK BASED DECISION MAKING COMPUTUER CODES

4.1 Event Tree Computer Program

A significant part of the PRA study is the constructicn and quan- j
tification of event tress. Computer programs have been developed to =
facilitate the task. A typical program such as ETC (Pickard, Lowe & =
Garrick) or ARBRE (Westinghouse) has the ability to document the _'
construction and quantification of event trees with mny branch ]
points and thousands of paths. he significant task performed by 2
the program is the calculation of the end point probability for each _-

^

=
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of the sequential paths through the event tree, given the probability
of failure or success of each branch point. Branch points may
represent systems, operator actions, signal actuations or pheno-
menological events. One of the nnjor features of the the program is
that the failure probability and conditional failure probability
input files can be quickly modified such that sensitivity studies can
be accomplished expeditiously.

4.2 Fault Tree Computer Graphics System

An inherent part of PRA is the construction and analysis of
detailed fault trees. This, too, can be computer assisted, by a
program such as GRAP (Babcock & Wilcox) or GRAFTER (Westinghouse)
which is a graphics system to efficiently perform fault tree analyses c

of conplex systems. The graphics system provides the analyst with
the capability to construct, revise, and prepare for quantification
fault trees in an interactive mode at the computer terminal.

4.3 Fault Tree Evaluation Codes

Computer programs have been developed for the qualitative and
quantitative evaluation of fault trees Examples are the "WAM" family
series of codes & FTAP/ SAMPLE. The GRAP code automatically interface
with FTAP & SAMPLE to determine the minimal cutsets and the failure
probability distribution function for the top-event of the fault
tree.

4.4 Matrix Manipulation Program

CROSS (Pickard, Lowe & Garrick) or BORIS (Westinghouse) is an
example computer program that performs the overall risk assembly in
PRA. It executes the nutrix multiplication process to consolidate
the results from the individual phases of the study - Initiating
Event Categorization, Plant Analysis, Containment Analysis, and
Offsite Consequence Analysis. The output from each phase of the
study is a conditional probability matrix. The initiating event
vector is successively multiplied by the plant matrix, the con-
teinment natrix, and the site consequence nutrix. The output from
cach nutrix manipulation can be used to assemble a family of risk

. !
|

curves in the form of complementary cumulative distribution functicns
for various damage indices. It can also te used to obtain other

,

valuable information such as a list of sequences that dominate risk :

as well as their frequencies. In addition to the speed of cal- ;

culation and elimination of couputational errors, the use of a
-

computer to perform this function provides for efficient sensitivity
calculations and revisions to reflect changes.

5.0 APPLICATION & EXPANSION FOR PROBABILISTIC CONTAINMENT FAILURE
ANALYSIS

Existing PRA studies generally include containment event ttte
developnent, consequence analysis and failure probability estimation
of the containment vessel evaluated as a single conponent. To
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- '' achieve 1 greater' confidence fin . the | quantification i of containment
failure probabilities in" light;of the leakage issue, more definitive

-

logic diagrams;and an inproved data base 'can be developed.. to ingrove '
the;quantification..LA logical step which can be taken-.immediately is

~

to do sensitivity 'analysee to determine .the' predominant containment
_ -failure ' modes and leakage. pathways at the . eWnt level 1 using

the faultitree technique. : This measureiand other related procedures :
-are described in more detail in the'following.- '

4
5.1 Containment Event Tree Development'

'

A comprehensive |PRA must take into account .the behavior of ~ the-

containment.. The containment event treeiis a systematic tool used
L forJ realistically assessing : the ' containment's ability to prevent a

radionuclide release during degraded ' core accidents.' .The tree
provides the bridge between the plant analysis and the consequence-
analysis and 'provides La ilogic structure . forf ' assuring % that | all

# significant aspects of a core 1 degradation ' sequence are considered.' A
'

detailed core melt progression and containment analysis ;is performed .
to determine the fission product-release to the' atmosphere. |

.
t

5.2 Consequence Analysis
i .

resulting from release of fissionConsequence to' the public
..

.

products from containment is - evaluated. A concentrated airborne .
release would form .a " radioactive cloud" which would disperse away.
from the immediate vicinity of the plant. . The dispersion 'of the
cloud would depend on-meteorological stability, the intensity of the~

wind and its direction, rain and ' settling of fission products on the
_

i ground. Since the population distribution around the plant is - not
,

. -uniform, exposure of the population to the cloud would be determined
j: by the wind . direction, the population distribution, and evacuation
1 schemes.

[ .5.3 Failure Probability Estimatica

; Current practice of estimating the containment failure prot >-
ability based primarily on deterministic containment ultimate,

; capacity can . cnly satisfy part of the PRA requirements. For a more
}: comprehensive PRA study, additional experimental data and - failure
i - analysis based on more expanded leakage considerations are required
1 to upgrade the containment failure probability estimation. Initially
4 the test data and analyses will likely need to be developed from ,

|

specific plant considerations. As more data become available, the,
4

Bayesian update can be used to assemble the generic data and to apply
the generic data to plant - specific analyses.- More specific dis-,

cussion on the subject can be found in Reference 7.

5.4 S*-- ----wnt Failure Mode and Leakage Pathway

From the leakage' standpoint, different areas of the containment
will respond differently, developing distinct leakage characteristics

.

for the accident sequence being considered. 'Ib assess - the signif-
icance of each local leakage, analyses can be performed to determine
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which . local ' failure ' . modes Dand ~ pathways ' are the predominant c oon-i

tributors to risk. . Subsequent engineering. efforts can thus be
concentrated on these. predominant leakage pathways,Ethus making -more
effective use .of the industry's risk reduction' resources. For.

' application of this ~-local containment ' evaluation at . the e_Wt
levels the following ~ subdivisions 1of 1 the . containment pressure

I boundary are suggested:
4

a) Cylindrical or conical ma=hrane|shell-
b)? Double curvature membrane shell.

:. c) . Base slab . .

d) - Head / cylinder ' junction
'

'

e) : Cylinder / base slab junction
f) Equipment' access hatch-
g) Personnel locks _

. ,

>h) - Mechanical' penetrations (hot)
,

i) Mechanical penetrations;(cold)'

|j)- Electrical penetrations' ^

k) Containment isolation valves- !.<

1

I 5.5 Fault Tree Analysis'and Sample Model'-

. Most < of the containment ' leakage . pathways analyses can be done-

based on fault tree models developed at the subcomponent level (top -
4

event).- Situations may arise where couponent event _ trees or - system
4

i event trees .may also be needed. As mentioned -in previous sections,
substantial portions of the event tree and fault tree analyses ' are4

|
now fully automated and thus it is not - unreasonable to do; several .Iiterations to arrive at the optimal event / fault tree models suitable-

|
for the purpose. As more experience is gained' and also more - test .
data are developed, greater _ confidence in the ' containment failure,

analysis can be achieved accordingly. Figure 2 gives a sample fault
a tree model for leakage analyses of a typical containment equipment'

hatch.

:-

6.0 CONCLUSIONS

'PRA techniques which have been applied successfully estimating ,

the frequency of sequences leading to fuel clcoding and PCS pressurej boundary -failure can also be applied for the analysis of containment .
*

integrity. -In conjunction 'with industry and governmental efforts to!-

resolve the containment issues and to provide an improved data base,. '
,

sensitivity studies can be embarked upon based on fault tree method-,
-

!

.,
. ology and other existing PRA techniques. These studies will help.

|
identify important parameters in the containment integrity issues and
guide the ongoing -and future research programs to focus on the

! important parameters.
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The Model Can Be Used for Presst.re. -

Leakage Through Temperature & External Loads Considered -
Equip. Hatch Either Singly or in Combination.
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ABSTRACT

A goal tree has been constructed to display the numerous
aspects of radioisotope containment in a logical manner which
preserves the hierarchy of the various objectives. This goal
tree has been examined in terms of potential usefulness as a
training aid, as a framework to use as a guide in considering the
recovery of containment, and as a framework to examine the
adequacy or relevance of various regulations.

INTRODUCTION

In the design and operation of the nuclear plant containment
building, assurance of optimal resource allocation hinges upon
the designer / owner's understanding of the required design goals
and clear definition of their relative importance toward
achieving the containment tunctional objective. To provide the
analytical framework within which this "importance" can be
recognized, understood, and quantified, it is necessary to
develop a containment building model which provides a clear
visual representation and analytical integration of all the goals
necessary to meet the containment functional objective.

A measure or success for the containment building must
reflect the degree of protection it affords the general public
should there be a breach of the primary confinement barrier
around a high-level radioactive source. Because ot the
multiplicity of initiating mechanisms and ensuing scenarios
involving failure of primary confinement barriers, it is near
impossible to define a single measure of success. The challenge
to containment is affected by both:

o degree of damage resulting from the initiator
of the accident sequence scenario,

and,
o time for which there is a transport path to

containment atmosphere,
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and various combinations of the two.

Clearly containment must respond in a way so as to minimize
the effects'on the public from all such postulated scenarios. As
a result, success cannot be measured on the basis of a simple
" fail /no fail" criterion. For example,- if' containment is lost,
immediately attempts would be made to reestablish the boundary,
or minimize transport of radioisotopes through the' breach, so
that .the effects on the general public can be minimized.
Considerations similar to the above indicate that analogous goals
should be identified explicitly in the design phase and ;

accommodated, if justified economically, in the final containment ;

design.

Identitication ot all goals, so that each can be addressed
in the design phase, must not only be complete,.but represent a
defined hierarchical structure to allow evaluation of importance
for each. Quantitication of "importance" for each goal provides
the underlying mechanism for optimum allocation of performance
requirements in a way that their contribution to the containment
function is always satisfied at minimum cost.

To provide a toundation for evaluation ot future generic and
plant specific containment building analyses, a functionally
oriented containment. goal tree model has'been developed. The end
product is both a tool which allows unambiguous definition of the
interrelationships between hardware systems and the way in which
they contribute to the containment objective, and a rigorously
defined analytical model which can be quantified to provide
measures of relative "importance" for containment hardware and
functions.

It is anticipated that this model can be used both for
evaluating the risk significance of events in an operating plant
which appear to attect containment performance and for
estab11shing risk benefit criteria for tuture modifications, or,

can be used as a basis for the allocation of performance goals
during the design process.

CONTAINMENT INTEGRITY GOAL TREE

The structure presented here ir an outgrowth of the
Functional Classification presented by D.II. Walker (ref. 1). It

also has some teatures which arise from the Integrated Approach
described in reference 2. We have attempted to rigorously
structure this tree according to the following simple guidelines:

(1) For each box, one can look "down" and see how that
functional ODjective is attained, and

(2) For each box, one can look "up" and see why that
functional objective is required.
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'The;; goal tree we. have developed for Containment Integrity...l. app ies- primarily, to. Pressurized Water ReactorsLandLis. displayed-
: in JFigures 1: (,through 3. Thentop structuretof;the tree is basedi
=upon. a :recognicionL,.that; the publici-health- is .: protected "by , N

,. . minimizing; Lthe Lrelease or ; radioisotopes,;~ described here =as. -
s

E ' maximizing . the'fcontainment of radioisotopes. . The containment of,
Lradioisotopes is- accomplished ~by establishing La trugged shell,

! which. is: -nominally leak-tight,xandithen' minimizing.the amountJof '

| cradioactive material transported'across the' barrier.
i

l- Figure |1- details the -considerations. 'which affect- the, ,

. transport ot: . radioisotopes, given. some leakage .through . the'
.c o n t a i n m e n t .- boundary. This: ' radioisotope transport is.keptato a:g

. minimum by . minimizing' both: the . amount of;: leakage and-_the
concentration of'; radioisotopes within the containment' atmosphere-
-which.is leaking.

Figure 2 provides .a . continuation ofLthe:left-hand side of -

Figure- 1, focusing upon the. establishment ~ ot a- containment
envelope ' around- .the " sources of-radioisotopes in a nuclear power
plant. We 'have_ only. developed a detailed consideration for

I containment of radioisotopes -. ithin the reactor core,;the|mostw
important source. Nuclear plants-are constructed with multiple-
physical- barriers to contain fission - products during normali
operation and particularly in the event ot an accident. These
barriers include-leak-tight claddingiof the fuel, the envelope;of
the reactor coolant system,' and the containment vessel. -The-two
goals, " Control' All RCS Boundary Penetrations" and " Control All
Containment Boundary Penetrations," are not necessarily totally
independent.. It is ' of considerable importance to review these
two sets of penetrations for common elements since such

'
penetrations have the potential to be common cause failure points
for two levels of containment. i

Figure 3 provides a continuation from Figure 2 and presents
considerations which support the goal of maintaining loads
applied to the containment at or- below design levels.

p Consideration is given to loads which arise trom explosive
combustion, from generation ot noncondensible gases, from
internal impact loads, and from pressure due to steam. The
pressure due to steam at saturation conditions is dependent upon
the- energy per unit volume in the vapor. One approach to
controlling this parameter is to cluster nuclear plants into a
power park with an empty containment building available to allow
:an increase in the effective volume of containment, if needed.
The primary approach to pressure control involves design of
containment volume so that design pressure will not be exceeded
in, the short term and provision for energy removal to-avoid.

i pressure escalation in the long term.

.,
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J' APPLICATIONS

.This ' goal-; tree;Lprovides La: : logical [ display of[the various-
'' ~ facets which'' enter into_ af. complete' -analysis ,-of.. radioisotope

containment.' We will'look1briefly.at three applications ot such
a goalltree.

,

b,
'

Use As A' Training' Aid;
i '

.The logical layout ofithe. goal tree 1provides an overv'iew'of.
; radioisotope ~ containment: requirements. This pictorial"model ots

: containment ~ features can.' lead to.a logical approach in response-
.

,

'to any unusual challenge that might face _a, plant operator.'

4

Framework For Prioritizing|hecovery_ Potential- j
!
'

j: . Figure 1, -on .the. right-hand side, _ focuses upon objectives s

that become important when. the integrity of'.the containment
;

;. boundary has been compromised. .The potential. leakage which would-
) result from ta11ure- of a componenttof the Containment Isolation

System can be reduced by rapid diagnosis and response in order toi

; complete the :1 solation process. The response _ -_ time - can. be-
{- minimized by providing appropriate- sensors. to_ give useful

j ~1nformation, .by providing- automatically controlled- response
systems where appropriate, and by providing proper training.a

If excessive leakage still remains,after ensuring that all
part-of the Containment Isolation System are inj valves- that are

; the proper position, efforts would presumably shift to either

I isolate ~ the leak path through additional valve closure or by some
means of mechanically plugging of the leak path. Such an action
is unilkely to ce possible on a spur or the moment action and
since it is such an unlikely requirement at any one site, this

;
i item would seem to suggest the development of_a single response r

i team on an industry-wide basis. Such a group might have very
specialized training and apparatus prepared to deal with the*

| low-probability but important issue of a teaking containment..

| The many scenarios that might be considered might even include
! the development of an appropriate device to seal off a " blown.out ,

! penetration" 'atter the containment has depressurized. For

; long-term management of such a situation, it might still be

: valuable to restore the containment integrity.

| -This :same tigure also- indicates a possible objective ot
! ~" Filter Radioisotopes From- Atmosphere At Point Of Leakage."

! :Again, this- might be an accomplishment that could be carried out
| :by a single special response ~ team. The removal of particulates

|: from the escaping gas would seem to=have obvious benefit and one
! might 'even ; conceive of situations in which a continuous spray of. L

i water might have a desired reduction of escaping iodine levels.
I
L

L
'

'
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" 'FrameworkLFor Prioritizing Regulatory. Requirements

:The goal' tree as'it has been' demonstrated in-Figure 1 can . ' be .
useful- in determining and justifying.the adequacy ~or: necessity.ofs t

'a containmentf systemL oria regulatory-related_backfit for such a
_

system.' .In this process.a required-containment > system or backtit
# :must . in '- some way improveLthe. performance in meeting;one:or more

-of the goals .shown; in the goal. tree. Thus, a determination of' i

the adequacy :and.Lextent to which 'a system'satistles'the-goal
^

should be made._This would provide a means of systematically.and
logically evaluating .the need and necessity of..a system and.also-
-provides a mcanc:ot identitying how well.it satisfies or improves' ;

the ultimate goal. of " Maximize Containment ~.Of- Radioisotopes-
Within Nuclear: ' Plant." .A similar approach can also be used to
show the ' impact: or new- procedures related' to- containment-

integrity systems.
.

As a- specific example, let'us consider a containment spray.-
system- or- a modification to- such_ a system. It will attect
significantly _ multiple goals, including " Scrub The-Atmosphere,"
" Minimize _ Driving Head- Across Leak Path" (due to the
depressurizing effect of the spray), " Provide Adequate Internal
Energy Sink" (the containment spray system usually provides
injection of water from an external tank into the containment,' ;

water whose considerable heat capacity retards' -temperature
increases), and " Maintain Containment Energy Removal Capability"
(many containment spray systems have a heat exchanger aligned
during recirculation).

The goal tree provides a mechanism for finding competing
risks that may be affected by a single regulation. This
structure provides help in identifying negative impacts in one
-area which result when a "fix" is provided to a specific problem
in another aren. As an example, a modification .to the
Containment Spray System could attect the system's ability to
meet the various individual objectives, some positively and some
negatively. The goal tree can be useful as a part ot the
decision process in evaluating potential changes.

!

!
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FIGURE 1 TOP OF THE GOAL TREE STRUCTURE FOR RADI0 ISOTOPE CONTAINMENT
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THERMODYNAMIC CONSEQUENCES OF LEAKAGES ,

IN A DOUBLE CONTAINMENT DURING' SEVERE ACCIDENTS
'

|

M. Tiltmann
Gesellschaft fur Reaktorsicherheit (GRS) mbH,

Cologne, Germany
.

ABSTRACT

For a large nuclear power ' plant under normal operating con-
ditions, a leakage rate- for the Containment of 0.25 Vol
%/ day is admissible. During & successfully controlled LOCA,-
leakages of the containment will.be released through filtersa
by the annulus * air. exhausting i system into the environment.
During a ~ core melt accident, a pressurization of the con-
tainment has to .be expected, - which could lead 'to a failure
of the containment-due to overpressurization. When openings

,

in the containment steel shell will occur before a catas-
trophic failure could happen, a depressurization ~ into the 1

annulus takes place. The area of the openings determines
the depressurization rate and the thermodynamic conditions
in the annulus. Furthermore, the behavior of the components
being necessary for accident mitigation is influenced too.
This paper discusses the thermodynamic consequences of leaks
in the containment shell of a German PWR during a core melt
accident. The results of those calculations are the neces-
sary boundary condition for the estimation of fission product
retention in the annulus.

Introduction

This paper presents preliminary results of the German Risk
Study, Phase B, being sponsored by the Federal Ministry of
Research and Technology. The presentation deals with the
behavior of a German PWR-Double Containment in case of a
typical core meltdown accident which leads to containment
failure by overpressurization. According to Reference 1,
containment failure due to overpressuriration is expected to

! be the most probable mode for fission product release to the
'

environment. In Reference 1 too, it was assumed, that fis-
sion product release caused by leaks in the containment steel
shell is directly spread out in the environment without
taking into account the retention of fission products in the
annulus. In the following, the thermodynamic consequences
of leaks in the steel shell of a double containment are dis-
cussed for a postulated core meltdown accident in a 1300 MWe

* Annulus between the containment steel shell and the outer
concrete shielding.
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PWR. Therefore, the concept to the typical German PWR con-
tainment is introduced with the reactor building, the
annulus, the annulus air exhausting system, and the outer
reinforced concrete shielding.

The Typical German PWR Containment

The : nuclear power plant containment which retains radio-
activity during accidents consists of a gas-tight, spherical
steel vessel of 56 m diameter and 30 mm wall thickness. The
containment is enclosed by an external reinforced structaral
shell (the secondary containment), with an air exhausting
system for the annulus lying in between. The reinforced
structural shell of about 1.5 m thickness protects the
reactor system against external events and shields the

environment against direct radiation from the containment
during accidents, Figure 1.

The secondary containment is not absolutely gas-tight.
Ngrmally the untightness is in the range of 2000 - 3000
m3/h at 4 mbar subatmospheric pressure.

The steel vessel contains a number of pipelines and cable
penetrations needed primarily to operate the systems located
within the containment. These penetrations are gas-tight
and pressure resistant and can be isolated by at least two
valves in series.

During an accident with loss of coolant, the reactor protec-
tion system closes the building isolation valve. Thus all
pipeline penetrations not needed to control the accident are
automatically closed off. The annulus of about 2 m width
between the containment and the reinforced concrete structure
is kept at subatmospheric pressure by means of the annulus
air exhausting system. Thus radioactivity release due to
smaller leaks from the containment can be detected, moni-
tored, and released through filters and stacks.

Accident Sequence

For the following accident sequence, the availability of
electric power is a main assumption. In the event of a
loss-of-coolant accident, a double-ended break of a reactor
coolant pipe is first followed by a regular emergency coolant
injection from the accumulators and low-pressure systems.
However, a failure prevents the low-pressure systems from
changing over to the sump recirculation mode of operation
(approximately 20 minutes after the inception of the

accident).

-184-
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iThis(chain of eventis- leads ItoYa core ? meltdown at the. pressure c,

.existingpin~ side the containment land . is < referred to as low .4

i. 'pr essurei' core T aeltdown ? : case . .At the ' time when the' change-i

over. to the sump recirculation. mode fails, :the ' core L region>
-

in the . reactorD pressure Lvesselnisbassumed ; to be- completely -;-

Jreflooded..
~ ' "

Af ter about-' 0.7m h,- the ' waterJ 1evel has-i_ decreased to the top
nof: the xactive core as a consequence of the evaporation fof4, '

.

+ the coolant by . decay heat. . Core meltdown. will s tar t i about-
1.1 h af ter blowdown. - At Labout': 1.~ 4 h , . thei lowert grid plate
of the core is- assumed to : fail.. The - molten f . material . is
expected to slump into the lower plenum of the,RPV. Residual '

water inside the-plenum will.be. evaporated, before about 2.5 L -
~~

h Laf ter blowdown. Also the :RPV is , supposed toJ fail at the. !latest due to the attack <of-molten material. !

The - failure of 'the- PRV - marks the end : of y the in-vessel-melt-
' phase of the accident.

In the subsequent ex-vessel-melt phase, melt-concrete inter- >

action will decompose thermally the concrete of. the founda-
.

tion c of the reactor. building. . Besides . the erosion Lof the -

concrete--in. FRG predominantly- silicious concrete is
used--the release of ateam and gases like CO , .CO, and2 ,

H2 have to be expected from the melt.
t

r

Figure 2 'shows the pressure of the containment atmosphere ,

versus time in the " low-pressure case." Additionally, the '

partial pressures of several components ~ of ' the containment
atmosphere are given in Figure 2. I

According to Figure 2, the expected failure pressure of the
containment steel shell will be exceeded af ter about 4.5 '

days. This _ time is mainly ~ depending upon the heat transfer
from.the hot outside of the steel shell to.the atmosphere of
the annulus. The expected failure pressure will be exceeded

,

after about 3 days by the assumption of an insulated outside
surface of the containment steel shell without-heat transfer
into the annulus. The long-term pressure increase-is mainly
a consequence of the increase of the partial pressure of '

steam after the contact between melt'and sump water as a-

result of melt-concrete interaction. This contact occurs
when the innermost. shield inside the reactor cavity, which
initially separates sump water from melt, has been penetrated
by the melt. At the expected failure time, the contribution
iof noncondensible gases (H , CO , CO) to the pressure of-2 2 ,

the containment atmosphere'is of minor importance.

i

I

i
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Results
'

Investigations of the strength ~ behavior of the containment
vessel - show . that certain leaks may occur. at weak points of
the containment . when the -design' pressure is exceeded. The._
causes of - leaks in the containment 1 vessel above the design
pressure are not discussed in this paper.

2 Because of their inherent-removal of masses and energy, leaks
in the ; containment vessel lead to_a pressure reduction in
the. containment. The gradient of this. pressure reduction is
determined by the size of the leak.

The plant' configurations outside the containment vessel,
.such as annulus, outer concrete- shield and -annulus air

exhausting system, as well as-the environment,.are influenced
in different ways by the' size of the containment leak. The
size of the leak also determinds the release ' pathway to the
environment. The followinylbasic possibilities. exist in

this context: _-

- In the case of small-sized leaks, the annulus- air
exhausting system working at the upper. operating point
is not capable of maintaining the subatmospheric pres-
sure in the annulus; , the pressure in the annulus is
somewhat above the environmental pressure so that '(in
addition to .the fi'ltered material handled by the
annulus air' exhausting system) unfiltered activities
reach the environment through leaks in the outer con-
crete shielding. -

In the case of' 'mediu m-s iz ed leaks, the annulus air-

exhausting system fails (pressure builds up in the
annulus 50 mbar),,but the, openings into the environ-
ment and the auxiliary' building remain closed.

. . .

In the case of largersize leaks in the containment-

vessel, the sudden prepsure builds up in the annulus,
which follows the' occurrence of a containment vessel
leak, may lead to. a Tal19re of both the air routing
system and the filtsrs or the ventilator. This pres-
sure buildup also exch9ds the pressure resistance of'
the doors leading toJ tje * reactor auxiliary building
and to the environment.C The result is a direct release
of containment vessel,, leakage to the environment. Also

compare Figure 3. .,

The following is a description of the thermohydraulic effects
which variobs leak sizes in the containment vessel have on
the pressure and temperature histories inside the contain-
ment. It is assumed in this context that the parameterized

~ '

1 ,

i .
*

Yu

', m.
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I1'ea'k)iopeEings1 under . L review ? insid'e. thel containment -vessel
"

Ebecome effectiveishortlytbeforeitheJpostulated1 failure pres-
.

. surel of ' 8.5 - bar ' is '.' reached. .
|

| As :far Jas|Tthe investigation of 'containm$nt pressureq reduc--
~

.

tionsias a L result of leaks nin~.the : steel sh' ell _is Econcerned,
:the 7most; . interesting; aspect. to startL;with" is; the minimum

.

size Lof ~ the ~ containmentivessel -leakiwhich,. onf the ~ one ' hand,=4

prevents 1 the . pressure inside the . containmentc from -increasing
any furtheri and, onf the ;other hand, ~ does :not ~ interfere. with

~

.

' the1 function dof 'the' subsequent : components _- such Ha's annulus?
- and i annulus > air : e'xhausting : system. The. minimum leak: size in

'

the-containment vessel,3 which-is determined by'parameteriza-
tion 4 corresponds.to a'. leak. diameter,ofLapprox. 4 cm - (4 ~ 14 -
cm2 ,of leak. area) with respect to . the core: meltdown' L acci- -.

-

._

~

outlin'ed = before E ; Although ' the . sudden. ' occurrence' ofdent.

. .thiscleak area:in the containment. vessel, shortly beforeithe- !
L . overpressure failure, ?causes'_as pressure : increase.~in- the-

annulus, this increase-~ remains below the. pressure' difference
of : ~50 mbar,= which *1eads to .a ' f ailure of the annulus air- i

j exhausting system.-
:

The pressure _ difference'- required to open- the' doors is,
.

approximately 100 mbar.
,

'

Thus , ' although the: annulus air exhaus ting . - sys tem remains~
_

operative after the occurrence of the: leak, it is .' not. suf -
ficient to produce a subatmospheric pressure ' againl in the

4 annulus,. as is indicated in the. time range depicted by~

Figure.4. _Beginning at this point. _in time, in addition to-
! the filtered material discharged through' the stack by the'

annulus air exhausting system, there is'also a release of
. unfiltered material through -the leaks .in the outer concrete

j shielding. The time range depicted in Figure 5 shows this:
2 unfiltered leakage from the annulus to the environment.- The
i corresponding calculations are based on a - cumulated flow
i area of approximately 300 cm2 e a diameter of 20 cm. -The
! flow rates from_the. containment vessel and the exhaust rates-

of the ' annulus : air exhausting system are also depicted in-
Figure 5.- The diagram shows that somewhat more - than one,

| half of the' escaping masses are filtered ~ by the annulus air
; exhausting' system.
i

The- time range in Figure 6 shows that the pressure inside
the containment vessel is maintained at approximately18 bar

; .af terL ' the leak has occurred and that a moderate decrease
i follows as a result of the decreasing residual heat.
i

Figure 8 shows the overall pressure history in the contain-
3. ment vessel _ and the pronounced pressure stabilization after
j .the opening of the leak.
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As an example, of a large leak in the containment vessel, a
300 cm2 leak was considered in view of its effects on the
annulus, the annulus air exhausting system and the release
of activities to the atmosphere. This postulated maximum
cross-section leads to such a great pressure buildup in the
annulus that it causes a failure of the annulus air exhaust-
ing system. Furthermore, this pressure buildup causes the
opening pressure difference to be exceeded with respect to
the doors leading from the annulus to the environment and to
the reactor auxiliary building, so that there is a direct
release of the annulus content into the environment.
In this context, Figure 4 shows a.certain time range of the
pressure' history in the annulus where the admissible pressure
difference of 0.1 bar at the doors is exceeded. A pressure

equalization between annulus and envi'ronment is then caused
by the large openings of the doors.

Figure 7 shows the masses released . from the annulus to the
environment. On a ~ long-term basis, -they are identical with
the outflow rates from the containment' vessel.
Within approximately 5 hours, the pressure inside the con-
tainment vessel has come to match that previaling in the
environment, as is indicated in Figure 6. The relatively
fast pressure reduction in the containment vessel through
the large leak opening is again depicted in Figure 8 as part
of the overall pressure history.

Conclusion

Apart from the existing retention capability of the annulus
with respect to fission products, the investigations reveal
that, in the event of a core meltdown accident, relatively
small leak cross-sections in the containment vessel are'
already sufficient to prevent a disastrous overpressure

failure. The configurations outside the containment vessel,
such as annulus, annulus air exhausting system and outer
concrete shielding, are not jeopardized as far as their

integrity is concerned. Within this range of leaks

(approximately 50 cm2) in the containment vessel, most
of the material that is discharged to the environment is
thus filtered before.

The above comments constitute a status report. The investi-
gations, and particular1,y those in the fields of materials,
have not yet been completed.

>
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CONTAINMENT. RELEASE MODES < RAIN 00T, AND RISK"
y

,

R. G. Spulak, Jr., and B. A. Boughton
Sandia National Laboratories

Albuquerque, NM 87185

,

. ABSTRACT
d

Reactor containment failure #due t'o overpressurization (from
generation of. steam and noncondensible gases or hydrogen burning).

1 after a core-melt accident will result in the release of-the
contents.of the containment atmosphere to the environment. The
coacainment atmosphere at failure typically contains radioactive
aerosol particles and a large. amount of steam. The steam content
of the release has been ignored in ex-plant consequence calcula-

), . tions.to date, which model the release as a plume of dry aerosols.
.

Our research has addressed the possibility-that condensationi

;~ of some of the steam outside the containment.could lead to depo-
sition of a significant fraction of the radioactive material
near the plant. This " rainout" of radioactive material could
drastically alter the calculated consequences of the accident
and have dramatic implications for exclusion radii and
evacuation and other aspects of emergency planning.

) We consider three types of release from the containment: a
" puff" from a large-scale rupture, a " jet" from a discrete hole,
and release from a " crack" or network of-fissures or cracks. The

; physical details of the exit from the containment is-different
i in each case, possibly leading to a different likelihood of con- 1

i densation and rainout.
I

! We have modeled each of these releases to the point where
1 the material begins to mix with the ambient air. In addition,
i we'have modeled the jet release from this point through en-
' trainment of ambient air, condensation and agglomeration of

water droplets, transition to a plume, and deposition of drops
on the ground.

:

i

J'

:
'

i

! |
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The likelihood of rainout in the jet case is most sensitive
to the ambient air temperature and to the initial number density
of aerosols in the containment. The exact containment failure
pressure is relatively unimportant. The puff and crack cases
also have the potential to produce rainout, perhaps with
different likelihoods and sensitivities. If rainout occurs in a
large fraction of accident scenarios, the exact mechanisms by
which the containment fails may be important.

INTRODUCTION

In a severe light water reactor (LWR) accident (core-melt),
the radioactive material of concern will be in the form of aero-
Sol particles suspended in the containment atmosphere. Present
accident consequence predictions model(l) the release from
containment as a plume of dry aerosol particles. However, the

containment atmosphere will typically consist of a large amount
of steam generated by the accident as well as noncondensible
gases. The possibility exists that this steam could condense
outside the containment during the release and processes related
to the condensation could deposit the radioactive particles near
the plant. If the effects were large enough, and occur in a
large variety of hypothetical accident scenarios, our predic-
tions of risk from nuclear power plants would be altered. In
addition, near-plant deposition would have implications for
exclusion radii and evacuation planning and other aspects of
emergency preparations.

There are four ways in which condensation of steam could
affect risk. First, condensation on the dry aerosol particles,
agglomeration of the resulting droplets, and later evaporation
of the water would result in large solid radioactive particles.
This process would affect their dry deposition rates. Second,

release of latent heat by condensation would make the plume more
buoyant. The effects of plume buoyancy have been considered in
past studies.(2) Third, condensation on the aerosol particles
would result in a fog of droplets. If this fog encounters sur-
faces, such as buildings or vegetation, deposition would occur
on those surfaces at a rate different than the dry deposition
rate. Fourth, the fog droplets could grow and agglomerate to
the point where they fall to the ground, taking a significant

I amount of radioactive material with them. We refer to this
process as " rainout."

Rainout appears to have the greatest potential to affect
predicted accident consequences. Therefore, we have been per-
forming research to study rainout and quantify its potential
effects. This paper focuses on one aspect of this research, the
initial release from. containment. We present a discussion of
three release modes: a " puff " a " crack," and a " jet." We also
use results from studies of the jet case, through deposition of
drops on the ground, to discuss the possible relative importances
of these release modes and why it may be inportant to know
exactly how the containment will fail.

-200-
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|RELEASE MODES i

For the purposes of developing models of the release, we have
'used containment predictions from the Quantitative Uncertainty i

Estimate for the Source Term (QUEST)(3) study. Specifically, 1

the pressure, temperature, aerosol size distribution, and steam
quantity have been taken from the " base case" of that study, a
"TMLB'" accident at the Surry nuclear power plant. We have
assumed that the containment fails at the time of reactor vessel
failure, when a pressure spike occurs due to the release of
steam. Containment atmosphere conditions at that time are
predicted to be: pressure = 6 atmospheres, temperature = 440K,
and 80% steam by mass. (It is not certain that the Surry
containment would actually fail at 6 ata.)

An isentropic expansion from 6 atm to 1 ata would condense
~10% of the steam. However, an actual release from contain-
ment would not be adiabatic, quasi-static, or reversible, so
either more or less steam could condense, depending on the
details of the release. We have modeled these details for
" puff," " crack," and " jet" releases. In this section, we
discuss each in turn. In the next section, we will discuss the
implications of the differences between these release modes.

Table 1 defines these release modes. The division into
puff, jet, and crack is based on the nature of the compressible
flow through the containment wall, which depends on the size of
the hole.

Table 1. Definitions of Release Modes

Mode Definition

Puff Release through a hole that is large
enough that the constriction does not
force the flow to sonic speed.

Jet Release through a hole such that the
constriction produces sonic flow at the
orifice.

Crack Release through a crack or network of
cracks such that friction keeps the flow
below sonic speed.

The puff release was modeled using a two-dimensional hydro-
dynamic code (CSQ) incorporating water and air equations of

-201-
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state.(4) This was done by initializing the calculation with
~6 atm of saturated steam in the containment volume, approxi-

5 kg) of liquid water in themately an equal mass (~1.3 x 10
bottom (representing standing water during an accident), a region
of ambient air surrounding the containment, fixed boundaries for
the containment walls, and no containment roof. Thus, the

release was straight up and the size of the hole was extremely
large, of the order of the cross sectional area of the

I
containment.

Figures la-lc show this release. The density of dots is
proportional to the mass density and the solid lines show the
boundaries between materials: air, water initially vapor, and
water initially liquid. (Note that in this simple geometry,
none of the standing water at the bottom of the containment is
released.)

The pressure equilibrium time is on the order of the time it
would take a sound wave to traverse the system. The sound speed
is ~400 m/s and the size of the containment is ~40 m, so the
equilibrium. time should be extremely short, ~0.1 s. In fact,

this calculation shows an equilibration time ~0.3 s, large-
scale hydrodynamic motion, and, therefore, high velocities of
the released steam, ~300 m/s.

The high velocity leads to two effects. First, a large
fraction of the internal energy of the steam is converted into
kinetic energy and ~35% of the steam condenses. Second, a

great deal of turbulence will be generated. As we will discuss
in the next section, insights from more extensive modeling of
the jet case indicate that turbulent agglomeration of the water
droplets, and, therefore, the presence of turbulence, is
probably necessary to produce rainout.

It is hard to interpret the 35% condensation of steam in
this calculation since only 10% should condense in an isentropic
expansion. Since the specific entropy of steam is greater than
the specific entropy of liquid water, and any non-isentropic
process must increase the total entropy, a non-isentropic adia-
batic expansion should lead to less condensation rather than
more. The greater condensation may be a numerical effect. This
calculation " cools" the steam within calculational zones by
assuming temperature equilibrium between the steam and (cooler)
air. Although this is a numerical effect, it is analogous to
cooling by turbulent mixing.

The crack case was modeled as a compressible flow with
friction assuming equilibrium thermodynamics. The computational

method used is described in Reference 5. The friction factor
and viscosity used were derived using methods described in
References 6 and 7.

The key parameters for this model are the width of the
crack, w, the path length through the containment, L, and the
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roughness _ height h. Table 2 gives typical values, for these
parameters and the resulting values of exitLvelocity, u, and
exit temperature, T.

.

Table 2. Flow Through a Crack

w(m) L(m) h/w u(m/s) T(K)

0.001 2 0.5 190 429+

0.001 2 0.1 284 416
0.001 20 0.5 76.3 437'

0.0001 2. 0.5 37.7 439
0.01 2 0.5 472 (Mach = 1)

Note that, by our definition in Table 1, a 1 cm crack is
shown to be a " jet," with sonic flow. Narrower cracks have
enough friction to keep the flow subsonic. The path length, L,
represents the true path through the containment wall, not the
wall thickness. The exit velocity, u, may be relatively high,
~200 m/s, but this i. very sensitive to the details of the
structure of the crack. Once again, the prospects for rainout
depend on the existence of high velocities leading to turbulent
agglomeration. However, in this case there is no condensed
water immediately after release. Condensation will occur only
after mixing with the cooler ambient air.

We have developed a detailed model of the jet case by
treating the release as a one-dimensional compressible flow,
using the extensive collection of experimental data on two-phase
jets to " benchmark" our analysis.

Initially, the jet expands isentropically from the orifice.
This accelerates the flow to greater than Mach = 1. The steam
becomes supersaturated because the timescale for the flow is
less than the timescale for water vapor to diffuse to the
aerosols and condense (and the latent heat to diffuse away). At
some critical supersaturation, homogeneous nucleation and con-
densation occur in a condensation shock (8), which is unaffected
by the presence of the aerosol particles (9,10),

After the condensation shock, the flow continues to accel-
erate and overexpand to a pressure less than 1 atm. To return
to 1 atm pressure and less than sonic speeds, the flow passes
through a series of barrel shocks which we have modeled as a
single normai shock. Shock heating re-evaporates the condensed
water so, just as in the crack case, condensation will occur only
after mixing and cooling by the ambient air. Figure 2 shows the
structure of the jet in terms of steam quality (mass vapor /
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total mass H O), temperature. and velocity.: The first-2;. discontinuity is the condensation shock and'.the-second is the--
+- normalEshock.-

-

' INSIGHTS FROM THE JET CASE =

We have developed additional models to describe the. jet
release after the normal shock. As. described above,.the initial

expansion through the containment wall does not result inLany-
condensed water, but the flow is high speed and turbulent.
(This may also-be true in the crack case, depending on the
structure of the cracks.) We have modeled the entrainment of
ambient air into the'~ jet, cooling and condensation'of the steam,
onto the dry particles, the evolution of the resulting aerosol
droplet distribution due to steam condensation and turbulent
agglomeration,-the plume-behavior,-and .the turbulent dispersion
- and deposition.of various size' drops onithe ground due to
gravitational settling. Reference (11) describes these models..

- We will not discuss the models here, but present the results of
calculations for discussion with respect to all'three release
modes.

We have performed' sensitivity studies and have found that-
the amount of condensation is most sensitive to the ambient air

~

temperature. In the absence of agglomeration-the final drop
size is relatively small, ~5-10 nm.

The deposition calculations indicate that itliis necessary to
have 200-400 na drops to get significant rainout. Thus, tur-

bulent aqq1omeration must act to get drops this large. To ensure
large drops, the, number cf aerosols must be relatively small (2-3
orders of magnitude less than the above number fron'the QUEST
predictions). This gives fewer condensation sites, increases-
the size of droplets initially formed by steam condensation, and
makes agglomeration more effective. The total number of
aerosols produced in a core-melt is very uncertain.(ll)

Thus, we see that there are three criteria for rainout:
low ambient temperature, a relatively small number (but not
necessarily small total mass) of dry aerosol particles, and
high-speed turbulent flow. The high-speed turbulent flow leads
to entrainment, cooling, condensation, and turbulent agglomer-
ation of the droplets initially formed by steam condensation on
the dry particles. An interesting point is that the jet release
results do not seem to be sensitive to the pressure inside the
containment, i.e., the exact containment failure pressure.

All three release modes have the potential to produce
high-speed turbulent flow. For some accidents (relatively small

total number of aerosols) under some conditions (low ambient
temperature) and some containment release modes (those resulting
in high-speed turbulent flow), rainout could occur. The
questions that must now be addressed are: what are the ranges

.

.
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of the parameter values that define the region of rainout? How
likely or frequently would values of parameters leading to
rainout occur? And what are the impacts of the resulting
rainout on deposition patterns and consequences? Our current
research is attempting to answer these questions.

SUMMARY

We have modeled the initial expansion through the containment
wall for three release modas: puff, crack, and jet, including
the steam and dry aerosol particle contents of the containment
at failure. We have further modeled the entire jet release at a
level of detail adequate to estimate rainout as deposition of
drops on the ground. Results for the three release modes and
insights from the extensive jet model results were used to
discuss the three relesse modes in general terms.

It seems possible that rainout could occur from any of the
three release modes. High-speed turbulent flow would result in
condensation and aggloneration of drops containing the radio-
active material initially released as dry particles. Both the
puff aad jet cases result in high-speed flow which promotes
aerosol agglomeration. The exact intensity and scale of the
turbulence depends on the hole size, among other things. The
crack case may or may not produce high-speed flow, depending on
the details of the crack structure.

The exact containment failure pressure does not appear to
aff9ct the likelihood of rainout. However, the ambient air
tetserature controls whether condensation can occur and the
number of aerosol particles determines the final drop size. The
number of aerosols produced in a core-melt may vary from accident
to accident and is very uncertain.

The likelihood of rainout thus may depend on the details of
the release, especially on the intensity and scale of turbulence.
Rainout has the potential to drastically alter the predicted
consequences of core-melt accidents. If the conditions for
rainout are found to coincide with likely accident conditions,
it may be more important to know exactly how the containment
fails than to know the exact failure pressure.
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normal shock.
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EFFECTS OF HYDROGEN BURNS AND .

FLOODED REACTOR CAVITY ON PUBLIC RISK

J. L. Maneke"
Nuclear Engineering Department'

Massachusetts Institute of Technology *

Cambridge, MA 02139
,

D. A. Dube
Northeast UMlities Service Company

Hartford, CT 06141

1 ABSTRACT

4 A scoping -analysis was performed to compare the risk
impact with and without a deliberate . hydrogen igniter..

system and a dry versus a flooded reactor cavity

'.
configuration in the Millstone Point Unit '3 containment. A
hydrogen igniter system was not found advantageous,

i Although the igniters would reduce the risk associated with
certain low probability sequences, other sequences were,

identified in which the igniters could conceivably increase
; the . risk to the public. The present, dry cavity

configuration was also determined favorable f rom - a riskt

! viewpoint, since vaporization of water in a flooded cavity
could lead to earlier containment overpressurization' in

! certain accident sequences.

Conclusions concerning these containment design
features were found to be applicable to both internally and
externally initiated events. These results were determined,

. not to be sensitive to order of magnitude changes in the
j values of the dominant accident frequency or the major

containment failure mode contribution.
INTRODUCTION

The response of the Millstone Point Unit 3 Nuclear
Power Station (MP-3) during core-melt accidents was

'

! investigated as part of the Millstone 3 Probabilistic
Safety Study (MP-3 PSS) [1] . Preliminary results of this

| study are summarized in an earlier report [ 2] . This paper |
summarizes results from additional analyses performed to

: discern the risk impact of a flooded cavity configuration i
or a deliberate hydrogen igniter system. '

i

!

; * Work performed at Northeast Utilities

,
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Under construction in Waterford, Connecticut, MP-3 is an
1150 MWe, Westinghouse Electric pressurized water reactor with
a Stone and Webster, subatmospheric type containment design.
Containment safeguard systems include two diverse spray systems

quench spray and recirculation spray. The pumps in the-

quench spray system draw water from a 4.5 million liter (1.2
million gallon) refueling water storage tank. No fan coolers
are present in the containment.

Certain design features of the MP-3 containment, which
could potentially influence the risk impact from severe
accidents, were identified in the MP-3 PSS such as:

o A net free volume of 65,140 m3 (2.3*106 ft) which is3

relatively low compared to typical large dry PWR
containments, and normal containment pressure of 0.7 to
0.8 atmospheres. This results in lower 02 inventory
available for hydrogen burns.

o An estimated mean containment f ailure pressure of 0.91
MPa (132 psia). Although this value is higher than
typical failure pressures for ice condenser or Mark III
containments in which hydrogen igniters are being
installed, it is lower than other, dry PWR containments
which have been investigated in other recently
completed PRA studies,

o A basalt concrete composition which is low in calciem
carbonate. Hence, the amount of carbon dioxi6e
generated during core-concrete interaction would be
lower than the amount generated with a limestone based
concrete,

o As shown in Figure 1, up to 4.7*106 liters (1.24*106
gallons) of water must be present in the containment
sump before water spills into the cavity compartment.
Thus, in the event of a core melt accident, the cavity
would be dry at the time of vessel failure. The cavity
design also minimizes the amount of core dispersal
under the high pressure conditions which coula occur
following vessel failure.

o A containment configuration that is "open" with respect
to the transport of hot gases, hence reducing the
probability of " hydrogen pocketing."

o The existence of a temporary opening (the access plug
in the primary shield wall) that could allow a flooded
cavity configuration with minimal expense.

An evaluation of these design features led to the
decision that the risk impact of a hydrogen igniter system
and a flooded reactor cavity design should be further
analyzed. Results from this research are presented in this
report.
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BACKGROUND

A hydrogen igniter and a flooded cavity would produce
several effects during a severe core melt accident.
Understanding the manner in which these effects interact is
necessary to determine the overall risk impact of these
features. For this study, a comparison of the containment's
thermal response during selected severe accident sequences was
utilized to gain insight into the implications of these
features.

Dry versus Wet Cavity Phenomena

The concentration of hydrogen and other combustible gases
would be higher in a containment with a dry cavity design due
to increased core / concrete interaction. The risk of
containment failure associated with increased basemat
penetration is also higher with the dry cavity configuration.
A flooded cavity design has the advantage that the molten
corium would quench much faster causing the containment to
rapidly become steam inerted after the debris contacts the
cavity water, flowever, the rapid generation of steam also
results in high pressures that could threaten containment
integrity.

Ilydrogen Ignition Phenomena

If hydrogen were to accumulate during a severe core melt
accident, it could ignite suddenly and produce a large pressure
spike that would threaten containment integrity. A deliberate
hydrogen igniter system could reduce the containment hydrogen
concentration by burning the gas in a controlled manner over a
longer period of time during the accident.

To evaluate the benefit of an ignitor system, it is
important to determine if the containment atmospheric
conditions are such that hydrogen ignition could occur.
Specifically, for hydrogen to ignite in a containment
atmosphere several criteria must be satisfied. First, the mole
fraction of hydrogen in the atmosphere must be greater than
about 8 percent for complete combustion to occur. In addition,
a molar concentration of oxygen greater than 5 percent is
needed. Finally, the molar concentration of steam must be less
than 5' percent, since significant hydrogen burning will not
occur in a steam inert atmosphere [3] .

Sequence Identification

Prom the wide spectrum of core-melt accident scenarios
examined in the MP-3 PSS, dominant accident scenarlos were
identified based on their frequency and contribution to
containment failure and public risk. In this report, the
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following nomenclature is used to identify the accident
sequences with three letters as described below:

The first letter refers to the accident sequence type

A - large break LOCA
S - small break LOCA (<5 cm in diameter) ;

S' - break in the incore instrument line beneath
the reactor vessel

T - transient with no break or rupture in the
reactor coolant system.

The second letter refers to the timing of core uncovery and
melt due to Emergency Core Cooling (ECC) performance

E - loss of ECC injection, leading to early core melt
L - loss of ECC recirculation, leading to late core melt.

The third letter refers to the containment spray systems
available

C - both quench and recirculation sprays available
c' - only quench sprays available
C" - only recirculation sprays available

(none) - no sprays available.

For example the SLC' sequence would designate a small
break LOCA with ECC injection, but no ECC recirculation or
containment recirculation sprays available.

Accident Sequence Selection

Dominant core melt accident sequences, as well as
sequences which contribute the most to public risk (early
fatalities and latent cancers) for internally initiated
events were identified in the MP-3 PSS. Results from the MP-
3 PSS indicate that the interfacing systems LOCA (or V-
sequence) accounted for over 99 percent of early fatality
risk f rom internally initiated events. Most of the risk of
latent cancer fatalities was found to come from two classes
of accidents: the V-sequence which accounts for approximately
28 percent of the total and the TE plant damage state that
accounts for 60 percent.

Since the V-sequence is unaffected by reactor cavity
state, only the TE sequence was used to estimate the
difference between the risk associated with a dry and a
flooded reactor cavity. The TEC and SLC sequences were also
considered in this analysis, since combined, they accounted
for approximately 62 percent of the core melt frequency. For
the hydrogen igniter studies, the TE, TEC, AE, and AL
sequences were investigated. The TE sequence was chosen
because it is the dominant contributor to latent fatalities
from internal events. The TEC sequence is the most likely of
all plant damage states and gives a containment response
similar in nature to the SLC sequence. Finally, the AE and
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being the most challenging to containment integrity, .given ;

the accident. '

_, ,

Although no calculations were performed for the SLC',
TEC', and SE sequences or any externally. initiated events,
the effect of cavity design and a deliberate hydrogen-igniter
system = during these transign'ts is also discussed.

,

-%
Methodology, N ''

The containment thermal analysis was performed using the
M ARCH ( 4 ] /MODMESH [ 5 ] /CORCON-M ODl [ 6 ] /COCOCL AS S 9 [ 7 ] series of
computer codes. The computational order,an6 some of the
phenomena modeled by these codes are shown in Figure 2. Data
input for each sequence was developed using data from
prior beat estimate analysis for the MP-3 PSS. The possible
benefit'6f having a flooded containment cavity was analyzed
by comparing the containment's response wit-h water present at
the time of vessel f ailure with dry. cavity results for the
sequences discussed above. Hydrogen ^ burn sensitiv~ity studies
were performed by varying the number, timing, and/or duration
of burns in the sequences selected. . , , , ,

''
s

There are severals 1, imitations to the thermal response
calculations performe( in this study. The containment's
volume is treated as a ' single node. a bJs limitation wouldr
particularly affect the hydrogen ignition studies since
neither the igniter location nor hydrogen flow past the
igniters is considered. N -

,

s . ss '
1 CONTAINMENT THERMAL RESPONSE . , 7

c s .
.,,

Results f rom this analysic are summarized in . Table 1.
In addition, Figures 3 through 6 Allystrat e' the difference in
certain parameters for wetYttnd7d ry ' reilctor cavities. A
discussion of the results for each of the sequences studied
is presented below.

-
,

,

TABLt 1 f a '
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E Sequence

.

fA dry cavity configuration was found advantageous for .
the 'MP-3 plant. As shown in' Figure. 3, ' steam
overpressurization with a wet ~ cavity 1could~ result'in
containment failure after 17 hours.. Since the-molar
concentration of steam is estimated to " reach the 55% =needed . |
for steam inertion within six' hours: (see Figure 4), the'

'

threat of hydrogen burn is negligible. Hence, there is no
real need for. hydrogen igniters.

In fact, a - deliberate hydrogen . igniter system could
increase the risk to the public in certain situations. In-

more than half of the TE sequences all AC power would be lost
to the igniters.and' sprays. If AC power were recovered after
1/2 hour, the sprays would condense the steam in the
containment, yielding a flammable atmosphere in which a-
. deliberate ignition of hydrogen could produce a pressure
spike severe enough to threaten containment. integrity..

-TEC and SLC Sequences

As shown in Figures 5 and 6, the containment's pressure -
behavior for the TEC and SLC sequences showed little
difference in the flooded cavity and dry cavity configuration
due to the containment sprays maintaining the pressure at a
.relatively low level and the basaltic concrete's relatively
low generation rate of non-condensible gases. Although more
hydrogen was formed in the dry cavity case, the worst. case
burn analyzed produced a pressure peak of 0.38 MPa (55 psid)
lower than the mean containment failure pressure. The
increased probability of containment failure due to basemat
penetration in the dry cavity case was also determined
negligible compared to the increased contribution to risk
with a flooded cavity.

Although a hydrogen igniter system was found to decrease
the amount of hydrogen buildup in the containment, the risk
reduction is small since pressures produced by worst case
burns without hydrogen igniters were not found sufficient to
threaten containment integrity.

AE and AL Sequences

In both the AE and AL sequences, a hydrogen igniter
system was found beneficial in preventing hydrogen buildup
and hence reducing the threat of early/ intermediate failure
by the pressure increase due to a hydrogen burn. However,
the very low probability of either of these accident
scenarios would result in the ignitors having a negligible
impact on risk.

TEC', SLC', and S_E Sequences

Although these cases were not specifically analyzed in
this study, the results were extended to estimate the effect
of a hydrogen igniter system and a flooded cavity design on

-216-



the risk. First, the presence of the quench sprays in the
SLC'. and TEC' sequences would help maintain the containment;

i pressure relatively low and make the containment atmosphere
steam inerted until late into the' sequence when substantial

i amounts of hydrogen would be generated. The flooded cavity
; design-would cause:

o A.slightly earlier steam overpressurization due to
vaporization occurring after vessel failure.-

. . . 3
o A reduction in hydrogen production due to less

core / concrete i'nteraction.
o No substantial-change in, risk since the containment

failure would occur late in these sequences whether
the cavity is flooded or dry.

For the SE case, it is expected that there would be a
rapid containment pressurization due to vaporization of the
cavity water.. There should also be a substantial reduction'

in the amount of hydrogen produced from core / concrete I
interaction and a significant reduction in the liklihood of l
hydrogen burn because of reduced hydrogen, more rapid steam
generation, and earlier steam inerting. However, the overall
effect of an earlier steam overpressurization should increase
the risk from the SE sequence.

!

Externally Initiated Events

For seismic events, the dominant contributors to risk
are the V-3 (crane wall collapse, large LOCA, containment
isolation failure), AE, SE, and TE plant damage states. The
V-3 sequence, which is in many ways equivalent to the V-
sequence for internal events, contributes aproximately 75% of
the early fatality risk. The course of events for this
accident would be unaf fected by a flooded cavity design or
hydrogen igniters. Since the AE, SE, and TE plant damage
states would likely occur coincidentally with' loss of AC
power, the existence of a deliberate hydrogen igniter
system would provide little benefit. On the other hand, a
flooded reactor cavity design may result in somewhat earlier
containment overpressure and increase risk. !

}
Summary

Table 1 summarizes the relative risk impact that a
flooded cavity or a deliberate hydrogen igniter system would
produce.. Of the internally initiated sequences considered,
only the TE and SE sequences were significantly affected by a
flooded cavity configuration. During both of these
sequences,-the containment would be expected to fail earlier
due to .overpressurization; from steam production in the
cavity.

Although a deliberate, hydrogen igniter system was found
beneficial for the large break LOCA sequences 'onsidered, the

s
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' decrease in public risk would be ' negligible ~ due to the low
. probability of such-accidents. ,In addition, certain-
situations could arise in which an igniter system could cause
an increase'in the risk, such as in the TE sequence discussed
earlier. ~

Hence,'neither the flooded cavity configuration nor the
existence of a deliberate hydrogen igniter system were
found advantageous for-the MP-3 . contain'm en t. These
conclusions are considered applicable to both-internally and
externally initiated. events . such as fire or seismic related
sequences.

,

QUANTIFICATION OF RISK IMPACT

. A thorough assessment of the risk impact of a flooded .
cavity design or a deliberate hydrogen igniter. system with a
complete requantification of the containment event trees and
risk curves was not deemed necessary for this study.
Instead, Table 1 suggests that only the TE and SE sequences
need .to be re-evaluated in quantifying. the risk impact of the
flooded cavity and that the existence of hydrogen igniters
would not significantly affect the~ risk ,to the public for any
of the sequences. considered. The new release categories were
first calculated for the TE and SE sequences based on the

. ithpredicted earlier over-pressure of the containment. W
mean consequence data from the-CRAC2 code [8],- a percent
change in risk between dry and flooded cavity cases could
then be determined. For the hydrogen: igniters, an upper
bound on the risk impact with this design change was

~ calculated assuming that the igniter system eliminated all,

! early/ intermediate containment failures due to hydrogen
burns.t

; Flooded Cavity Results
i

Based on crite.ria developed in Sections 4 and 5 of the!-

MP-3 PSS, the worst possible change in the release categories-
! would be for the TE sequence to go from an M-7 release

category (late containment overpressurization, no sprays) to-

an M-5 (intermediate failure, late core melt, no sprays).
The SE sequence would at 'most shif t f rom an M-7 to an M-6
(intermediate failure, early core melt, no sprays).

; Table 2 shows the values used to arrive at the maximum j
|- percent change in risk for the flooded cavity design. At I

most, a flooded cavity is calculated to produce a 17 percent
increase in latent f atalities and a negligible increase in
-early fatalities for the TE sequence.. i

These calculations are based on point estimate risk
calculations and do not account for the reduction in source
term. . Since the discrete probability distributions (DPD) are
different for the M-5 and M-7 release categories, the
relative impact of' the flooded cavity on the 50 and 90
percentile risk curves are considerably different. The

calculated " effective" source term using the DPD's for
the M-5, M-6 and M-7 categories are f actors of 0.09, 0.26,
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and 0.02 times the unreduced source term. Hence, a shift
from M-7 to M-5 would increase the impact _on public risk for.
the median and 90 percent curves. No change is expected for
the impact' on early fatalities.

TABLE 2

00ANTIFICAT10N OF MAX 1Mim RISK

IMPACT OF FLOODED CAY!TY

(INTERNAL EVENTS / POINT ESTIMATO

g gSE FRratsNcy (YR*lMEAN i gg, gb, FAT k!ES FA AL TIES QY,ll! CkW L P Last.u Ulg ,,_ F Luuut.s
M-1A 27.0 2790 1.9E-6 1.9E-6 5.1E-5 5.1E-5 5.3E-3 5.3E-3
M-5 0.05 30 % 2.4E-8 4.8E-6 1.2E-9 2.4E-7 7.3E-5- 1.46E-2
M-6 0.28 3150 9.0E-9 1.2E-7 2.5E-9 '3.4E-8 2.8E-5 3.8E-4
M-7 0.0 2380 5.7E-6 0.8E-6 0 0 1.36E-2 1.9E-3

TOTAL 7.6E-6 7.6E-6 5.1E-5 5.1E-5 1.90E-2 2.22E-2

MAX. * CHANGE IN EARLY FATALITY FOR FLOODED: < 11 INCREASE

MAX.1 CHANGE IN LATDT FATALITY FOR FLOODE!h 171 INCREASE

* ALL OTHER REL DSE CATEGORIES EITHER HAVE VERY LOW PROBABILITY
OR VERY LOW CONSEQUENCES

Hydrogen Igniters

Table 3 illustrates how the upper bound on risk
reduction was calculated for internally initiated events. No
significant risk reduction was calculated to occur for either
early or late fatalities. These calculations are also based
on point estimate risks, although including the DPD's in the
source terms for the system would not reduce the 50 and 90
percent curve fatalities by more than a few percent.

TABLE 3

OUANTIFICATION OF MAXIMUM RISK IMPACT
OF HYDROGEN IGNITER SYSTEM

(INTERNAL EvDTS/PolNT ESTIMATU

A 1 FA IflES FANLkilES
RELgSEFREQURCY(YR*1) ggMEAN g

M ;gLg.
IGNITERS IGNITER $ Nu IGRilLU IMIILRS ND ibm 11EN.i IbMIIthM-1A 27.0 2790 1.9E-6 1.9E-6 5.1E-5 5.1E-5 5.3E-3 5.3E-3M-5 0.05 3050 2.4E-8 0.0 1.2E-9 0 7.3E-5 0

)
'

M-6 0.28 3150 9.0E 9 0.0 2.5E-9 0 2.8E-5 0M-7 0.0 2380 5.7E-6 5.73E-6 0 0 1.36E-2 1.36E-2
TOTAL 7.63E-6 7.63E-6 5.1E-5 5.1E-5 1.90E-2 1.89E-2

MAX.1 CHANGE IN EARLY FATALITY FOR IGNITER SYSTEM: al! DECREASE

MAX.1 CHANGE IN LATDT FATALITY FOR IGNITER SYSTEM: -11 DECREASE
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Sensitivity of Results M PSS Findings
calculations in . this - analysis utilized 'certain findings

from'the PSS such as the frequency of the V-sequence and the
' contribution of hydrogen burn as.a containment f ailure mode.

.

The sensitivity of results'from this analysis to'these
assumptions was tested by assuming:

~1. - The V-sequence's ' f requency was reduced by 1/10.4

2. The contribution of hydrogen burn as;a containment~

ifailure mode was. increased by a factor of 10.
,

The new. calculations showed that the results were not
very sensitive to either of these assumptions.

CONCLUSIONS'

In summary, the present, dry cavity Millstone Unit 3-

containment with' no deliberate ~ hydrogen igniter system was
found advantageous from a risk. standpoint. The threat of'

steam overpressurization with a flooded-cavity was found to'

outweigh any reduction in risk due to the _ decrease in
hydrogen generation or basemat penetration with a dry cavity
design. -Although the existence of a deliberate hydrogen

,

i igniter system reduced the concentration of hydrogen in
certain sequences, the reduction in risk was found negligible
due to the low probability of these accidents. In addition,

sequences were identified in which the igniters could
increase the risk to the publia by forcing a burn in the-

;
containment after the atmosphere returned flammable. These
conclusions were determined to be valid for'not only
internally initiated events, but also externally initiated
events associated with fire and seismic accidents. The
results were not significantly affected by order of magnitude;

changes in MP-3 PSS results such as the frequency of the
dominant risk contributor (the V-sequence) and the
contribution of hydre vn burn as a containment failure mode.

:
-

|
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j ' Figure 2. Severe Accident Analysis Code Flow Diagram
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ON THE UNCERTAINTIES ASSOCIATED
WITH CONTAINMENT ANALYSIS

Lowell Grelmann and Fouad Fanous
Ames Laboratory, Iowa State University

Ames IA

ABSTRACT-

The _ containment structure is designed to prevent leakage for
a variety of environment and accident loading conditions. .How-
ever, loadings more severe than the design loading can be postu--

lated. Approaches to predicting the containment resistance to
internal pressure are summarized herein. Uncertainties associated
with these approaches are also discussed. Results for individual
containments are tabulated.

Containment failure criteria are not well established.
Although most investigators agree that the containment has failed
when leakage occurs, several criteria have been employed to
express containment failure. Among these are: the formation of a
limit mechanism, strain or deformation limits and buckling. For
concrete containments, additional criteria such as radial shear
stresses, liner plate strain and reinforcement steel strain are
often used as an indication of failure.

Almost all containment analyses, to date, have been based
upon an axisymmetric structural model of the containment shell.
For this model, many nonsymmetric features must be neglected or
accounted for in an approximate way. The degree of sophistication
of the analysis techniques range from hand calculations to finite
element methods.

Another source of uncertainty in the prediction of contain- |
ment strength is the material model. Uncertainties often exist in '

the data. The analytical description of reinforced concrete is
one of the larger uncertainties in the analysis of concrete ves-
sels. Aspects of the steel / concrete interface, i.e., bond,
anchorage, are difficult to describe analytically. The cracking,
bar yielding and aggregate interlocking problem remain yet un-
solved. Soil and pressure modeling are another source of uncer- |
tainty.

|

INTRODUCTION
[ |

The purpose of the containment in a nuclear power plant is to
prevent the release of radioactivity which may be present as the

; result of a severe accident. The containment has failed to perform
i its intended function when leakage of the radioactive material
! occurs. During the Three Mile Island accident an increase in

internal oressure was recorded within the containment. Although
this increase was well within design limits for that plant, efforts
have since been initiated to investigate the response of several
containment configurations to similar pressure increases. Addi-
tionally, other severe accidents have been postulated with various
consequences which include containment failure as an important
consideration. This paper reviews the state-of-the-art for the
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analysis of LWR nuclear containments with uniform internal pres-
-

This includes a review of calculated static failure pres-sure.
sures of various containments, different failure criteria used for -

predicting containment failure, and comments on possible uncertain-
ties associated with the analysis techniques. This work is in
support of an ongoing program at Sandia National Laboratories
entitled the Severe Accident Risk Reduction program (SARRP) (1).

Containments subj ected to static, internal pressure can Tail
(leak) in one of a number of different modes and locations. Even -

though the structural criteria for failure in each of these modes
is not necessarily well-established, it is appropriate to identify

4some of these modes as in Fig. 1.

SUMMARY OF CONTAINMENT ANALYSIS RESULTS

Table 1 represents a summary of the results of various con-
tainment analyses by several investigators. The containment name,

investigator, and predicted internal static pressure at failure are
listed. The failure criteria, and the failure location are briefly

-

identified.
-

A not-too-close examination of Table 1 may be disturbing to a
person being first exposed to containment structural analysis.

-

There is a noticeably wide range in the predicted ultimate
-

strengths for containments within a given type. For example, the
predicted failure pressures for PWR ice condensor containments --

differ by a factor of almost 2.5. However, this difference is
easily explained by the difference in the actual containment confi- '

guration, i.e., the cylindrical shell of one contair. ment is 3 times
as thick. Material properties and stiffener geometries also differ
from containment to containment.

More interesting, however, is the difference in the predicted
pressure resistance of the same containment by two investigators.
Again, closer examination of the two investigations explains the
discrepancies. Almost always, the primary difference is in the
definition of the failure criteria. All agree that leakage repre-
sents failure but few agree what structural definition of leakage -

is appropriate. Smaller differences can be attributed to differ-
ences in material propertiea (estimated versus actual) and analysis
technique (finite element versus hand calculations). Each of these
differences is more fully discussed in the following ection.

DISCUSSION OF ANALYSIS METHODS

A summary of the analysis methods for containments and the
associated ur. certainties is presented in this section. The infor-
mation presented here is, in many cases. the result of the authors'
opinion which is based upon their mutual experience and a review of
the literature in this field.

Geometric Containment Model .

.

Almost all containment analyses, to date, have been based upon
an axisymmetric structural model of the containment shell. For
this model many nonsymmetric features must be neglected or
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U Table 1 Predicted ultimate pressure strength of various containments.
,

Containment, Predicted Refer- Failure Criteria
Unit Number Ultimate ence and Location,

~
Pressure'

(psig)
,

FWR - ice
conaenser

i E5KrIT5EEnes

Sequoyah, 1 60 - deformation twice yield in cylinder
-

1 57. beyond yield .in cylinder
Seguoyah,1 84 deYormation twice yield in -cylinderMcbuire,;

beyond vield in cylinderMcGuire, 1 *-

Watts Bar, 1- 98 twice yleid strain in sphere ,

Watts Bar,1 120 general yielding in cylinder and |

140 equipment hatch buckling. !

PWR -' dry
.

containments
^

d

1- . 95 7)' . twice yield strain in doneSt. Lucie,1Cherokee, 116 7) twice yield strain in sphere;

.

Indian Fnint, 110 8) yielding of rebars and liner in .

2 3 cylirder j'

Ind{an Point, ~118 (9) . numerical nonconvergence near side
3 wall /basemat junction

Indian Point, 126 (10) yielding of rebers- in cylinder neer
2, 3 springline

Main - Yankee 96 (6) yieldina of hoop steel and numerical
119 .insta5111ty in cylinder / base

.
Zion, 2 120 (11) hoop tendons strain reaches 1% in _j

cylinderf

i Zion, 2 115 (9) numerical nonconvergence near !
'

cylinder /basemat junction
; Belefonte 130 (6) general yielding in done tendons and

139 cylinder tendon.
,

Mark III'
E55YETKEenta'

~

Perry, 1 100 -(7) buckling at the head knuckle
Grand Gulf, 1 55 (12) liner strain and rebar yield-in'

cylinder
Mark III 80 (13) general *ielding in personnel

" standard" airlocI
Mark III. 59 (14) ASME, level C at knuckle

i " standard"
Mark III 67 (15). general yielding in cylinder

Mark II'
containments

i WFPSS[ck
twice t lindergeneraf eld strain in 4fnder2 133

ielding in cylI- Limer 140 )
! Mark II 150 ) general islding in personnel

" standard" airloc

Mark I
| E5KrITnments |

1

Browns Ferry, 117 (7) twice yield strain at cylinder /
1 sphere intersection

Peach Bottom, 175 (17) stress midway between yield and
1 ultimate in torodial suppression'

; pool
'

.i
.

* Pressure-displacement relationship is given..

I

1
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eccounted for in an approximate way..[All of theseLapproximations
o : introduce.a degreeJo_f uncertainty.-
!

.

. Longitudinal: stringers :are ~ typically smeared .in the circumfer-
ential direction to obtainian: " average" equivalently stiff 'axisym-

L 'netric shell.' This fis : acceptable for -certain . ranges in stiffener-
L 6onfigurations, butl cannot be generalized to'all: cases.- (2, 4, 5.

c7, 18) '

:Circumferential . variations in - thicknesses , ring and stringer-
sizes, amount of. reinforcing steel and shell imperfections can not;

zbe incorporated - into an axisymmetric model, iThe usual, and proba-
-bly conservative approach is to; select .the worst case, i.e.,

7 -smallest size or. largest imperfe~ction , and assume this case is
constant around the circumference. (2,-5, 7)

;-
. . Penetrations and other reinforced openings introduce :nonsym-

metric features.into the containment.which must be| ignored in!
axisymmetric models. Typically, the argument is made that these >,

" local" features are sufficiently small and appropriately rein 7
} forced, e.g., thickened steel plates (ASME srea replacement rule). _ ;

'

or extra concrete reinforcement, so that the strength o'f the
! penetrated shell is greater than_or equal to that of the unpenetra- ,

i ted shell. Several investigators have looked at isolated penetra-
tions to verify this assumption and found that, in the case of

g uniform internal- pressure, i.e., without buckling, this approxima-
| tion is acceptable. The reinforcement and welds in the vicinity

must be sufficiently ductile to allow redistribution of forces as
the limit strength of the-shell system is approached.- (2,--5, 6, 7,

| 8, 9, 10, 11, 12, 16, 19)
.

j Prestressed concrete containments have additional features -'

prestressing tendons and anchorage buttresses - which are not
axisymmetric and must be " smoothed" into an axisymmetric model.

j Prestressing of.,both the cylindrical and doubly curved portions of
j the containment present such problems. The effect of these nonsym-

metries are generally neglected based upon some heuristic argument.i

j The discrete nature of the tendons is seldom included, but the
j effects are usually smeared. (6, 9, 11, 20) One investigator (21)
! has studied the discrete nature of the reinforcing and post . ~~

tensioning steel with a three-dimensional analysis. The prestres-,

| sing ring for the dome was included but cylindrical' prestressing
buttresses were not. The study suggests that the uusymmetrical

<

anchorage effects can not be represented by an axisymmetric modele

i Several pieces of equipment-or other structures are often
] attached to the containment. e.g., ice storage areas, walkways,

floor systems, cranes, plumbing,. seismic anchors. The'effect of;

these " smaller" nonsymmetries has not been studied.;

A limited number of three dimensional analyses have been per-
,

formed on' isolated features , e.g., equipment and personnel assem-
} blies. These analyses are usually performed as if the feature were
! - isolated from all other features. (2, 9, 11) Neither interaction
i- between nonsymmetrical parts nor the ettect of their behavior on

the remote " smooth" shell have been studied.i

| Interference with adjacent equipment or buildings is usually
not considered Thus, interaction with a shield building is often; mentioned, e.g = limiting displacements. but not included in-the

j model.- (2, 6,'7, 9, II) The restraint of attached equipment which
,
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is anchored inside or outside containment.is not included in the
structural model

"ase boundary conditions are often highly idealized. For
steel containments, the base is usually assumed to be fixed where
it intersects the thick basemat. (2, 5, 6, 7) .The base is fre-
quently included in the model of concrete containments. Sometimes
the base is not allowed to move vertically (no uplif t); sometimes
uplift is permitted. If the base is included, it and the support-
ing soil are assumed to be axisymmetric and flat. (6, 8, 9, 10,

11) Geometric imperfections are not modeled directly.
The liner in concrete containments is taken to be intimately--

attached to the shell wall. Local buckling of the liner due to
temperature rises is mentioned by several, but analyzed by few.
The structural effectiveness of the liner is debatable - some
investigators publish two results: one with and one without the
liner participation. (6, 8, 9, 10, 11, 12, 13, 17, 21)

Material Model

Steel The ductility of steel is used in almost all analyses -
very few have restricted maximum stresses to the proportional -

limit.
The uniaxial stress-strain curve is usually approximated 'oy a

piece wise linear curve, often elastic-perfectly plastic. (2, 4, ;

5, 7, 19, 22, 23) The effect of residual stresses and a reduced
proportional limit are not included. Their effect is unknown, but

probably small in this application.
The Prandtl-Reuss flow rule and the von Mises yield surface

are always used in the nonlinear material description This has
long been accepted as an adequate description for metal behavior,
though questions still arise with regard to deformation versus
incremental plasticity theory for buckling applications. (2, 4, 5,

6, 7, 9, 12, 14, 19)
The effect of temperature on steel properties is neglected on

the premise that accident temperatures are sufficiently low.
Actual material properties are used if they are available.

These properties are usually averages of mill test reports takan

from each component plate. Uncertainty often exists in these data
due to strain rate differences, specimen location and orientation
within the plate, limited sample size and censoring of test data.
Material properties vary from plate to plate and, even, from point
to point. Thickness also affects yield strength and ductility.

Weld and heat affected zone properties are taken to be the
same as the base metal. Good weld quality is assumed. (11)

Reinforced Concrete A " standard" model for concrete under
biaxial stress is still evolving. The uncertainty associated with
an analytical description of a reinforced concrete segment under
biaxial stress is one of the larger uncertainties in the analysis
of concrete containments.

The uniaxial compression behavior of concrete is the best de-
scribed aspect. Actual compressive properties are used, if availa-
ble. However, the same uncertainties are associated with the
collection of this information as are mentioned in the steel
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-description, e.g., testing Jtechniques,'. spesimen representativeness
~

L andtsample' size..
~ ''

.

L The~uniaxiali tensile strength ofrconcreteshas1 wide variations.
Some use16/Y71 some use the split' cylinder, strength. A represen-J

i

- tativeLtest ipecimen ha~s not been agreed'upon~ . (11, 24, 25)
'

'

! . The . introduction of reinforcement 'into the concrete .signifi-
cantly. complicates;its description. Aspects -'at = the- steel /concretec

; -interface, ; e.g. , bond, Janchorage, are difficult 1to. describe analy-
L tically, let alone incorporate.intoLa> complete analyticalimodel of

the containment.. The cracking ' (crushing)/. bar -yielding / bond /aggre-
- gate: interlock problem;is still with?us.'

.The biaxial ~ stress-strain - beh'avior;.is . even 'less universally
~

agreedEupon. ;Various ' investigators have used the- Chen -.andi Chen,*
: -

i von Mises,-Tresca.and/or Drucker-Prager=model; ALgood description'
! of the tension cracking and post-cracking behavior is particularly .

missing. Arbitrary cracking criteria. and reductions in shear' and - s

tension stiffness (50 and 0.01 percent, respectively) are usually
,

used. Crack pattern (size, spacing, orientation and location).
predictions are unreliable and semi-empirical at.-best. -(6,J8, 9,r
12, 15, 16, 21,- 24,J26,'27,~28)

. . .

>' The ettect or cracks on .other . properties is not usually?incor--
j porated~into the analysis. Hence; radial shear strength and

reinforcement ~ bond are apparently related to- the biaxial ' stressi
'

state and the extent of cracking,-but the : effect is' not -well-
described analytically. . In other words, a description'of the:4

behavior of reinforced concrete under all pertinent stress states
up .through complete cracking and/or crushing needs work.- (9, 12,,

i 15, 16, 21, 26, 28,'29)
.

'

; Perfect concrete quali'ty is assumed. Possible imperfections,
- e.g., concrete placement in areas ' of congested reinforcement, are
j not considered. Variation in concrete. strength with-location and

time are not. included. (17).

{ Temperature effects on concrete strength are usually rational-
: ized away because of the " low" accident temperatures. (16, 17, 25,_-

26)
..

Soil If the soil is included with the base model, it.is
i usually approximated. as an axisymmetric Winkler foundation with
i

, compression - only springs. Analytical modeling of soil behavior-
has its own set of uncertainties, princpally having to do with the
flow rule, yield surface and material constants. Most likely, this

. is not a major uncertainty for this application, although it be-
} comes a predominate problem if seismic effects are important. (62
t 8, 9, 10, 11)

Load Model
'

.

I .

*

To limit the scope . of this review, the load has been restrict-
ed to uniform internal pressure.

i There is little uncertainty involved in the description of a .
,

[ uniform, static internal pressure Lfor structural analysis purposes.
; . (Whether the pressure is actually uniform and static . is not ad-

dressed here. Dynamic' effects become significant if the pressure;

o

i
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jchanges rapidly,Jrelative toitheicontainment response' time. ' Local'-'
-

ly.hightpressures causeIlocally:high_st'resses.)n

1 emperature| effects are.often mentioned,1but seldom! included.-To
. Since temperature 7 stresses are self-limiting, . the argument goes ,L o

they have little effeet on; the . ultimate. strength of J the contain ^D

i: .c ment. |(;1J0)
~

~

! dual , Pre-existing < stresses , - e.g. ,- concrete : shrinkage, steel resi-:
-

stresses, erection stresses,-isettlement. stresses-are.not'"

(26) _
included.1: These arezalsoiself-limiting. '

:
,

, ~ Weight forces Jare1of ten " combined with tee pressure forces.
Som'e: account - is .usually.. taken of attached ? pieces , but the effectiis

!- usuallyL distributed axisymmetrically. _ . (6, 8,* 9, 11,112, 28)'
- Prestressing' forces are -included- in at least:two different' , ,

ways . --external ' forces '(pressures) are 1 applied . which arefequivalent - !
'

to Ltne prestress ~ force, oriequivalent -temperaturef changes _-are~ :

. introduced.intosthenprestress tendons to produce a:prestressicondi- a
1

: tion Rometimesiconcrete.creepLis included to: account-for!some:of-'

(6, 9,L21,127,'prestressflosses'may or:may notubeloss. Other;- .the prestress
28):1 . .important. -

j Analysis Methods1

t Hand Calculations
. .

. /#
.

Handscalculation' methods are basedion
equilibrium of an assumed limit mechanism. -Limit mechanism. solu-

| tions are- available for uniform' reinforced concrete cylinders and .t

j- spheres, stiffened.and unstiffened steel cylinders andEcones.
[ collapse and buckling'of' ellipsoidal.and torispherical heads.

anchorage bolts, cylinder / cylinder penetrations.and' cylinder / sphere-

penetrations. (A less sophistoc'ated ' hand calculation is ' to' multi-
ply the containment design pressure by the_ design factor: of safety4

i to arrive at'the~ ultimate strength. ' Fortunately, this approach-

4. isn't.used much anymore.)-
A very basic assumption in limit analysis is'that the~materi-"

5

: als have the~ ductility to permit the formation' of a ' limit mecha-
'

. nism. If the materials are brittle and/or locally high~ strains ~
i. exist, local failure may occur before the complete mechanism forms

(2, 7, 8, 11, 17)
Sometimes, e.g., penetrations, the critical mechanism .is not

clear and several must be examined. Whether the least upper boundt'

mechanism h9s been found can be uncertain. (17, 30, -31);
By their nature, limit analyses can be: applied to quite a spe-1

cialized and small number of cases Tnteraction of adjacent
;

mechanisms and complex geometries, e.g., curved knuckles, changing i'

thicknesses, are not easily analyzed. Local details are usually
not included.. (7)

! Large displacement effects are. typically omitted. The (usu- <

! . ally) strengthening effect of membrane tension is of ten neglected.
(7)

EMany of the limit - analysis techniques have not been extensive-
i ly calibrated with experiment. For example,.the limit mechanism

ifor a concrete cylinder under. internal pressure is reasonably:

F simple, but several questions can be raised regarding the crack
j size,-radial shear. strength, bond characteristics, reinforcement

participation and the-linear behavior over the cracks at the'

strains associated with the mechanism..

.
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Finite Element or Finite Difference Solutions Finite element
or finite difference solutions are relatively powerful in that
local geometric and material details can be incorporated into the
model. Complete descriptions of the stress-strain state throughout
the model are obtained. Complex nonlinear material constitutive
relationships and geometric nonlinearities are usually included.
However, such an analysis has its own uncertainties.

Characteristics of the basic finite element vary from case to
case. Solid elements and shell type elements incorporate different
features "irst and second order elements require different
discretizations. Accuracy is affected by element size. aspect
ratio, orientation and gradation, in addition to the cssumptions
involved in the element formulation. (2, 5, 7, 19)

Nonlinear problems always involve some sort of iterative
procedure, e.g., Newton-Raphson, modified Newton-Raphson. The
convergence properties of the procedure significantly affect the
accuracy (and cost) of the solution. Convergence tolerance tight-
ness and convergence criteria, e.g., plastic strains, displace-
ments, must be carefully understood and specified. Numerical
stability problems have almost always been encountered in the
analysis of concrete containments. This problem is.usually associ-
ated with the tension cracking and post- cracking behavior of the
concrete material model. Large changes in stiffness occur when
cracks occur and this causes numerical problems. Often this is
also the ph- ical situation, i.e., cracking causes big " jumps" in
the physical structure. Whether the numerical instabilities
encountered in containment analyses represent corresponding
physical instabilities is uncertain. (2, 5, 6, 7, 9, 21)

Several aspects of finite element modeling are unclear. A
common model of bar cutoffs (the bond / anchorage problem) is not

.

available. Some investigators taper the bar areas to represent the
development of the bars. (24) Rings / stringer /shell attachments
are often modeled by rigid constraints, though this represents an
approximation. (6)

Reinforcing Tayers are often represented with orthotropic ele-
ments which effectively " smear" the discrete nature of the
reinforcing. (6, 8, 9, 11, 12) Bond is assumed to be perfect.
(6, 8, 9, 11, 12, 21)

The liner is usually modeled by a shell type element, rigidly
attached to the inner concrete surface. (6, 8, 9, 11, 12, 13, 21)

Three-dimensional analyses of, for example, penetrations, have
been done in a few cases. Typically, a portion of the structure is
isolated from the remaining containment (for practical reasons) and
analyzed by, say, two-dimensional shell type elements. Force and
displacement boundary conditions at the limit of this isolated
region are obtained from an analysis of a larger portion. Uncer-
tainty is associated with this process. Often, the reinforcement
detail in tne vicinity of a penetration is geometrically complex
and is difficult to represent accurately, even with finite element
methods. (?, 9, 11)

As with all analysis methods, theoretical and experimental
results never exactly agree - even if all the above uncertainties
do not exist. Hence, there will always exist some aspects of the
physical model which cannot be incorporated into the analytical

1
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model. LThe1 scatter in ithis. difference can be reduced, but must.-
'

-

Jalways remainLa random-variable. (2',-5^, 7, 8,.9, 32, 33) .-

- Failure Criteria
,

' Failure criteria = are onefof the . two orithree| major. unresolved-

problems inLcontainment~ ultimate. strength analysis.~..Most investi- *

.gators agree that.the' containments should be considered;to have
: failed when ' leakage occurs, since it can nollonger: perform its
intended ~ function. 'However', ;few would agree as to what . thisimeans-

.

as related to the currentRatate.of structural knowledge, orghow'to
1' ' define. leakage in structuraluterms.

' The -formation 'of a limit mechanism is often taken to coincide:
~

i withifailure ~ especially in hand calculation analyses. . -In many - ]cases, . it"is not clear that sufficient ductility exists- for- a~

formation'of a mechanism. On the other hand, the structure may be .

very ductile and the' pressures' may increase beyond a limit pressure. !
>

;-
because.of: strain-hardening'and. tension-membrane effects. (2, 5, IE

I

10,-16)4
.

.

Some (few,- fortunately) find the . ultimate pressure to be that.
associated with the ultimate tensile strengthiof Lthe 'steelc '(from a'

smooth tensile specimen). . There is little reason to - expect that ,

the as-built containment will .have the ductility to reach this :1

state. Welds |-imperfections,. heat-affected zones, local strain.
' concentrations (penetrations, attachments, holes, etc.) will not.

.

permit this. Recognizing'this, some -investigators have .used the
average of the yield and ultimate tensile strengths. There is'

little reason for this except that it-is not as unconservative'as.
,

| the former approach. (14,~17)
Several investigators have used a strain criteria to predict2

leakage - the idea being that the material strain is one ' of the
better indicators of material distress and potential: separation.'4

This criteria is often applied to the membrane component'of the>

i shell strain or the reinforcement strain. Strain concentrations
(penetrations and other nonsymmetric geometric discontinuities) are

. not directly included, but may be considered when the strain limits2

are set. Hence, strain limits for failure have been defined, by
different investi-gators, between two and fifteen times the yield

i strain.. Some have analyzed containments up to fifteen percent .
strain. (5, 6, 7, 11, 12)

Deformation limits have been established in some cases to de-'

i- fine failure. This criteria makes sense if it is recognized that
more than just the containment - shell is involved here. Attached
piping, penetrations, etc. will themselves begin to leak if they;

are forced to deform too much. Seals and gaskets and sealed -elec-
, trical penetration assemblies 'cannot withstand indefinite deforma-

tion of the surrounding material. The values for the deformation-

limits-are uncertain at this time. Some have selected strain
limits for tendons of one percent based on deformation considera-
tions. (2,'4, 6, 8, 11, 12, 19, 34,~28)

Buckling may be used as a tailure criteria, even though the,

instantaneous bifurcation buckling itself, most likely, does not'

induce leakage. Only if the post-buckling strains (or displace-

|
-ments) -become sufficiently large, as discussed above, is it
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reasonable to expect failure. This applies, in this situation,
particularly to ellipsoidal and torispherical heads. On the other
hand, buckling of an equipment hatch may induce deformations which
could cause the seal to leak. (4, 5, 6, 7, 19, 23, 35, 36)

In some cases, numerical instabilty has been interpreted as
structural failure. As discussed, this may or may not be true.
(6, 9, 21, 37)

In concrete containments, failure is defined by limiting
reinforcement, liner and/or concrete compression strain. (6, 8,
11, 12, 13, 15, 17, 26, 27)

Usually concrete tensile cracking is not considered as a
failure condition but only as an intermediate stage on the way to

' ultimate. however, some have predicted that the liner will tear
when the concrete cracks become too large. Failure prediction then
amounts to selecting the crack size which the liner can tolerate
and predicting when this limiting crack size is attained. (12, 17,
27, 38) Another has predicted that the tendon anchorages will fail
because of excessive concrete cracking (20)

Radial shear stress is often used as the failure criteria to
check peripheral shear around penetrations and the basemat/ cylin-
der junction for concrete containments. Work on this idea has some
way to go and significant uncertainty still exists. For example,
the influences of extensive local cracking around the penetration
or of hoop reinforce- ment adjacent to the basemat are still being
investigated. (6, 9, 11, 17, 26, 29, 39)

If failure criteria are uncertain, failure size is a wild
guess. Few investigators have gone beyond predicting that the
failure will be small (local) or large (global). These predictions
typically rest upon the judgment and experience of the engineers
making them. The more experienced engineer may not make this
guess.

Additional Uncertainties

One uncertainty that continues to come to mind during a con-
tainment analysis is: How close is the actual in-place containment
to the fabrication drawings and specifications? Hence, answers to
questions about, for example, concrete placement in critical areas,
weld quality, tolerance acceptance, and mill test or concrete
cylinder representativeness always have an associated uncertainty.

Finally, uncertainty exists in the uncertainty. That is, we
are often uncertain whether we have considered all.~th~e uncertain-
ties. For example, failure could occur in a location and by a mode
the analyst has not thought to investigate.

_

s

Uncertainty Assessments

A relatively small number of investigators have attempted to
quantify some of the above uncertainties into a reliability analy- _ '

sis of specific containments. (2, 5, 7, 11, 14, 17, 40) Their
results are of ten presented in the torm of fragility curves or
probability of failure distributions conditional on a prescribed
static pressure level. The material properties and geometric
configuration are taken to be random quantities which are described
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byf almean, _ standar' Jdeviation .and 1 distribution i typ'e. JAnalysis-d
~

1 uncertainties.aretquantified by? comparing experimental and analyti-
caliresults.. iMore _-subj ective uncertainties,' such as the definition-

g of.the.failurercriteria; actualLin-place; containment;versus the '

; = containment described in . drawings . and other: errors ~, have n'ot yet-
' been1. introduced.into uncertainty; assessments..

-It is - not the purpose ofi this: work to ;reviewothe state-of-the
_

: art'in the reliability 1 analysis of structures.: Briefly,Cthe-
uncertainty assessments to-date must .be -. considered preliminary' andc

results can become .meaningfu11only af ter: these methods' h The .
.the:results interpreted only-as notional. probabilities.: 4

ave been
calibrated with real-world| failure experience. .However, reliabili--
.ty assessments are very useful _ tools .to focus attention .on impor-7'

tant. uncertain quantities. Thus, for example, sensitivityLstudies~

4
' pointLto the basic structural < parameters;which are significantly

random. More study and ' data collection 'should be ' devoted to these
- quantities (see theJfollowingtsection)..

-Summary and. Conclusions

| A state-of-the-art _ containment analysis is a finite element-
'

solution of.an axisymmetric.model. Material and geometric nonli-
i nearities' are included. Nonsymmetric features-may befanalyzed on
L. an individual basis but .are omitted in :the axisymmetric model.

State-of-the-art models of = the material constitutive relationships'

I are used. Deformation Jp'redictions 'are generally: regarded . as relia--
ble, assuming.the containment configuration-is accurately de-.

'
scribed, e.g. , known geometry, . material and loads. Predictions of

4' leakage are much more uncertain._ There is no general agreement on
; when and where leakage.will occur.

The analysis . of steel and concrete containments involves many*

uncertainties in the containment. geometry, the containment materi-
al, the containment loads, the analysis techniques, and the failure
criterir.. Many of these-have been summarized above. Each uncer-
taintyfrepresents a potential difference'of opinion between two

; investigators. Hence, two. independent investigators will'often
i predict noticeably different results for the same containment. Of-
| the uncertainties presented above, the following uncertainties are,
| in the opinion of the authors, most often the cause for discrepan-

cies in results:

: e In-place versus as-designed containment: How close is the-
! actual containment to _the containment specified in the
! engineering drawings ~ e.g., welds, reinforcement details,,

| geometric tolerances, material properties?
*

e Behavior'of reinforced concrete under biaxial stress condi-
tion: What are appropriate constitutive equations for a

L steel / concrete system, particularly at and beyond cracking
L and/or crushing?

! Failure criteria: What is an appropriate structural'defi-e
nition for _ failure (leakage)?"

i
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tv eFailure_ modes: Have-all. realistically-possible failure
' modes 1been analyzed,.e.g.,Edoes an,axisymmetric model1miss

p important effects?
_

-Uncertainty can be decreased only if these- problems are addressed-!

p by further study. ,

t ACKNOWLEDGMENT-
L

._ The authors _would like to express ''their ' appreciation for Mr.
' Joseph Jung from ' the Sandia National Laboratories " for prcviding .
.some of.the'information needed to complete this work. This work
.was conducted at . Ames Laboratory, . Iowa State University, for ' Sandia

: Nationa1' Laboratories'under'Sandia Purchase Order Number. 47-4020.
4

REFERENCES

(1) 'Greimann, L., Fanous, F.~-and Bluhm, D., " Containment Analysis-
Techniques', A State-of-the-Art = Summary," Fir.al . Report submit-
ted to Candia National ~ Laboratory,-IS-4843, October 1983.

(2) Graimann, L. ,. et al. , " Reliability Analysis ' of Containment;
.

; Strength," Report to U.S. NRC, NUREG/CR 1891, IS-4753, August
1982.

!

; (3) Orr, R., Oral presentation 3at ACRS. Meeting, September 1980,
'

; . ' Slides reprinted in NUREG/CR-1891.

(4) Tsai, J.C. and Orr, R.S., "Probabilistic Failure Modes'and
j Locations in Containments Subj ected . to Internal Pressuriza-,

| tion," Proceedings of the Worksho1 on Containment Integrity,
Vol. 11 of II, NUREG/CR-0033, SAN )8 2-1659, 201-226, October
1982.

5 (5) Greimann, L., et al., "Probabilistic Seismic Resistance of
- Steel Containments ," Report to U.S. NRC, NUREG/CR-3127, 1983.

(6) Jung, J., " Response of the Watts Bar, Maine Yankee and'

| Bellefonte Containments to Static Internal Pressurization,"
Proceedings of the ANS/ ENS International Meeting on Light
Water Reactor Severe Accident Evaluation, August 28 - Sept.

| 1, 1983, Cambridge, MA.
4

(7) Greimann, L., et al., " Reliability Analysis of Steel Contain- ]
ment Strength," Report to U.S. NRC, NUREG/CR-2442, June,

1982.,

- (8) Murfin, W.B., " Report of the Zion / Indian Point Study: Volume
1," Report to the U.S. NRC, NUREG/CR-1410, SAND 80-0617/1,
August 1980.

(9) Butler, T.A. and Fugelso, L.E., " Response of the Zion and
'

Indian Point Containment Buildings to Severe Accident Pres-
sure," Report to the U.S. NRC, NUREG/CR-2569, LA-9301-MS, May
1982.

; -241-

'

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



,c . - . . . ., . ~ , - .. . . -

'
.

'
. . ,

L(_10)s h'ConNainment Capabilitys of ? In'dianL Point Power.-Plant Unit Nos.
~2 and ~3 for. Internal Pressure . load,." A~' study prepared for the

,

..PowerL Authority of the State fof' New : York and Consolidated1
- Edison by -United Engineer and L C nstructors, Inc .o

' '

'(11) | Walser, A. ,, " Primary Containment Ultimate Capacity of' Zkon
.

;
- Nuclear LPower . Plant :for Internal' Pressure - Load," Proceedings

~

of the Workshb) on~ Containment Integrity, Vol.'II.of.II,.
Prepared , fory tTe ; U.S. NRC, NUKEG/CP-0033,-SAND-82-1659, 263-;
-318,. October-1982.-

5w
(12): Sharma, S., et al., " Failure Evaluation ~ of a Reinforced' Con- )e

' ~ ' crete Mark III . Containment Structure Under Uniform' Pressure,L

" Report to the.U.S. NRC,-NUREG/CR-1967,-BNL-NUREG-51543,
-AN.DR., September' 1982, and Transaction of: SMIRT 7, Paper bb. ,.i

L _
J 2/8, Chicago, IL, USA,. August.1983.. ._

(13) Krishnaswamy, C.N. , Namperumal, R. ; and Al-Dabbagh,- A. ,
" Ultimate' Internal Pressure' Capacity of Concrete Containment.,

~ '

Structures,". Transacti6ns of SMIRT17, Paper No.1J3/6,:
Chicago, IL, August.1983.

'

(14) Gou, P.F. and. Love, J.E., " Pressure Carrying Capacity of the
.

Containment Structural' System of_the Mark III Standard
Plant," Proceedings of'the Workshop on Containment Integrity,

~

Vol._ II of II, Prepared . for the U.S. NRC, NUREG/CP-0033,
SAND-82-1659, 263-318, October 1982, and' Transactions of'

! SMIRT 7, Paper No. J2/6, Chicago, IIi, USA, August 1983.
i

1 -(15) McGaughy, J.P., Lin, F.T. and Sen,'S.K., " Ultimate Internal
: Pressure Capacity yof a Reinforced Concrete Mark III Contain-
I ment," Transactions of~SMIRTL7,- Paper No. J3/9,. Chicago, IL,

USA, August.1983.
j|
;

} (16) " Ultimate Pressure Capacity of Limerick Primary Containment,"
! Study in support of Risk Assessment of Limerick Generating

Station, conducted by General Electric / Science Application,
1 Inc., Final Report, October 1981.

(17) " Reactor Safety Study: An Assessment of Accident Risks in'
the U.S. Commercial Nuclear Power Plants ," WASH-1400, U.S.

,

Atomic Energy Commission, Appendix E, August /1974.L
,

1

(18) Zudans, Z., Letter report to Dr. E. Sauj o, NRC, August 1980,
i Reprinted in - NUREG/CR-1891.

1(19) .Blej was , T. E. , et al., " Containment Integrity Program FY82''

Annual Report," Report to the U.S. NRC, NUREG/CR-3131/1,
SAND 83-0417, March 1983.,

.

'(20) Atchison, R.J., Asmis, G.J.K. and Campbell, F.R., " Behavior
of - Concrete Containment Under Over-Pressure - Conditions ,"
-Transactions of SMIRT 5,' Paper No. J3/2, Berlin, Germany,

~

,

3979.1August
;. -
,

-242-: L

i
, , . . . . _ . . - , - . . - , _ . - . . - _-m,,-- - . , _--.-_,,.,...,,.m,~.-,r._., ,__-,,....,m.,_.__..,.-.,_. . _ _

.-



_ _ . _ - _ . _

s

r

|
r

'

l

- (21) . ' Dooley, W.T. , Macek,- _ R.W. . and Sdd'ik, . S. , " Ultimate Pressure...
~

-

F ~ Capacity Analysis of a Post-tensioned Reinforced Concrete
-Nuclear Reactor Containment Building,". Work supported by U.S.,

!. : DOE ' Contract' No. ' DE-AC07-76ID01570 at EG&G Idaho, Inc., Idaho
Falls, Idaho..

|

(22) . ' Blejwas, T.E.~ andLHorschel,;D.S., " Analysis of Steel.Contain-'

. ,

' ment Models,"'Pr6ceedings:of the Workshop cn1 ContainmentY - tj
Integrity, .Vol. II of II, NUREG/CR-0033, SAND 82-1659, 201-
226,:Octob'er 1982.

(23) - Horschel, D.S. and Blejwas , - T.E. , "ht ' Analytical' Investiga-
tion of the Response of Steel' Containment Models to Internal--

- Pressurization," Transaction'6f'SMIRT 7, Paper No. J6/4,.
Chicago, IL, August 1983.,

i (24) Murray, D.W., Chitnuyanondh, L. and Wong, C., Modeling and"

Predicting Behavior of Prestressed Concrete- Secondary Con-

'.
tainment Structures Using BOSOR5," Transactions of SMIRT 5,
Paper No. J3/5, Berlin, Germany, August 1979..

j (25) Aoyagi, Y., et al., " Behavior of Reinforced Concrete Contain -
ment Models Under Thermal Gradient .and Internal Pressure,"
Transacti6ns'6f SMIRT 6, Paper No. J4/5, Berlin, Germany,,

'

August 1979.
'

(26) Aoyagi, Y., Okada, K. and1 Tanka, N., "An Experimental and
Analytical Study on Radial Shear of Reinforced Concrete Con-
tainment Under Pressure and Thermal Effects," Transactions of
SMIRT 6, Paper No. J4/12, Paris, France, August 1981.

1

. (27) Carmichal, G.D.T. , Raj araman, A. and Balakrishnan, S.,.1

" Nonlinear Analysis of Prestressed Concrete Containments,"i

Transactions of SMIRT 6, Paper No. J3/3, Paris, France,
August 1981.

'

(28) Brochard, J., et al., " Study of the Behavior of Containment
Buildings of PWR-Type Reactor, Until Complete Failure in Case,

of LOCA," Transactions of'SMIRT'6, Paper No. J3/1, Paris,
~

France, August 1981.

(29) Aoyagi, Y., Isobata, O. and Tanka, N., Design Method of"-

Shell Wall End of Reinforced Concrete Containment Vessel
(RCCV) Against Radial Shear," Transactions of SMIRT 6, Paper
No. J4/6, Berlin, Germany, 1979.

.

(30) Gill, S.S., "The Limit Pressure for.a Flush Cylindrical
Nozzle in a Spherical Pressure Vessel," Internati6nal Journal

' of Mechanical Science, Vol. 6,.105-115, 1964.
:

'

! (31) Dinno, K.S. and Gill, S.S. , " Limit Pressure for a Protruding
Cylindrical Nozzle in a Spherical Pressure Vessel," Journal
of Mechanical Engineering Science, 7 (3), 259-270, 1965.

-243-

4 'W ~Tv r ye v - Y y ---M ea yy7--Yy - p g w- y'ge+;+-erw+-w "va-+-tr7-*-''---f--w--'ev +-w+t'+-*~ym=- Y -'Tm---t--w-?->we -pte--Tw --- T - e+---t--



. _ _ y., ,,..__7-_. , . _ _ __

,*
4 - : /M i jp~:e

.

'

.; n.: *:. < e

;ya
,

w s e

~

-' (32)|-Rizkalla, S.,DSimmonds, S H. and Macgregor,.J.G., "A Test-of
' '

a Model'of.a-Thin-Walled'. Prestressed. Concrete Secondary Con .
tainment1 Structure," Transactions of SMIRT 5, Paper No. J4/2,.

.

' 'Berlin. "ermany, August 1979. ,,
"

(33) - Donten, K., 'et al. , "Results of Strength Test onia 1 :10 ' Model
'of Reactor Containment,". Transactions of SMIRT+'5,_ Paper No.*

.

J4/8, Berlin, Germany, August 1979.

(34) Sebrell, W., "The Potential.for-Containment ~ Leak Paths \
. . . - , -

s, :

Through Electrical Penetration Assemblies Under Severe Acci-
*) dent Conditions," NUREG/CR-3234, July 1983. , ~ _ . , 3

, s. 1

(35) Fly, G.,. Bennet, J.G., Baker,.W,E.:and BabcoclL. C?Dt,#-

Steel containment Susceptible to "Kn@uckle" -Buckling," Jrans-(
" Experiments Designed to _ Assess ' the rgin ,to-Failure of;

-

_

actions of SMIRT 7, Paper No. J3/5yrChicago. IL, August
. ',

1983. - , s .

-- |

'v 3 .%
'

| (36) Meller, E. .and Bushnell, D.',
" Buckling of,kling of' Offshore; -. Steel Gentainment

Shells, Task la: Synam{c Response and ,Buc
,

Power Systems' Floating' Nuclear Plant Containinent Vessel,"- ,

NUREG/CR-2836, Vol. 1, : Part,1 ; ' December 1982 J'
- 3, .N

7 ''

._
*

: a,

(37) Butler, T.A., '' Failure Modes for Concrete Nuclear Containment
Buildings," Advances in Containment Design and Analysis,
ASME/ANS Joint Conference, July 26-Z5, .195Z, Portland, .

Oregon. t
4

Macgregor, J.G. , Simind~ ds, .S;H.fand Rizkalla, S\H., " Cracking
.

*

(38) n
of Prestressed Concrete Co>ttainment Due to Internal Pres - ..

sure," Transactions of'SMIRT'6, Paper No. J4/10, Paris,'

| France, August 1951. _
i

| (39) White, R.N. and Gergely, P., Funching and Radial Sheartd ' '
e

| Problems in Reinforced Concrete Containments d' Proceedings 'of
: the Workshop on Containment. Integrity, NUREG/GR-9033, SAND 82-
1 1659, 109-122, October 1952.% -'

,. Ai
'-

,,%

(40) Fanous, F. and Greimann, L., "Probabilistic,Scismic Resi-
stance of a Mark III Steel @ntainment,",Sympo'sium on -

i Advances in~Probabilistic Structural ~MecFanaes,7A5HE San
'Antonio, Texas, June 1984. % e'',.

1 , %
,

'

Q ov'w. r

Ty

h

"

.

T

9,3

? [

- -244- + s
| m.

. - . _ . . _ _ , - _ - . , _ _ _ _ - . - . , -- - -. - .--- --_- ,_.-._,_..--,c-,-__.-_.,------- ,



I

|

1

SESSION D

LEAKAGE OF CONTAINMENTS DURING SEVERE ACCIDENTS

f
!

t:

|

-245/246-

_



. _ _ . _ , - . , _ .

* 01" ; ,,MM.T*:|..

0",J.': Jc.?.'O'."1".
2 ; y yy,,y: '

y .,

FAILURE / LEAKAGE PREDICTIONS OF CONCRETE
STRUCTURES CONTAINING' CRACKS"

L
<

.Y.~ C. Pan, A. H.' Marchertas. and J.' M. Kennedy
~

. Reactor Analysis and Safety Division
Argonne National Laboratory

9700 South Cass Avenus 4

Argonne, ILS 60439
~ ABSTRACT

An approach .i s' presented for studying the -cracking _ :nd -

radioactive ~ release of a reactor containment during severe acci-
dents 'and extremer environments._ The ' cracking cof f concrete is
mo_ deled as the blunt crack. The initiation and propagation of a
crack .are determined -by using1the maximum strength and the J-
integral criteria. .Farthermore,. the extent of cracking is re-
lated to the leakage ' calculation by T using - a model developed by
Rizkalla, Lau and Simmonds. Numerical examples are given for a
three. point bending problem and a.hypod.etical case of a concrete-
containment : structure' subjected to high internal pressure' during
an accident. ,

,

INTRODUCTION

Physical i n te gri ty a.i d radioactive release _ are two ma j o.-
concerns in the assessment of the performance of the reactor ' con -
tainment during severe accidents and extreme environments. The
behavior of the containment would be greatly af fected 'by the
presence of cracks which not only reduce the load carrying capac-
i ty of the containment structure, but also have the potential of
increasing che leakage rate . of the radioactive ma te ri a l s . The
problem is further complicated if the cracks propagate during the
accident which will further increase the leakage rate.

At the ' present time, Argonne National Laboratory is engaged
in the development of analytical tools' for predictir.g the behay-
for of concrdte ' s truc ture s under severe loading conditions [1].
One important 'aspec t 'of the effort is the modeling of cracking.
Two distinct models have been incorporated into the computer code
to simulate cracking; namely, the cony'entional sharp crack model
and the blunt crack model'. ,The blunt crack model considers the
crack to be unliformly distributed throughout the area of the ele-
ment.. In the' sharp cra.ck model, the crack surface is treated as
the _ boundary of the fini te elenent mesh. -Despite the modeling
di f ference, the 'results of these two approaches are quite compar-
able to each other [2,3]. The blunt crack model is found to be

particularly suite / andd for large concrete structures due to its easeof implementation the fact that concrete cracking generally
does not have well defined crack surfaces like those of a sharp
crack. Four crack propa ga ti on criteria, the J-integral,; the

t .
,

* Work performed under the auspices of the U.S. Department of Energy.
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: energy' release rate, the effective strength and the failure sur-
face . criterion,_ have' been considered [4]. In'this paper the max-
imum D streng th and the J-integral criteria are used 'to determine-

the extent of cracking. The formulation; developed in Ref._5 is
then :used to relate the extent' of cracking .to the leakage rate of
. pressurized gases through .the concrete containment structure. |

Several numerical examples-are given__in this paper to demonstrate
the ca pabili ty of the computer code in predicting failure and
leakage . rate of .a concrete structure containing cracks..

,

Modeling of Concrete Cracks4

!,

The initiation of a crack in.a fini te - element . analysi s .is

_ henever the ' principal tensile- stres s' -in an elementassumed w
reaches the tensile strength..of the concrete. The_ crack is as-
sumed to be smeared over the e n ti re area _ of the element in the i

blunt crack model. .Hence, the element. is assumed to lose its-
'

load . carrying capacity .in the direction _ of- the tensile - stress
which is -perpendicular _ to the. direction of the crack.- The pro-

,

pagation of a crack 'can be determined in' a similar manner.- How-'

ever, it is found - that the approach utilizing the' J-integral cri-
t rion would yield more accurate results which are less . mesh de-

~ pendent.
,

If a crack of length a is assumed to advance in the x-
direction, the rate of energy change can be related to the well>

known J-integral whether the' crack is modeled as a sharp ; crack .or
a blunt crack [2,3]

J = f (Wdy - T + h di) (1),

where x and y are Cartesian coordi na te s . wi th y perpendicular to
the' crack surface; W is the strain energy; T is the surface trac-
tion; u is the dispiocement; di is a line segment in _ an ' arbitrary -
'i n teg ra ti on loop . surrounding the crack tip. In the J-integral
evaluation, it is noted that the surface traction vanishes on the

,

i blunt crack surface just as on the sharp crack surface. There-
fore, the numerical i n te gra ti on for the blunt: crack model is sim-

,

ilar to that for the sharp crack model.>

The J-integral is not path independent if extensive plasti-
city exists. In that case, a modified concept called J* integral
was introduced by Blackburn [6].

1 "i "i
' " N [r I ij ax 2 i ax

~

j
'

1 j 1

| au au

" [p I dx -T dL} (2)'

ij a 2 1 a

Do aua u, 3 g
+ N !!

y
~

*
2 ij ax ax 2 ax ax

1 j 1 j
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n ,

;

where P ~ is a- circle . of radius p around the crack tip, ri . 3 is
,another contour,beyond ry also surrounding ' the -crack tip and S is
the area enclosed by rj and r3 The Cartesian . coordinates 'ar.tr

denoted by xi and-x2 The tensor notation is used in- Eq.7(2).-

The J* integral . is equal to the :J . integral f o r. - _ a n elastic
case. - Hence the, amount of difference between the'J and'J*-inte-

p .gral values is also an indication of the degree of nonline.ar de-
formation of: the structures. The: J-integral criterion states'

that the crack will propagate .if the J -~(or J*) integral reaches-a
critical . value . which 'is -a material property to be determined by
experiments.

Leakage Model
,

Once the extent of cracking is determined by using the.
aforementioned fracture criteria, the amount of leakage can be
found by the - following equation ~ developed for computing leakage.

through: concrete cracks. [5].

P2_p2 n P Q 2-n .

.

i e, ) n - (RT)n-1
e

(3)g 3

:
! where

: Pj = internal pressure (1b/sq ft)
P, = external pressure (1b/sq ft)
L = thickness of concrete structure.-(ft)
k = surface roughness of the crack
u = dynamic viscosity of ghe rgdioactive gas (lb.sec/sq ft) ' '

= gas constant (1716 ft /sec *R)R

T = absolute temperature of the gas (*R)
flow coef ficientn =

Q = total flow rate through the concrete wall (cu f t/sec)
B = length of the crack along the wall' (f t)

: W = average ' opening displacement of the crack (ft).
<

In this model, the opening displacement is assumed to be uniform
through the thickness of the concrete wall which is valid for,

cracks generated' by pure membrane stress. The surface roughness
and flow coefficient have been found to be

4

7 (,3) 0.428k = 2.907 x 10

0.133""
(,3) 0.081<

i
i Numerical Re sul ts

To examine the performance of the blunt crack approach, a
three point bend problem reported in a calculational round robin
in elastic plastic fracture mechanics participated by 17 organi-

1
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[7] -is chosen - for numerical ' study. The three point bend- za ti on s
_

1 specimen is_2.54 cm wide, 10.16 cm high and 2.54 cm . thick with a
-1.27 cm 'long: center crack. The calculated crack mouth opening
di spl a cemen t and the J'andfJ* values are plotted in Figs._1 and_

.
2, respectively.- Also shown in the figures are . the -values re--

4 ' ported' by the orga ni za ti on s pa r ti cipa ti ng ~ in the calculational. l

.round robin; It -is noted that the cu rren t '. J and J*-integral s
:' calculations yield very _ reasonable results as compared; with those
obtained in. the round robin. Hence i t is concluded J tha t the J
and1J*-integrals approach with both-the blunt crack model and the
sharp -crack model can .be' used for 1 elastic plastic. fracture>

mechanics problems.
_.

|- The second problem studied is a hypothetical Lease. of a - con--
i- crete ' containment structure subjected to 150 = psi ' (1 MPa) gas

' gas temperature during an accident. .Apressure.and'750*F (399'C)
sketch of the containment structure is shown in Fig. 3.. The con-
crete containment is a domed cylindrical structure 70-ft (21.3 m)-
in radius, 214 ft (65.3.m) high and 3.5 ft (10.7 m) thick.. The-

t containment structure usually has many pene tra ti on s such as the
equipment hatch, the emergency air lock and various' piping pene--

trations. Selected for this study.'is a piping penetration which'

is 5 ft (1.5 m) in diameter.. Because of the . stress concentration
at a hole, the area surrounding the piping penetration is the

;

critical part of the structure. The~ thickness of the containment >'

wall and the radius of the penetration are much smaller than the
radius. of the containment structure. Therefore, the problem is

. reduced to a two dimensional plane stress problem shown in Fig. - 4
where x is the circumferential direction and y is i n the axial
direction. Only a quarter of the mesh is set up due to symmetry
con di ti on s . Usually, a nuclear containment structure i s rein-

i- forced. A 2%. steel reinforcement would carry about 90% of the
; load. However, the current model does not include the effect of

the reinforcement. Hence, only 10% of the pressure loading is
applied to the model which leads to circumferential and t axial
stresses.

o =2a = 300 psi (2 MPa) .

c a

The material properties used in this study are

2
E = 2.5 x 1011 dyne /cm ,
v = 0.18,

3p = 2.326 g/cm ,
,

ft= 2.41 MPa,

L v is the Poisson's ra ti on , p is

{.

. where E is the Young's modulus,
is the tensile strength of concrete.the density, and ft

~ Due to 'i ts poor thernal con du c ti vi ty , a concrete -structure
' responds much quicker to a pressure load than to a thermal load.,

| Therefore, the computer run attempted includes only the pressure
; loading on the structure. The effect of the temperature is only

reflected in gas properties. The result is shown in Fig. 5 where
the straight line in an element indicates the di re c ti on of - the

;

i crack. Cracks i ni tia te at the 6 and 12 o' clock position of the
[
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circula r'. pene tra tion wh'en ' the circumferential stresses reach the_ !
o -

tensile strength of ' the concrete and. propagate :through the~model 1

in less than 20 vs.- ;Ini a reinforced . concrete. structure, the:
'

- crack may be - stopped by; the reinforcing bars. . However, that-
effect is not included in the present model.

'

ToEdemonstrate the leakage ' calculation for a more reasonable
'

ca se, ;we - chose - the crack length to 6'in (15.2 cm):in the next
computer mode 11and calculated the1 J and J* values. In- order- to -
study the sensitivity of the finite elsment mesh, the model shown

.

in" Fig. 4 is further refined ~as shown in Figs. 6 and 7.- The same
loadings are' applied.- The calculated J and J* values are 382 N/m.

. and 390 N/m respectively. Compared to a critical .J value of 32-
N/m, this indicates that the crack will propa ga te. The average
opening ' displacement of - the crack is calculated .to be 0.007 cm.4

From -Eq. (3), the radioactive
10-6 *m*I"s e'c') "wh i c h .i s

9 * * *# ** *
0.00012 cu ft/sec. (3.4 cx / less than the-
agceptable leakage rate of 1% of containment volume per day ( 0.01

1- m /sec).

SUMMARY AND DISCUSSIONS '

1. T h'i s paper presents an approach to assess the phy si cal in--
tegrity and leakage rate of a concrete containment structure-
subjected to high pressure and temperature during an acci-.

'

dent.
I 2. In an accident condi ti on , the concrete structure responds

quickly to the pressure loading.- Cracks initiate as 'soon as
*

the tensile strength of the concrete is exceeded and propa-
gate under certain conditions through the structure in the

4 order of less than 1 see which is several orders of magni-
tude faster than the change in thermal gradient.

3 J (or J*) integral criterion appear to be very reasonable
for crack propagation simulations.

j 4. The leakage - rate can be related to the extent of cracking,'

al though more experimental data is needed to cover a ~ wider
range of crack configurations such as cracks caused by
bending stress rather than by membrane stress.

5. The effect of reinforcement needs to be studied further
since it is not included in this study.

.
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AEROSOLS AND LEAKING CONCRETE CONTAINMENT WALLS
.

;

J. F. van de Vate i
Netherlands Energy Research Foundation ECN J
P. O. Box 1,1755 AZ Petten, The Netherlands

-

2
;

ABSTRACT

- Two aspects of leaking concrete containments are investi- $
gated: leak rates and particulate fission product penetration.

-

J
Air-flow rates are measured through cracked and undamaged 2

concrete cylinders. From the results on undamaged concrete, j

it follows that the normalized leak rate of a standard goncrete
-

containment building amounts to 10-3-5 x 10-3 vol. %.d- .mbar-l. j
The standard containment is defined as a spherical concrete buil- -

10 m3 volume having 1 m wall thickness. Normalized leak
Y

4ding of
-3due cracks in a standard containment are roughly 8 x 10 ;rates

%.d."yo -Ivol. .mbar for a crack of 1m length; this could be more -

for larger crack widths (> 0.1 mm). d

Experimental results are presented on aerosol penetration
through artificial cracks simulating leaks in concrete walls _

of safety containments, and through model leaks of glass bead ]
columns. The results on aerosol removal from a leak flow through i
leak naths can be explained assuming turbulent inertial deposi- i

tion in a high flow rate regime and sedimentation in a low flow ]
rate regime. Other aerosol removal mechanisms are dealt with too. a

Special attention is given to the role of diffusiophoresis in i
removal of particulate fission product matter in leaking cracks 3
in concrete walls and also to the importance of particle growth -;
in particle removal in the leaking flow due to cooling in the j
leak. For the application of the results of this study to a i
nuclear safety analysis important knowledge on leaks through con- i
tainment walls and on aerosol particle size under severe acci- 3
dent conditions is lacking. ?

l
1. INTRODUCTION |

Containment buildings of nuclear reactors enclose the nuclear b
installations inside, and have the purpose of preventing important
release of radioactive material (gases and aerosols) to the en- !

. vironment. Leak tightness is the primary property of such contain-
'

ments. Radioactive aerosols present in the LWR-containment under
post-accident conditions are assumed to have leak rates similar
to inert gases which, however, is an unreal and conservative as- k
sumption in view of the possibility of deposition of particulate I

material inside the leak paths. The penetration of particles $
through leak paths is a function of leak path dimensions, leak 2
rate and particle size. Leak path dimensions and leak rate are }

m
1
=
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dependent variables. Though uncertainty exists'concerning.
- the1 particle - size under pos t-meltdown- conditions -(also of
; major importance'asswill appear later>on) the-leak'charac-
teristics under these-conditions have much larger uncertainty.
The'1arge variety'of leak paths possible under real' accident ,

conditions.for various containment types makes' application of |
aerosol' knowledge'very difficult.;Therefore, the recent at- ,

tention given to containmen't1 failure (mainly due to overpres- !
sure.or internal missiles) can be of great _ help in the near
future for decreasing the complexity of the field of leak"

paths. This paper. serves to indicate-the-kind of information
-needed to. apply aerosol science to fission product deposition
in leak paths.

-Leak tightness can be achieved.by steel containments, by
steel linings inside concrete buildings or by prestressed
concrete buildings. This study deals with leak rates of intact
end cracked' concrete, and with aerosol penetration through
cracked concrete.' Cracks in concrete containment walls probably
don't determine leak rates of steel-lined containments; however,
leak rates through cracks in concrete are relevant to concrete-
containment buildings. Aerosol penetration through cracks in
concrete is highly relevant to both concrete and steel-lined
concrete containments because of the relatively long residence time
(ratio of leak path volume'to flow rate) and of the relatively
large surface area of leak paths in concrete walls. The importance
of both leak path aspects becomes evident below.

As a spin-of f of research on the particle size dependent
penetration of aerosols through leak paths, indications can be
obtained concerning particle size of penetrating aerosols which
is of great value for exposure assessment of the reactor surround-
ings |1|.

2. GAS LEAKAGE

2.1. Intact concrete

Leak rates through undamaged concrete test specimens were
investigated by analysis of pressure decay curves of a vessel
connected airtightly to the test specimen. These specimens were
concrete discs (15 cm diameter) of various heights (30 cm and
60 cm), freshly cut from cylinders which were taken from a mother
block. This block was prepared according to the specifications
for-the German SNR-300 containment. The cylinders were cut from
the mother block at various dates after its preparation (Table I).
The decay curves appeared to be exponential and leak rates were
inversely proportional to disc height. This allowed calculation
of normalized leak rates A defined as the vol.3% jeaking out of
a standard concrete containment (spherical; 10 m volume; I m
wall thickness) at an overpressure of I mbar relative to the
surroundings. The obtained A-values are given in Table
I. These results are in reasonable agreement with the-results.

Interna 2| fromobtained in the early sixties by Atomics %.d.-l.m~yional.mbar~l can bewhich A-values of 1.5 x 10-3_go-2 vol.'

*

.
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calculated. Some concrete chemistry taking place (hydrate
crysta1 formation) during the first months results in an
initial decrease of leak rate.

TABLE 1

Normalized leak rates a through test specimens cut from a concrete
mother block at various dates after its preparation.

ANumber date of cutting cylinder height _g _g _g)of after preparation (mm) (vol.%.d .m .mbar
- specimens

- 2 1 month 31 ; 65 5.19(+ 0.02)x10_3
-

33 1 year 63 - 65 1.03(+ 0.07)x10 -32 21 years 31 ; 65 0.94(+ 0.05)x10

Leak tests on concrete specimens with a steel pipe penetration
(10cm x 10cm) revealed leakage only slightly larger than without
the penetration, even after several days of heating at 70 C.
Ileating of the penetration at 150 C, however, resulted
within a few hours in important crack formation around the steel
pipe due to the combined effects of drying and thermal expansion.
This could be of importance for the leak tightness of concrete
containments under post-meltdown conditions (containment atmos-
phere with temperatures up to 1500C) where the penetrations through
the containment walls are heat-leaks during long periods.

2.2. Cracked concrete

Experimental investigations were performed on artificially
cracked concrete cylinders as well as on well-defined model leaks.
Concrete test specimens were made by putting together the halves
of a split concrete cylinder (fig. 1). Usually, measurement of
the flow rate was done simultaneously with that of aerosol

pene3)tration, by recording pressure decay in the aerosol vessel (I m
- connected to the test specimen (fig. 2).

Leak rate characteristics (flow rate q as a function of
pressure drop Ap) were measured of some artificial cracks in
concrete cylinders (CCC), and of model leaks of glass bead
columns (GBC) assembled to have similar flow charateristics.
Fig. 3 shows the results. Obviously, the GBC's have flow pro-
perties comparabic to those of the CCCs. One exception, CCC 448,
is displayed in order to exemplify a crack that behaved abnormal-
ly, most likely due to irremediable clogging of the crack. This
clogging occurred with most of the test specimens presumedly due
to crystalline material released by the air stream from the crack
walls to narrow passages in the crack. Firm knocking on the speci-
mens could remove this clogging though not in case of CCC 1A8.
From the linearity of the log-log plots with a slope between 30
and 450 (q is roughly proportional to Ap 0.8) one may deduce that
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n a.
:>|the iflow' throughithei cracks jisJ of ; a| mkxe'd. turbulent / laminar'

-

: ' type.LAssuming-linearjdependenceTof: flow: rate.'on crack (length;
:and onEcrackHdepth.our flow rateidata:are roughly half 7 th~o s e :i

t

Ewhich'can belcalculated.from1the# Atomics--Internationallinves--1

itigations.|2|.!This is anLacceptable difference in' view 1of
the different' experimental; crack treatment by AI,7viz. cleaning'-

%

of the: crack' surfaces priorito assembling.- -a
. !

Theisimilar flow characteristics of GBC's and:CCC's in- -l'

plied _thatisimilaryparticle'behaviour in these: specimens could |
H's the' expected,_thereby-aiding in interpreting,thelobserved' rela-

stions between aerosol ^ penetration,-flow"characteri'stics1and--

-
spatial dimensions of _ the.J1eak- paths.--

Ourinvesgigations-oncrackedconcrete' lead'tostandardized:
(10 m spherical. containment, see1above)tof-about'40-leak rat

-vol'Cd.ys, for 'a crack length of :1 m -and'~ assuming linear extra-~

-polation allowable _to the-_high 5.bar: range.of containment over -
pressure under post-meltdown conditions. One.singlescrack-with
a. characteristic length of-the containment (25 m) results:there-
fore.in.an effective half-life"of containment; pressure loss of r

_ '100 minutes.

3 .- AEROSOLLPENETRATION :

3.1. General

Aerosol processes during entrance-into and. penetration of
particles-_through leak paths are similar to those during sampling
for aerosol analysis: biases during aspiration 'and'due'to
= sampling line_ losses. Entrance. bias has its analogy'in blunt
' probe sampling |3|; however, significant leak path. entrance

< 0.5) of hypermicron particleslosses (aspiration coefficients
occur only for Stokes numbers > 0.1 which relate to linear
flow velocities of several m.s-1 prior to entering;~ this is
unreal. Reduction of aeroso1~ penetration can be'due to several i

mechanisms dependent on particle size, leak. path ~ dimensions
and leak rate. Relevant information on sampling'line losses
can be found in literature |4,5,6,7|,

3.2. Theoretical

Aerosol penetration P (defined as the ratio of the number-
concentration leaving to that entering the' leak. path) is
given by |4|

inP=v3 (1);_

[.
-

9 1
;

'

I where v = aerosol deposition velocity
S= surface area available for deposition
q = flow rate through the leak

In (1) it is assumed that flow is turbulent which is reasonable i'

for leaking _ cracks in concrete as shown above.

I
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'A number'of deposition ~ mechanisms in. leaks has to be'
considered, each with its typical-deposition velocity.
Table II summarizes the relations for y and P.

~

TABLE II

#Aerosol Deposition Processes.in Leaks

deposition deposition- penetration Eq.
-mechanism velocity exponent (- InP)

D' D Sdiffusion v (2).d 6 6d d9

thermophoresis v th " " 6 ( }~

M 9 "e9 Se e eelectrophorests v, = 2cs 2cs
- (4)

.

e e

diffusiophoresis v
VP2 (5)VP2dp " -

p g S v (b)
gravitational v,= ghdF(d) v, (6)s

=

settling

inertial A (q d F(d)) (7)gdeposition

(a) Symbols not explained in text:

temperature gradient*
6
th

A thermal conductivity=

u, electrical mobility=

q, electrical charge=

absolute dielectric constantc =

S, = electrically charged surface area

gravitational accelerationg =

n gas viscosity=

(h) For a slit-like path: I = length and w = width.

(c) See text for further explanation and applicability: Eq.(II).
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'Very small particles-(4 0.1 pm) and vapour molecules,

transported'to.the leak walls by diffusion. The boundary'
.are
layer thickness 6d at_the walls of the leak path depends on
Re-number and on the particle's diffusion coefficient D in a- ,

complicated way. Recent work shows progress in describing
diffusive deposition in a mechanistic way |8|. Usually, dif-
fusive deposition is of minor importance because it is only
efficient for very small particles which carry negligible mass.

Thermophoretic deposition due to an aerosol warmer than
the walls of the leak can be.related to the heat power Q trans-

i ferred to the cold walls of the leak (Eg.(3); for derivation
cf |9|). It can be shown |10j that a.A-l= 0.3 cm3.J-l for air,.
independent of temperature and particle size (for d g 0.5 pm).
Rough calculations indicate that thermophoresis is relatively
unimportant in removal of particles in leak paths.

Aerosol particles can be deposited by electrophoresis
in electrical fields arising due to charges at the particles
or at the walls (or both) |10|,
Due to the.relatively high radiation ficids under post-accident
conditions the particles will be at Boltzmann charge equili-
brium and only lbw charging of walls is to be expected.

Gravitational settling removes particles to all upward
facing walls (Sg = surface area of the horizontal projection
of these walls) and becomes increasingly important for larger
particle diareter (d) and for lower flow rates q. Eq. (6)
(cf Table II) describes the penetration through a leak of an
aerosol undergoing gravitational settling. For a leak (a
horizontal crack) of length ! = 1 m, width w = 0.1 mm and

-1average flow velocity u = 1 m.s one obtains P-values of
0.7, 0.3, and 4 x 10-4 for particle diameters of I pm, 2 pm
and 5 pm, resp. Another typical feature of gravitational
removal is the increase of P with q. Consequently, knowledge
of q and d of the leaking aerosol is of great importance for
introduction of gravitational settling in leaks. Assuming
particle size to be governed by water-vapour condensation
in the post-meltdown LWR containment (after 4 hours about
350 kg of water will be present in the containment |11|)
particle sizes of about 5 pm result which leads to several
orders of magnitude retention in leak paths.

Diffusiophorecie deposition in leaks is particle removal
due to water vapour condensing onto cold leak path surfaces.
Diffusiophoresis depends (Eq.(5)) on the diffusion coefficient
of water-vapour D2, on total vapour pressure of the aerosol
system, and on the vapour gradient Vp2 The underlying theory
of Stetter is dealt with in |10|. Deposition fluxes due to
diffusiophoresis in cracks are roughly 10 x larger than those
due to gravitational settling of 5 pm particles (D2 = 0.1 cm2,
s-3; p; 100 kPa; Vp2 = 1 MPa.cm-l), which means an extreme-=

ly small chance of penetration (in Pdp = 20 in Ps).
Inertial deposition is likely to be the most important

removal process of aerosols in leak paths. The main problems
of a good description of this process arise from the coupling
between its deposition velocity and the gas velocities inside
leaks. Theoretical treatment is also limited |7,12,13|.
Agarwal's experimental results |7|, however, are useful.
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According to Agarwal we define the parameters V+
(dimensionless deposition velocity) and T+ (dimensionless
relaxation time) as follows

V,=[- (8)

where u, friction velocity, and=

Tp u,g
T. (9)=

y

where T = particle relaxation time

o = gas densityg
gas viscosityn =

Agarwal |7| has observed that there are two regions (cf
fig. 4):
- for T, 4 10, V+ depends on T, and wall roughness, though

for roughnesses with elements > 100 pm this dependence on
roughness vanishes (line marked " rough" in fig. 4), The
latter condition may be assumed to be met in case of concrete
cracks. We assume a power function relation (analogously with
smooth channels).

B

V, = A (T,) (10)g

Then the penetration under conditions of inertial depo-
sition is governed by

2InP = A g{q d F(d)} (11)-

F(d), the Stokes-Cunningham correction factor, is virtually
unity for d RI pm.

- for the high T+ region (T+ 4 20), V, = 0.1. Hence, one may
easily derive

- InP = A ( l'2 )2

In this high T+-region P values are exceptionally low. As
a rule, however, T+ values in Icak paths are smaller than
0.l; hence, (11) should be valid there.

3.3. Results and discussions

Penetration measurements were performed on CCCs and GBCs
(1 mm bead diameter) in a test rig as shown schematically in
flg. 2. Test aerosols consisted of monodisperse polystyrene
spheres of various diameters in air. Concentrations of the 4
different particle sizes used were measured by means of an
optical particle counter.

Table III represents typical results of particle pene-
tration through a crack test specimen (No.4).
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d ;Aeroso1} penetration;PEasla function"of? particle dia-;
imeter"d.for-~variousjflow rates (q'and pressure:dif-1

'

s.

|ferencesLAp across;anDartificialLcrackiinJconcrete
4- -testispecimen No.7 .'

1:1 ,

/Ap_ [d ( q '. ;:P . J-: log P

y d' '23
*cm ,-'

(abar). ~(um);

30 0.481 145 0.80' 't.0
' '

'30 J0.82J :145. 10;80- 0.~ 15

-30 1.1 145 .0.5: ' O .' I 5

30 "2'0- 145 0111- ; 0 '. 0 5 ~

.
<

. . .

60~' O.481 :250' -0.75 1.3

-60. 0.82 =250 0.6 0.34
:60 -1. I :250 0. 2" -- 0 . 3 5 .

-60 2- 0 L 250 10.008, 0.11
1 .

'90. ' 0 .' 4 8 350 0.65 '2.0 -

90 0.82- 350 0.45 0.53
90 1.1 350 '0f07 0.58
90 2.0 350 '0.005 0.'12 ..

_

Generally, penetration is observed to decrea'se with' larger;
flow rates and with larger particle sizes which is an indication
that inertial deposition is the domination pr~ocess. Therefore,
the measuring data were interpreted using Eq.(ll). The last
column of Table III shows that penetration P of'0'.82 pm and-
1.1 pm spheres follows Eq.(ll) closely. Fine particles (0.48 pm)
penetrate less.than predicted which could be due to an additional.*

deposition' process (probably diffusion deposition, see below).
The higher P-values of 2.0 pm spheres could be a measuring arte-
fact or deviations from Agarwal's model in the range of large
particle relaxation times.

Another series of measurements has been carried out on a
crack with variable width ( ','0 " mm - 0 . 2 5 mm) . Fig. 5 shows the

penetrations P of monodisperse particles for various crack
width settings. Analyzing the dependence of'P-on particle size

~

d, one finds inP proportional to d F2(d) which is displayed by4

fig. 6 (also for the previously' mentioned specimen No.4). The
same relation has been observed by Schwendiman and Postma |4|
for a surface-roughened pipe, their exponent to d being 4.26.~

2 in (11). Consequently, InP shouldThis means also that B =

4.oThis, however, was not observed; assumingbe proportional to q
4inP' proportional |to d F2(d), the exponent to q ranges from 1.8

to 2.6. We conclude that Agarwal's results, being the under-
~1ying-basis for our analysis, are not uniquely related-to q (or
-in fact'u.) which is also reflected in the scatter in Agarwal's
-data. For-a certain CCC the d- and q-dependence of P is given

'

by
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2.8(1 1.7) x 10~ q'* *- InP *

dF (d) (13)=

Penetration of spherical particles through a crack-simulating
glass bead column (GBC) showed a similar proportionality to
d p2(d). However, inP appeared to be proportional to q4 2.9

which again violates Eq.(ll) and indicates the ambiguity of
Agarwal's inertial deposition data once again.

The above given analysis of the oservations concerns
the regime of higher flow rates. In the low flow rate regime
(< 10 cm3.s-3) both GBC and CCC have penetration lower than
extrapolated from the high flow rate regima giving evidence
of a removal mechanism additional to inertial deposition. In
some cases, penetration even shows a maximum (fig. 7) which
means that this additional process removes particles with a
deposition velocity independent or only slightly dependent on
flow rate (cf. Eq.(1)). This is essentially different from
inertial deposition. The data in this region were eva-
luated in view of a possible role of sedimentation using
Eq. (6) in table II. The data could be explained fairly well
when deposition surface areas S

2 dep were assumed to be 200 cm2
and 1700 cm for CCC and GBC, resp. In case of the GBC this
compares fairly well with a calculated horizontally projected
surface area of 2500 c~m2 The CCC with dimensions of 45 mm x
290 mm (131 cm2) has been investigated in a vertical position.
Consequently the orientation of a crack in concrete does not
influence the sedimentation surface area significantly. This
is not an unreasonable observation. Deposition surface areas
for smaller particles of 0.5 pm appeared to be factors larger
which could indicate an additional removal by dif fusion.
4. CONCLUDING REMARKS

1. Inertial deposition in the high flow rate regime and sedi-
mentation in the low flow rate regime explain the experi-
mental observations on aerosol penetration through an arti-
ficial crack in concrete:

2. The sedimentation surface area of a crack in concrete is
roughly equal to the smoothened surface area independent
of its orientation.

3. The presence of large amounts of water vapour in the LWR-
containment after a core-meltdown could result in important
removal by diffusiophoretic deposition in leaking cracks
in concrete containment walls.

4. Fission product particles grown to several um sizes due
to water vapour condensation can hardly penetrate through
cracks in concrete due the highly efficient removal pro-
cess of inertial deposition.

5. The importance of high humidity and slight condensational
particle growth mentioned above, has to be proven experi-
mentally by a separate effects test.

6. There is urgent need of definition of leaks as they will be
present in containment walls under accident conditions.
Basic requirements for further progress in the field of
aerosol leakage are estimates of:
- leak dimensions: width, breadth and roughness,
- linear velocity in the leak.
It would be useful when concrete panels failed in realistic
mechanical load tests could be made available for aerosol
penetration experiments.
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Figure 1. Schematic Drawing of an Artificially Introduced
Crack in a Concrete Cylinder
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Figure 2. Experimental Rig for Measurement of Leak Flow
Rate and Aerosol Penetration Through concrete
Test Specimens
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STRUCTURAL ASPECTS OF LEAKAGE IN REINFORCED CONCRETE
CONTAINMENTS--EXPERIMENTAL APPROACH

Piotr D. Moncarz and Jchn D. Osteraas
Failure Analysis Associates

2225 East Bayshore Road
Palo Alto, CA

ABSTRACT

Containment leakage is largely a function of concrete
cracking and liner rupturing, phenomena difficult to predict
analytically. Experimental studies are under way that address
the various aspects of containment integrity. This paper pro-
poses a methodology for accumulating experimental results for
development of analytical techniques to predict leakage through
cracked concrete walls. Emphasis is on the need to closely
coordinate experimental structural research with the goal of
developing techniques to analytically predict flow intensity
through containment walls. A parameter set describing aspects of
a single crack related to leakage is presented. The relationship
between crack parameters and leakage rates is discussed. Ex-
trapolation of scale-model results to prototype domain requires
adequate experimental data upon which to calibrate model results.
An experimental approach utilizing parametric studies of full-
size and scale-model subassemblies in addition to current studies
is proposed. A suitable experimental data base utilizing results
from current independent research activities would allow the de-
velopment of empirical or theoretical leakage prediction models.

. .

INTRODUCTION
.

The main purpose of a containment structure in a nuclear
power plant is to protect the environment from an uncontrolled
release of radioactive material during an accidental internal
build-up of pressure and temperature. This requires that the
structural integrity of the containment be preserved and the rate
of leakage minimized, even under major accident conditions. The
safety margin ot a containment structure can be defined only by
evaluating these two performance criteria simultaneously. The

- containment integrity study by the U.S. Nuclear Regulatory
Commission (NRC), carried out mainly at Sandia National Labora-
tocies, Albuquerque, and a research program sponsored by the
Electric Power Research Institute (EPRI) provide milestones in
the integrated assessment of containment integrity.

The authors participated in the Sandia study, developing
guidelines for experimental modeling of a reinforced concrete
contai.nment structure with a steel liner [1]. In that study it
was recognized that leak-tightness of a containment structure
subjected to high post-elastic stress levels is poorly
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funderstood.- Any development of. acceptable theoretical approaches,

,

; to r the problem is : impeded by the' lack of experimental ' data pro-'

_viding ' physical understanding of . leakage development' . in rein -
X forced concrete. structures with steeliliners.

|
.

Two : basicf conditions - are . needed to allow ~ through-wall 11eak ' - i
~

age (from the. containment to the outside ' environments rupture of |
the containment ' liner and : sufficients permeability due to cracking;, -

of the concret.e wall in the. vicinity of the ' liner; crack. There-~

'

,

fore, - to assess the . leak integrity of a containment structure one
must determine both the~. extent of liner and concrete 1. cracking and
the amount: of leakage ;through the damaged wall. Once these"

determinations have been fully- integrated,; structural ' leakage.

I rates can be, assessed at different - pressure . levels. - This paper

[ emphasizes methodology for --accumulating information necessarynto .

'

; develop the means' for . determining -leakage through _ damaged con-
crate walls.

.
.

An integrated process of.' stress' analysis and leakage analy-~

|- ais is presented schematically in Figure 1. The: stress analysis-

| can utilize any available technique, such as closed : form solu-
tions by the classical ~ shall theory or the - finite element method.I

|
The - results provide information on stresses and displacements

i' (line A in Figure -1) and, with nonlinear | analysis,' on crack
L extent in the concrete. In an advanced level of analysis, proba-

bilistic strength _of materials can be used to determine ~the crack
4

| distribution and extent of ' crackira (line B). This'is particu-
larly true when rupture of the liner is to be determined, as

I localized flaws will affect the location and the stress level at ^

1 which the cracking will start. The crack . probability model and a

j the analytical prediction of concrete and liner. ' cracking are '

i closely tied to the available experimental results (lines,C and
!' D). As a result of this evaluation, concrete crack parameters

| become . available (line E) . In order to determine the extent' of
j leakage,. relation between crack parameters and leakage intensity
j' must be understood. The data for development of such information
l could be obtained from ongoing research and from proposed para-
I metric . research studies (line F). The crack parameter-leakage

i relationship (line G), combined with concrete crack parameters
(line E), will' allow the prediction of leakage (line H).

I

i Some of the needed experimental data can be obtained from-
j full-scale subassembly testar however, due to technical and
l' economical restrictions, the majority of studies have to be

performed on scale models. Correlation between the results
obtained ' from studies with prototype-size specimens and model-

| size specimens has to be develope:d to allow the full comparison1

! of data obtained from specimens 'of dif ferent ' scales . Figure 2

i presents this process schematically. The need' for coordination
j and exchange between full-scale studies and modal-scale studies
i is clearly shown in this figure.

!

I

J
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CRACKING OF CONCRETE
.

-

To predict leakage through structural cracks in concrete, a
quantitative description of the crack that develops under imposed
stresses is required. A refined understanding of crack develop-
ment in reinforced concrete allows containment strength assess-
ment and description of crack parameters necessary to predict
leakage.

,

There is signific. ant interaction between the steel. liner and
the containment wall,' for both strength and leakage. However,
this discussion addresses conditions in which the flow rate in
controlled by the wall crack and not by the liner crack.- Devel-
opment of cracks in concrets precedes. rupture of the liner; thus,
for a given concrete crack pattern, a localized liner rupture may
be superimposed on the crack pattern to predict integrated
leakage.

Crack Parameters

The basic geometric characteristics of a through -wall crack
are presented in Figure 3. The crack geometry is described by
wall thickness, by crack length and width on both sides of the
wall, and by surface characteristics of the crack wall surfaces,
defined here as roughness. The dimensions of the crack are
determined by the stress field causing the cracking. The rough-
ner,s of the crack will depend mainly on the hardness and brittle-
ness of the cement paste and the aggregate. The reinforcement
crossing the crack can significantly decrease the area available
to flow and cause major localized flow disturbances.

These crack parameters are controlled by the following
quantifiable factors:

e Stress Field. The direction of cracking is controlled by
the overall stress field and will vary with the components of
tension, compression, bending, and shear present in the stress
field. In addition, interaction with the liner will generate
local stresses in both the concrete and the liner that vary with
liner stiffness and anchorage details. In a typical containment,
different force components predominate at various locations--
biaxial tension in the cylindrical wall, tension and bending at
the spring line, and bending and shear at the base. The relative
.ickness of the concrete elements results in a triaxial stress*

Ltate throughout the structure.

e Concrete Strength. For a given stress field, crack size
and spacing are a function of concrete strength parameters,
including compressive and tensile strengths. A component of
concrete strength--aggregate type and strength--affects the
roughness of the crack surface.

e Reinforcement. Relationship between crack size and rein-
forcing parameters depends on concrete cover, bar size, bar
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. spacing, material ' stress-strain ' behavior, . and - bond. 'The'influa-

ence of these factors on crack - development is well documented . for -
beams, and cracking behavior :of beams may be predicted ration-
- ally.- . Available ~ empirical methods- are ? applicable. only for a 1

- limited range of concrete'and reinforcement. properties ^and do not I
_

extrapolate, without correction,,to scale model conditions.

Scale Effects

The necessity? " of _ conducting? 'expe4pnental . studies with' '

- reduced scale models introduces additional variables to the test.
Modeling experience has shown thati even when"t'aie utmost' effort
is -made to follow similitude' laws, reduced-scale' reinforced con-

.

crete models tend- to have fewer - (and for fixed displacement,
presumably wider) cracks - than the prototype structure. Thus, . 'as .
shown in Figure 2, crack parameters and leakage data developed
from scale models must be calibrated to full-scale response. ;

Although limited work has been - done, the relationship between a
model and full-scale crack-parameters is not yet available.

' Limited dataLis available for the. relationship between crack
spacing-(or number'of. cracks) and model scale [2]. The data of
five .different researchers, all modeling the same prototype t

structure but-at different scales, are presented 'in Figure 4 to2

indicate . the - relationship between the number of pracks and model
scale.. These' data' reflect the'' cracking of a boundary element in
a shear wall subjected to bending and shear. TQne data are based
on - a single structural configuration and loading. As such, the
data are useful as a trend-indicator but inadequate for calibra-
tion purposes.

Virtually no data are available on the relationship between
crack opening and scale. Assuming a similitude in displacement
scaling, fewer cracks in the model dictate that they will be pro- i

portionately wider than in the prototype.

Experimental Crack Investigation

Scale -effects on containment cracking may be quantified
experimentally through a series of subassembly tests at full and -
reduced scales. At a minimum, the test program should include
subassembly tests at the scale of the Sandia model (utilizing ,

'

similar construction techniques) and full-scale components.
Testing of additional subassemblies at other scales would yield
more reliable results with more general applicability.

The scale modeling program at Sandia and the subassembly
test program - sponsored by EPRI offer great potential for gener-
ating complementary data. Integration of results, however,
requires ' development of a calibration t.est program that will
establish the correspondence between full- and reduced-scale

| results.-

!
!

!~ -274- *

.

--.,.,..--_....%--..-.-w,,.--, ,# ,-e. % - - ,-.- eyw< . . , . . pw.m,-.m%.,n~--.,--,,,-%. .-,w._



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

-

_ ..

.__

Experimental data collection should include provisions for
the systematic monitoring of crack type, location, length, and
width. Most past studies have mapped the location of surface
cracks but failed to provide useful data on other cract param-
eters. Past model studies have largely been concerned with
structural strength and displacement response. Various studies
have shown that, while the crack response may differ signifi-
cantly, strength and displacement responses generally correlate
well with full-scale response. Thus, the cracking patterns have
been used almost exclusively for qualitative evaluation of stress
distribution and structural response. Development of new tech-
niques for measuring and recording crack parameters in the course
of testing would greatly facilitate systematic data collection.

LEAKAGE THROUGH CRACKED CONCRETE

The knowledge of crack field and crack parameters is essen-
tia? to the prediction of leak rate through the crack network.
However, lack of readily available relatiorships betwee the
crack, the fluid parameters, and the leak rite creates a major
barrier in determining the leak-tightness (integrity) of the
structure. The development of such relationships is dependent
upon a better understanding of dynamic flow through thick wall
cracks, and of the influerce of other crack characteristics on
the flow. Such data can be obtained from ongoing experimental
research projects and from a proposed series of independent scale
studies on subassemblies.

Flow Through Cracks

First-order estimates show that, for feasible structural
cracks, the leakage flow through the crack can be described by
continuous flow. When the containment pressure is greater than
about 30 psi (2 Atm), a choked flow condition occurs at the mini-
mum cross sectional area of the crack. Any further rise in the
containment pressure will not alter the flow rate if the crack
geometry stays fixed. Flow through smooth cracks of less than
0.004 in (0.1 mm) in width can be laminar and, hence, exhibit a
strong dependence on the Reynolds number which depends on the
crack width. Cracks in the containment wall have to be substan-
tially large to result in linear rupture. Thus, flow through
cracks in the containment wall will be turbulent, and the
Reynolds member dependence would be weak. This observation,
together with the sonic flow condition at the crack throat
section, enables accurate calculation of the leakage flow rate
for idealized fluid and cracks.

The above discussion assumes a noncondensing gas as the
fluid. If condensing fluids such as steam are considered, the
flow through the crack will result in condensation and evapo-
ration which can significantly influence the flow rate. Flow
through a thick-wall, complex crack geometry can practically be
determined only experimentally. Comparison of test results
obtained at different specimen scales and with various gases
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requires a parametric study which would provide - basic under-
standing of. flow phenomena under these conditions.

Characterization of: Leakage.Through Crack'

The. . correlation of crack patterns 1in different samples is
,

-impractical._ Therefore,' this' paper proposes . study on a. single
' crack for which all the 'necessary parameters can be identified. |

In the calibration of results obtained at different-scales,. the
. assumption - will have to . be made - that ' only the geometric param-
eters of the_ crack will be influenced by the. specimen scale..

To provide a meaningful coordination between various experi-
mental _ efforts, the most - significant parameters characterizing
the flow 'should be identified.. Subsequently,. dimensional analy-
-sis - could be used to establish a: functional- relationship between
the leak rate, crack, and fluid characteristics. - The attempt-is
'to provide a set of independent dimensionless ' products. (w-

'

factors) characterizing the problem. The number of such products
equals the total number of physical quantities involved in the
problem minus the number of fundamental quantities needed to, ,

'

describe the dimensions . of all physical quantities. The number '

of physical quantities considered in'. a study determines the
extent of physical measurements required during_the test. Thus,
only the most significant quantities should be ce'sidered in

^

order to minimize'the. experimental effort. As the w-factors _ are
dimensionless, theoretically they should remain independent of,

j scale factors and thus allow comparison of experimental results
obtained at different specimen scales.

t

The rate of flow q through the crack shown in Figure-3 can
be characterized by the following set of parameters:

.

q.= f(p, y, d, R, p; af, a , tt, to)_ (1)
*

g
;

~ herew
,

leak rate measured as mass of fluid flow per unitq =

of time
,

internal pressure
.

p =

1
'

y fluid density at the given internal pressure=

wall thicknessd =

crack roughness coeffici_ent; a constant character-
'

R =

istic to a particular stress condition (shear or
tensile) and the properties of the concrete mix
((fy/f{} ratio, aggregate strength)

4
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reinforcement - ratio -for reinforcement crossing thep =

crack; this. parameter- defines- the degree of
obstruction. the reinforcement- bars ' can : provide to
the flow through the crack.. -

inside and-outside crack lengthai,ag_ =

.inside and outside crack widtht ,t =
i o

It could be. convenient to represent ' 'the two last parameter
couples by different parameters,- namely>

.

_"i-A =

o.

(2)
D
i'B = -

o
.

To define the dimensionless w-factors, a' dimensional matrix can
be written using mass (M), length (L), and time - (T) as basic
units'[3,43

q | p, y, d, R, p; af, t, A, B (3)-g
i

M 1 1 1 1 0 0 0 0 0 0 0
L 1 ,| 1 -3 1 0 0 1 0 0 0
T -3 g -2 0 0 0 0 0 1 0 0

The rank . of the matrix equals 3, and thus 10-3 7 independent=

dimensionless products can be assembled. One possible set of
products is presented below. -

t a.
2 , j, A, B) (4) jF ( R, p,.q d =

Numerous simplifications could be introduced to this functional
relationship by - determining a priori some of the terms having
insignificant influence on the test results. Such could,. for

i instance, be the case with roughness coefficient R - for suffi-
ciently wide cracks.. The tests could assume cracks of constant
length and constant width through the wall, thereby eliminating A

'

B, and replacing t and a by constant crack width t andand
constant crack length a.g f

.

-277-

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



-

..

. _

Experimental Study of Leakage Through Cracks

The nondimensional functional relationship of Eq. 4 provides
basic information necessary to plan a parametric study of leakage ;

through cracked walls. Figure 5 shows how such a study, per-
formed on simple precracked specimens, can provide information on
crack parameter and presse e vs. leakage rate.

Variation ir. the crack parameters can be achieved by con-
trolled specimen cracking, as shown schematically in Figure 6a.
Methods of specimen precracking used in shear studies can be
found in Re f . [5] to [7]. Under this setup, the same specimens
could be used to investigate the effect of progressively wideting
cracks. The effect of the ratio of crack length to the thickness
(a/d) can be studied by testing specimena of different width a.
Monitoring of the flow rate and pressure in the chamber provides,
together with the crack parameters, a complete set of terms
presented by Equation 4.

-

CONCLUSIONS

Substantial improvement of analytical models for predicting
crach development under internal pressure will result from on-
going scale model and prototype experimental studies. The model
response distortion introduced by scale effects can be determined
comparing prototype-size subassemblies results with results

obtained from their scale models. The scale factors obtained
from such a comparieon could be then applied to all the other
scale model results. .

_

To assess the leak integrity of the structure, leak rate
through an individual crack could be predicted as a function of
given crack parameters. Such a prediction relationship can be
developed by utilizing results from ongoing studies and accumu-

3
lating results from proposed parametric studies relating crack
geometric characteristics to leak rate. This empirical data will =

lead to development of crack parameter-prediction relationships.
These relationships can be utilized to assess the leakage rate
from the containment by integrating the leakage over the entire
crack field provided by the strength analysis.

~
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LIMIT LOAD ANALYSIS
OF ACTUAL SPHERICAL CONTAINMENTS

'

SUBJECTED TO STATIC INTERNAL PRESSURE AND TEMPERATURE
.

.

3. 3eschke
Kraftwerk Union AG - W. Germany ..

Darmstadt

ABSTRACT

The following report describes potential sources of leakage
for a DWR 1300 spherical metal containment (PCV). The crit-
ical internal pressure and temperature are given depending
on certain influence parameters. Mainly because of the
high-ductile material used " leakage-before-failure" seems to
be likely.

Introduction

In general containment analysis is based upon linear-elastic
behavior, so that the ultimate structural capacity cannot be
predicted appropriately. Studying the containment behavior
due to increasing internal pressure and temperature we had
the following purposes in mind:

- to find the pressure and temperature level (above
design) for functional failure.

.

to ensure that leakage prior to total failure is likely-

to happen.
..

to obtain the potential sources of leakage and their-

individual failure mode.

- to determine leakage as a function of internal pressure
and temperature, as good as possible.

.

h.4
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j Because:of->

' igeometricaliand physicalinonlinearity,-

-

-| the biaxial stress-strain-condition.
' the excessive.large deformations.--

ana' lysis must' appropriately be'|accompa'nied by experiments-
.

The statistical uncertainties of the various: ~ influence.
parameters due ' to ' load variation, - -f abrication,> structural- g

Hresistance _and analysis model are considered as'-far as known.,

:forfthe-performance.and. interpretation of'the results.only..
,

-DRW 1300 - Pressure'C'ontainment-Vessel''(PCV)

The steel containment 1s given a complete! spherical shape:of-1

56 . metres in diameter surrounded '(secondary) concrete con .<

-tainment ;which is designed to withstand .even aircraft. .

.

crashes (Fig. 'l) . More than a hundred penetrations for

! pipes, the thickened ~ plates for.the cable: penetration assem-
blies, the equipment hatch, the ' personnel and the - two emer-
gency airlocks. form disturbed areas.

~

The . pipe-penetrations are 'normally - compensated against-
deformations of~the PCV.by~ expansion joints.

,

i- The locks and the PCV itself are in close . contact to ' the
~

concrete. structure a t- several pof.nts, which- assure- free
daformation for design' conditions only.

The spherical s' nape of one containment is obviously well
suited to withstand internal pressure.

4

Material Properties
p

For the PCV a low-strength pressure. vessel steel of extreme
high ductility-is used; the yield and tensile strengths:are
similar- to that of the A 5 1 6 ,- grade A steel (Fig. 2). In

'

contrary to the ordinary-stress analysis, one should use thei
actual or expected strength values--usually 10% over the

_ guaranteed minimum values.- Consequently high deformations
might be expected without. brittle fracture or crack sensi-
bility. The weld seams do not seem . -to be critical, which'

.

allows a welded joint factor of 1.0.

?_ >

'
,

I

.

h,
r
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Stress-Strain-Curves

Duel'toL*the'.' loading- of . steady--statej gradually increasing-
pressure L and . temperature, the _ uniaxial tensile : tests.'used 'as .
a . basis for: ' the f material law should be ' performed 'under

~

.
.

"

s'imilar - t'ime-depending : conditions, that' is' for very > slowly:- -

t increasing load, to1give : time ' enough for creeping and r'e-
,

~

,

- covering. effects,.fo'r-room temperature as well as for higher
-

,

temperatures as 300*F.(1509C). '

t-
!

,

- Assumptions ~ -

_

.

The lloading is limited ~ to; static intierna'l pressurization--

'

and temperature, : neglecting - any dynamic ori' pushing
ef fects , .for. example sudden change .of_ constraint; forces'

-due to-large deformationsLof the PCV and the locks.

- The ' biaxial. < stress-condition is-- described from the-
~using .the ' MISES yield crite 'i L uniaxial tensile . test _ data ,

rion',;which seems to be reasonably _ confirmed'by" tests. !

!

Sources of' Leakage- ..,

|
!

| Reaching the temperature dependent-yield point'(Fig...3), the
strains and hence the.PCV-deformations will.. increase rapidly;'
~ up to 1% or about 10 inches,.respectively.

There are some points of the PCV which are believed: to be
.

possible sources of leakage (Fig. 4) for-pressures more than-
j 9 barn because of expected strain concentrations or high a
; constraint forces,
i

| The equipment hatch (Fig. 5) with a prestressed' bolted con-
) nection is not only of interest because of the-stress ampli-
i .fication due to the reduced panel cross-section in. the

bolted area. Beyond the yield strength, the large deforma-4

! tions additionally bring up extreme high constraint' forces

[ between the equipment hatch and the concrete structure.
i

Some rough estimations had been.done (Fig. 6). The analysis
has to be confirmed and supplemented by tests.being in prep-

,
' caration at the Kernforschungszentrum Karlsruhe. They

should give more information about the strain concentration
[ in the bolted area and the leakage throughout the bolt: hole
j which is 1 mm in diameter larger than the bolt itself (the
| bolts are believed to reduce or even to leave their normal
4 prestress due to the wall thickness reduction ~ going ahead

. with-severe plastic deformations).

1-

E
i

f '.
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.

: Stress: a'nd.- strain; concentrat' ions. are expected; for all pene-
, tration':- reinforcements - ( Fig. - 7 )'.-

;Ratherfdi.fficult to analyze areithe points whichcprevent.the
~

~PCV ~ f rom _ : free z deformatian (Fig.- 8) producing _ severe con-
straint'' forces,- mainly the concrete platforms outside- the

~

iPCV, . the- locks _ and : a' steelt construction--inside ~ the equip .
.

~

mentJ1ock--which ' is bound: - to. the . concrete (by: compensated-
-

-penetrations)~.

.Though the . steel' is . to' a. 'high extent- flexible---which - i s '.
~ imilar- ). demonstrated , by the picture (Fig.- 9) for a s

material--the constraint forces can reach great' amounts. |

Unfortunately these-' constraint _ forces accumulate in 'and'-
around the . equipment. hatch and cgive. an" additional :contribu-~

tion to the complex , strain-condition 'at the : bolts -(the- wall
of the hole is plastica 11y. deformed atothe bolts due to the
bolt shear forces).

The. electrical, penetration : assemblies . as well as seals seem
to be less critical.

The. pipe penetrations are-affected'by excessive PCV deforma-
tions, _but their expansion joints are -in geners1 able to
-withstand (Fig. 10) even large - deformations due - to designing-
against f atigue failure under - operating conditions ~ and due
to the high-ductile austenitic steel. The ' inner elongated-
expansion joint is subjected to e'xternal pressure while the.
outer one is compressed and laterally moved simultaneously.

.

The welds at the expansion joint ends might be_'the critical
point. Appropriate tests are necessary.

Obviously for- double-compensated penetrations expansion
joint failure on only one side of the PCV is not sufficie'nt
for leakage. .This holds for the equipment lock too with-the
doors locked both--the inner and the outer one--under-
operating conditions, whereas the inner door of the person-
nel and the . two emergency locks remain open (for security 1

purposes). ,

The airlock barrels do not use any connecting flanges and
. the doors closed are pressed against. the end flanges with
| increasing pressure.

i

f Different Containment Types
i
! This report is concerned with the Primary Containment Vessel

of a special plant - DWR - 1300 (KKP II) being finished now.
The PCV is quite similar to standard plants just planned and
erected (KONVOI-Reactors), whereas big differences appear

.

. compared to former plants. The differences are due to:
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|

|
!

. q
|

the material used--(higher.' yield strength). !--

|
.-local stiffness-(less'or even-nonthickened plates around-

penetrations).

' penetration compensation (with or without).:-

some - details, concerning the . bolted area: .of the equip--

ment hatch, for example.-

Conclusion

A comprehensive' presentation of-the results;is given in the
picture (Fig. 11),-in which _the pressure 1of severe leakage
is-plotted against the believed potential leakage sources.

Failure is expected locally. .-Severe leakage will no, happen
-

before . the overall plastic condition of the.PCV.is reached-

(the~ yield point decreases with increasing temperature).

Due to . variation - of ' influence parameters (material strength-

and law, fabrication, welding, analysis model), the critical
- pressure will vary (punctuated fields).

Obviously the expected - critical pressures-_of the~ various
leakage sources do not differ much which is a consequence 'of
the flattened material stress-strain-curve once - the yield
strength is - passed (a change in pressure from 10 to 11 bar
will enlarge the radial displacement by 30% (or.4 inchen) at-

*

300'F' temperature).

The report presented should give you an overview of what.

might go on in an on-site spherical DWR-1300--containment if
the internal pressure and the temperature are increased. To

4

be sure'that the prediction is realistic, special tests are
recommended.

.

%
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CGNTAINMENT LEAKAGE DURING SEVERE ACCIDENT CONDITIONS

C. H. Hofmayer
.

Brookhaven National Laboratory
Upton, NY 11973

C. Bagchi and V. S. Noonan
U.S. Nuclear Regulatory Commission

Washington, DC 20555

ABSTRACT

An alternate to the " THRESHOLD" model used in most severe ac-
cident risk assessments has been investigated. One reference plant
for each of six containment types has been studied to determine the
magnitude of containment leakage that would result from the pres-
sures and temperatures associated with severe accident conditions.
Containment penetrations having the greatest potential for early
containment leakace are identified. The studies indicate that con-
tainment leakage through penetrations prior to reaching containment
threshold pressures (currently reported containment shell failure
pressures) should be considered in severe accident risk assess-
ments. Failure of non-metallic seals for containment penetrations
can be a significant source of containment leakage under severe ac-
cident pressure and temperature conditions. Although studies of
containment types are useful in identifying sources of containment
leakage, final conclusions may need to be plant specific. Recom-
mendations concerning tuture studies to better develop the use of
continuous leakage models are provided.

INTRODUCTION

Most severe accident risk assessments have utilized a
.

" THRESHOLD" model to characterize loss of containment integrity.
If the containment pressure is below a certain threshold pressure
it is assumed that the containment does not fail and off-site con-
sequences are quite low. If containment pressure is above the
threshold pressure it is assumed that the containment fails and
significant fission product inventory is released.

Although this model is useful for risk assessments, it could
be misleading since it does not accurately represent the behavior
of containments when subjected to the high pressures and tempera-
tures associated with severe accident conditions. Since all con-
tainments contain numerous penetraticns, the possibility exists
that containment leakage will begin to increase as pressures and
temperatures increase above the design basis level. For some con-
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i 'ainme'n_ts L this!1eaka'ge?may:be sufficient to prevent reaching the I
'

t

" threshold"nlevel. -Por-others,,the." threshold"11evelEmay.be 1

1 reached; however,nat--this_. point-it'iis not5 expected that gross fail- I

ure of Lthe containmentishell will~ ~ occur. 'Instead,Ladditional1 1eak- : |

; age'pathscare expected to1 develop.as'a' result of'thej reased: con- .!
n itainment deformations: correspondingsto ;thF high pressure and tem-

peratureEconditions. "Sucheleakage probably would' prevent: gross: z

tf ailure . of f the shell , from ;ever occurring. i .Onlyf for ' cases where . the -

Jpressure rises rapidly-(such'as' loading-associated.withia hydrogen r

~ detonation) and' exceeds 1 the " threshold" pressure by- a wide margin
would one' expect'the containment-to behave <in the manner described-
.byJaL" threshold"'model.

OVERVIEW OF' PROGRAM -

,

.

The Nuclear Regulatory Commission 1(NRC) has' been; sponsoring:-'

studies to determineJ the magnitude aof containmentL leakage that-
would result.from.thelpressures and' temperatures' associated with-

~

-

severe; accident conditions. Six' containment typesihave beeni
studied which include large dry, subatmospheric, .. ice. condenser,

'
Mark ~I, II and III. -At present,-these studies have' concentrated-

_

primarily on identifying potential' leak paths that may= result from
pressure _and temperature conditions that. occur prior to reaching
the currently _ reported containment structural capabilities 'shown :in

,

Tablo11.

Table 1~

Containment Structbral Capabilities

TYPE REFERENCE CAPABILITIY SOURCE
PLANT. PRESSURE OF.

I _(PSIG) INFORMATION

Large Dry Zion 134 Reference 14

! - Subatmospheric burry 119 Reference 2
j : Ice Condenser Sequoyah 50 Reference 1

Mark I Browns Ferry * 117 Reference 3;

Mark II Limerick 140 Reference 1*

! Mark III Grand Gulf 60 Reference 1

*NRC studies utilized Peach Bottom as the reference' plant for; con-
tainment penetration evaluations,

i >

!- These' containment capabilities generally correspond to the point-
when the: containment first reaches an ir'tial general yield state'

| (or.1% tendon strain in a1 prestressed concrete containment). Con-
sequently,''at this' time, this study has not investigated potential.

'
'

[ . leak paths-that may result'from large containment deformations.-
.-

The potential sources"of containment leakage that were inves-
tigated for each. containment type -included the following -contain-

;- ment penetrations:

o equipment hatch (s)
. .o personnel air. lock (s)
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- : .oMpurge and. vent valvesM<
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,so delectricalipenetrationfas'semblies v ,

M - to'Jdrywell'headt(BWR):
. .. .

,
-

SK
'

: o.- 1 suppression' pool raccessLhatches (BWR).~ ''

-, -

i ~~o''CRD-removal 4hatchi(BWR):
_

' *
. . _ , .

oifother; plant *.uniqueiaccessihatchesa
. .

"

bEngineers from1Brookhhve'xNationalt aboratory,1 Idaho? National [n L' " ,

,

- (Engineering 7 Laboratoryi SandiaLNational? Laboratories?and Ames. -

(Laboratory ; participated (in these., investigations..
< v .

' '

SIGNIFICANTJSOURCESd)F LEAK' AGE < ,

Based:on evaluations'ofithe above" penetrations'for six!t
~

~

' reference plants.-(one for each conta'inmentetype),fthe following; ,

-
- : penetrations zwere Lidentified asi having cthe greatest :potentialE for. ,

.

early s containmentLleakage t (i .'e. , leakage' prior .to} reaching ; current ' ,
, c

ly: predicted' structural-~ capability pressures)::
.

,

o . pressure. unseating hatches
Lo .BWR drywellLheads;A

o flat bulkhead ^ doors,

; o- purge and vent valves-

'Each of these penetrations is discussed below.-

_

~ Pressure. Unseating Hatches
|

A : typical pressure unseating hatch ' is illustrated in DetailiC'.

of Figure 1. In this design, the internal containment pressure a
will tend to unseat.the flanges and directly challenge the-integri-
ty of.the-se_als. In such designs, there are no redundant hatches,
thus if containment temperatures are high enough to' degrade the!-

! seals or-if the-seals do not have sufficient resilience-there'will
b be a direct leakage path to the outside of the containment. This
L dethil was encountered on.three of the'six reference ~ plants (Surry,
! Peach Bottom:and Limerick). This does not mean that fifty percent
! of theaplants in.the United States have such details. In fact,:the
j -population of pressure unseating hatches is probably 'much smaller. .

[ Of these three plants,.the maximum flange-c.eparation area was
i calculated to beJ8.5 in2 This area corresponds to the separa-~!H tion ar'ea for the _two equipment-hatches at Limerick at a. pressure-
4 .ofil'40fpsig (Reference 4). It must be_ emphasized'that this area is

a-separation' area andinot a leak area. The~ extent of leakage ~is
"

[ ;very much dependent upon the resilience of the seals and :the e extent
sto which theztemperatures associated with' severe 1 accident condi-
tions: may further degrade the - seals. 'However, it does-not seem,,

reasonable that one'could; expect the seals to maintain alleak tight
; barrier-under.all' potential severe accident conditions. .Agingcand
'compressio'nLcet:could be sufficient to result in significant" leak '; - m o,

,

y ?
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age under pressure alone. In addition, tor BWR containments cer-
tain accident sequences could result in containment atmosphere tem-
peratures above 600*F for several hours prior to the containment
reaching its structural capability pressure. As illustrated in

Figure 2, even silicon rubber which appears to be the most commonly
used eeal material in equipment hatches, would exceed its design
seal lite after being exposed to temperatures of 600*F for approxi-
mately one hour (Reference 5). It should be noted that the curves
in Figure 2 are design curves and therefore probably represent low-
er bounds on the seal life. Furthermore, the actual temperature of

#5%' the seal material will be less than the calculated containment at-
h; ,{ mosphere temperatures. Nevertheless, this example illustrates the

, ' Ag point that containment temperatures can influence the leak tight
Qg integrity at any seal.
x ,.y

% [.] BWR Drywell heads
4 .51

.7[ }k The details ot the flange assembly for a typical BWR drywell
head are shown in Figure 3. Since internal containment pressure

,.,y

(. hp 4. will tend to unseat the flanges, the above discussion concerning
r- ,I pressure unseating hatches is appropriate for drywell heads as.

("f'.fg well. However, the diameters; of these heads are much larger (be-

['.^w67 . tween 30 to 40 teet in diameter), thus, they have the potential for

[L [ providing the greatest source ot leakage. For the BWR Mark I
separation area of approximately 63 in2 was cal-3 b+y (Peach Bottom) a

21%Mb culated at a pressure ot 117 psig (Reference 6). For the BWR Mark
EREMEE II (Limerick) a separation area of approximately 33 in2 was cal-

| culated at a pressure of 140 psig (Reference 4). As discussed a-

* bove a combination of lack of resilience of the seals and degrada-
tion due to temperature could result in significant leakage prior
to reaching the structural capability pressure. For the BWR Mark I
and 11 containments a leak area of two to three square inches could

AW ' F. sutticiently relieve the containment to prevent it from ever
reaching the structural capability pressure. Thus, a leak area

.

equivalent to less than 10 percent of the predicted separation area
would prevent further increased pressurization. Of course such
conclusions are very much dependent upon the pressurization rates
m ;ociated with the postulated severe a c c. i d e n t conditions. In

these studies, the drywell head for the Mark III containment was
not evaluated since it was judged that the pool of water directly
over the Mark III drywell head would provide adequate cooling to
the seals and thus prevent the drywell head from being a signifi-
cant leakage path.

Flat Hulkhead Doors

Many containment personnel air locks consist of two redundant
rectanqular doors mounted on flat bulkheads at each end of a barrel
section. In a number of cases, this barrel section penetrates the
equipment hatch as shown in Figure 1. The main concern with these
doors is that under increasing pressure the door will begin to sep-
arate from its frame and begin to leak.

_
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For) Zion',ritlwas predictedLthatfinitialcyield _of?theidoor; - -

% [fran wouldroccurmat?l051psigLand~a maximum; separation area (oflap--
hproximately/6iin2 wa'siestimated'at:the structuralxcapability zi

~
Q, : pressurejof ?l3_4 ; psig 1 (Ref erencec7 )..-- /Since j these ; predictions; were

based oni simplifying | assumptions relating (tof the? end ; conditions ' of -

i
:

ithee doore frame support beamslandi the ) behavior -_beyond yield, more-
_

~ , refined' analyses 1arelbeing conductedLwhich willireduce,::but
.For Peach'- ' iprobablyenotseliminate,.the predictedfseparationTarea.

/ Bottom,: initial? yield:ofithe dooreframe~was_ predicted _to-occuriat.
~

194:psigiandfa:matimum: separation 1 area"of approximatelv(1.0 in24
= was f estimated - at :a . pressure L of.117 apsig . . For'the otheriair-| lock''-

:doora,1 the > f ramesTwere i not" predicted i toiyield 'priornto reaching : the
structural:capabilityipressurefandiseparation-areas.'did notlexceed

; 0.4Lin2, ,

;As'inJthe: case of the-drywell-head <and other-pressure unseat--i

ingihatches,1:the' leakage attributable to air; lock doorsais;very
much"dependentnon the integrity'ofithe. seals. An additional ~factorf h

in=this! case:which would-tend:to'~ reduce (or at'least delay) the.-

effect_'f-any7 eakage is,the1 presence.of,two--redundantidoors.o 1
!However, 'the . extent to which credit should be.~ given fori this

'redundancy: needs ?to be further assessed"since' there have. be'en a =-

number.of operating; experiences associated with the: loss'of-
' integrity of-airJ1ock' doors..

'

_

!Purge and Vent Valves

With regard to containment' isolation valves, th'e valves ~as-
sociated with-the purge |and vent' system _are considered'to_have?the
greatest potential for containment leakage. These are generally-
large_ diameter butterfly valves with non-metallic seals as shown in
Figure 4. In most cases' the- structural integrity of these valves
is not a concern (there1are some plant specific cases where further
evaluations may be required) . The main concern is'that the non- ;

metallic seals between the valve body and disc 'will become - degraded
when subjected.to theLcombination of high pressures.and tempera-
tures associated with severe ' accident conditions. For-the refer-
ence plants investigated, these valves _ ranged in size from 20fto.42.
inches in diameter, with some smaller.by-pass valves. For_other
plants-these valves have even larger' diameters. The metal-to-metal i

clearance between the valve disc and body is normally tetween .1/16
and 1/8 in (Reference 8) . - Therefore, for a 42 inch diameter valve;

the maximum leak area (if the seal totally failed) would ' be approx-
imately 16 in2 The potential leak area could be even greater -
sinceJthere normally_are at least two containment penetrations' con- i

taining these valves. On the other hand, each penetration contains-
two' redundant valves which would tend to reduce-the potential for
any significant leakage. -

The majority of the reference plants investigated utilized
ethylene propylene as the seal material in their purge and vent
valves. As1 indicated by Figure 2,'significant' purge valve leakage
would not be expected in PWR plants which use this material since
.the temperatures due to severe accident conditions generally do'not -

-exceed 400*F for a long'enough time to exceed the seal life of the
material ~.7 : On the other hand,'for BWRs, which can see temperatures

,
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in excess of 600*F for extended periods of time, significant seal
degradation could occur.

For the Surry plant, the seal material for the purge and vent
valves is nitrile. Containment response studies indicate that
containment temperatures for certain severe accident conditions
could exceed 350 F for more than four hours and are above 400*F for

. .

approximately two hours (Reference 9). Again referring to Figure
2, it can be seen that the seal life of the material is exceeded,

-

therefore, the possibility of significant leakage cannot be readily
,

dismissed. As noted above, the redundancy of the valves as well as
' the use of more refined thermal loads, could provide the basis for

demonstrating that significant leakage does not occur.

~ SUMMARY OF RESULTS

Based on the above discussion it can be seen that the
potential for containment leakage prior to reaching the structural
capability pressure depends almost entirely on the behavior of

- non-metallic seals. Additional test data is needed to accurately
' quantify the leakage that could occur.

The potential for early containment leakage is very plant
specific, since each plant has its own unique characteristics. A
summary of the findings for the six reference plants currently
being studied is presented in Table 2.

..

Table 2

Summary of Results

TYPE REFERENCE POTENTIAL FOR POSSIBLE
PLANT SUFFICIENT LEAKAGE SOURCE OF

TO PREVENT OVER- LEAKAGE
PRESSURIZATION

Large Dry Zion Low Air lock door:

Subatmospheric Surry Medium Purge valves
Pressure unseating

-- air lock barrel
'

flange
..

Ice Condenser Sequoyah Low None identified

Mark I Peach Bottom High Drywell head
Purge valves
Pressure unseating
equipment hatches

Mark II Limerick High Drywell head
Pressure unseating
equipment hatches

Mark III Grand Gulf To be To be determined
determined
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The classifications in Table 2 of " low", medium" and "high" are

.

very_ :judgemental and are presented as a means of distinguishing 'the
likelihood offleakage between:the differentLplants. The term
" sufficient leakage to prevent overpressurization" is meant to
- imply that 'the leakage - would be 'large enough' to -prevent the
containment from reaching the structural capability pressure
reported in Table 1. At this point, the radiological-consequencies
of such leakage-have not been assessed.

~

The Sequoyah plant presents an interesting case since no.
significant leak sources were identified prior to reaching the
structural' capability-pressure. This plant utilizes a pressure
seating equipment hatch and the severe accident temperatures are
not high enough to challenge the. purge valve ~ seals. 'This does not
imply that the containment will behave like a " threshold" model
(except possibly in the case of a very rapid pressurization due to
a hydrogen detonation). Itiis. judged that gross failure of the
containment shell at or above the capability pressure will not
occur, but that the containment. deformations at these high

~

pressures will initiate a leakage path sufficient to depressurize
the containment. It is anticipated that future studies will
identify and quantify this failure mode.

As' indicated in Table 2, the Mark III containment is still
being evaluated. Early in the accident sequence, the potential
exists for developing standing flames in the wetwell above the
suppression pool as a result of deliberate ignition of hydrogen.
These flames could degrade the seals for the personnel locks in the
drywell and wetwell walls and the equipment hatch in the drywell
wall. Furthermore, later in the accident sequence the temperatures
in the drywell can reach approximately 1000'F for an~ extended
period of time. In both cases, failure of the hatch seals in the
drywell could lead to by-pass of the suppression pool and
eventually to direct leakage outside containment as result of the
failure of the seals in the wetwell air lock. Preliminary
evaluations by the NRC staff indicate that seal degradation due to
the presence of the standing flames may not be a problem. However,
this matter is being further assessed.

CONCLUSIONS

The containment leakage studies of the six reference plants
discussed above have led to the following conclusions:

o The potential for containment leakage through penetrations prior
to reaching currently reported containment thresholt pressures
should be considered in severe accident risk estimates. :

o The potential for significant leakage before reaching currently !

reported containment threshold pressures appears to be greater I
for BWRs than PWRs. I

o Leakage before reaching threshold presssures can also occur with
PWRs, but such leakage is much more plant specific.

.
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,. ~4 o It is judged that leakage before gross failure will always d. --

[j*- occur, however the demonstration of such leakage for some
LYi containments will require investigations at pressures above
]? currently reported threshold pressures (large containment 1

.'-d deformations).ph-:- C.<..: .. g, -

?.~ o Failure of non-metallic seals for containment penetrations '~
>

.h1 (primarily equipment hatches, drywell heads and purge valves) %.3

Vr are the t.ost significant sources of containment leakage. .:

u$ .,s

'hk o Although generic studies of containment types are useful in [
| . '|? ide n t i f y i .'g sources of containment leakage, final conclusions ;.#
7 ,7y may need ta be plant specific. Q

, .:|ty
o Current efforts rely on analysis and engineering judgement. ;.Yte.4

'N'. Additional test data is needed to better quantify the leak .g

h..1.: tightness of containment penetrations when subjected to severe
..co,

+- s accident conditions. ;.
.# s. s
- ~ ;~ : . .J

. .

j v .7 Based on the results to date, both analytical and experimental %|.
t

d'. I studies should continue to better quantify containment leakage
{ .' j during severe accident conditions. The use of +areshold models j
';7; 1 should be replaced with continuous leakage models that accurately ;q

QF characterize the behavior of containments throughout the postulated M
. f i s.-' severe accident sequences. Further studies should include: ?
; .y (<'

' - ; o Tests to fully assess the behavior of penetration seals. A-

< .(r; .g

'i- o The development of accurate analytical models to represent f"-2

1[h temperature and pressure dependent leakage. N. '
_

r ,

o The identification and quantification of critical leakage paths ()9.j%
.;. ,

[i under large containment strain conditions, fd,

.p{ g
Sensitivity studies to essess the potential variation of [7hj. o

.% containment leakage within the family of each containment type. kk
t ,. ~ > Q/.

Sensitivity studies to determine the magnitude and timing of [L!)$j-|
M' 0

hfcontainment leakage which can have a significant effect ong

#f radiological consequences, ef

$Q f,j

o An assessment of the potential for plugging of identitied leak Q/ .; {

'.~ , %. paths. t-4. g,
4. q,- - .o

o An assessment or t. h e survivability of equipment inside pf" (Aj

; ] '' , containment during important severe accident sequences. ;.
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. DETERMINATION OF CONTAINMENT'LARGE OPENING PENETRATION'

LEAKAGE DURING SEVERE ACCIDENT CONDITIONS *

T. L.- Bridges .

. EG&G Idaho, Inc.
P.O. Box 1625

Idaho Falls,ID 83415

ABSTRACT

The concept of determining containment behavior during
severe accident conditions using a " Leak Before Break" character-
ization of containments is being investigated. -A significant
portion of this investigation consists of determining the con-
tainment leak area'as a function of containment pressure. -It
has been determined that personnel airlock bulkheads and pressure
unseating large opening penetration closures are two of the
most likely candidates for significant contribution to contain-
ment leakage during severe L:cident conditions. The aim of
this paper is to present the analytical methods used to determine
the structural behavior of these items.

PERSONNEL AIRLOCK BULKHEAD ANALYSES

Containment personnel airlocks provide a means for plant
personnel to enter and leave containment buildings while main-
taining the containment pressure boundary.- A majority of the
containment personnel airlocks have flat reinforced bulkheads
as shown by figure 1 (Limerick's containment personnel airlock).
The reinforced bulkheads have different designs. For this *

particular personnel airlock, the inner bulkhead is stiffened
with radial gusset plates between the door frame and barrel
section. The outer bulkhead is stiffened with beam members
across the top and bottom of the door opening and three hori-
zontal stiffening beams between the door frame sides and barrel
section. Some personnel airlocks are designed with both bulk-
heads similar to this exterior bulkhead. The personnel airlock
doors generally consist of a stiffened plate with a framework
at tho door edges for incorporating the door seals. The door
seal designs vary somewhat but generally consist of either double
0-rinrs or a double tongue and groove design with rectangular
elastomer seals in the grooves. The doors for personnel airlocks
with flat bulkheads are always located on the containment side
of the bulkheads so containment pressure will seat the door
seals. The doors have a mechanical interlock which will allow
only one door to be opened at a time.

1

* Work supported by the U.S. Nuclear Regulatory Commission, Office
of Nuclear Regulatory Research, under Interagency Agreement
DOE 40-550-75 with the U.S. Department of Energy.

|
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Due to the geometry _of most' flat bulkheads, a-circular
plate with a rectangular opening, it'is quite conceivable that
separations may occur between the door and door frame due to
_ pressure loading evenLthough the pressure tends to close the
door. Several bulkhead designs have been analyzed to determine
the seriousness of this separating effect. Separation was
determined to occur to various degrees for all bulkheads
analyzed. These analyses were performed neglecting any struc-
tural properties of the seals. It is. recognized that.even though
this separation occurs, leakage of the personnel airlocks may
still not occur. Other things must be considered, such as the
seal material's ability to maintain a seal and the redundancy
of the two door designs. These considerations aside, an evalu-
ation of the structural behavior of the doors and bulkheads
is the first step required to assess the leak tightness of
personnel airlocks.

The analyses performed for the various bulkhead designs
were accomplished using linear elastic three-dimensional finite
element models of the bulkheads (reference 1). The computer
code SAP IV was used to perform these analyses (reference 2).
Advantage was taken of symmetry about the bulkhead's horizontal
and vertical center line axes, allowing the use of one quadrant
models of the bulkheads. The bulkheads were either mcdeled
using plate elements or a combination of plate and beam elements,
depending upon the bulkhead design.- Figure 2 is an isometric
plot of the computer model representation of the Limerick
personnel airlock external bulkhead. This bulkhead was modeled
using a combination of beam and plate elements. Short, stiff
truss elements were placed between the door and door frame.
If any of these elements went into tension, indicating separa-
tion, they were removed from the model. For this model,
separation occurred at the top and bottom of the door only.
This analysis was performed for a pressure loading of 140 psig,
which is considered the ultimate pressure capacity of Limerick's
containment (reference 3). The personnel airlock was designed
for a pressure of 62 psi. This is 7 psi above the design
pressure of 55 psi for the containment.

The maximum separation between the door and door frame
at 140 psig was determined to be only .0003 inch. This maximum
separation occurred at the vertical center line of the door,
top and bottom. To illustrate the sensitivity of this separation
to specific design details, the analysis was redone with the
door vertical center line stiffening plate omitted. The maximum
separation occurred at the same location and was an order of
magnitude larger. Stresses were deturmined to be below the
material yield strength in the Limerick external bulkhead for
a pressure loading of 140 psig. This was not tha case for all

lthe bulkheads analyzed. Stresses above yield strength were
encountered for two similar bulkheads prior to reaching the
containment ultimate capacity. This yielding occurred in the
main support beams above and below the door opening. Such yield-
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ing will of course result in a greater leak area.than is calcu-
: lated by-elastic. analysis. Thisicondition'is currently being
investigated by inelastic methods; however, thic task is not
complete.

Similar analyses were performed for the bulkheads with
the radial 1 stiffening gussets using models with plate elements
only. The maximum separation from these analyses was determined
:- to be .007 inch at the containments ultimate pressure capacity.
All element stresses were determined to txt below the. material
yield strength'for these bulkheads.

,

PRESSURE UNSEATING CLOSURES ANALYSES
,

Containment large opening penetrations frequently have
closures which are external to the containment, such as the
equipment hatch shown by figure 1. These closures are of par-
ticular interest, since containment pressure tends to separate
the mating flanges. Sufficient separation will result in
containment leakage.

Several analyses of this type of closure have been
performed using the two spring model depicted in figure 3.
For:

K1 = bolt stiffness
K2 = flange-shell stiffness
F1 = bolt load
F2 = flange load
F = proload
P = applied load.

The solution for the flange load is as follows:

F2 = P (K2) - F. (reference 4)-(K1 + K2)

The initiation of flange separation occurs when F2 becomes zero.
Setting F2 = 0 in the'above equation and solving for the required
applied load to cause flange separation (P3) results in the
following equation

p . (K1 + K2) p,
S K2
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Figure 3. Model for Determination of Flange Separation for
Pressure Unseating Closures

The flange separation (A) for applied loadings greater than
P is given by the following equationg

A=
~

S-gy

The analyses performed using this method neglected any
structural properties of the seal materials, since the seal
materials are very soft relative to the other stiffness values.
For situations where the seal uesign was such as not to allow
the mating flanges to make metal to metal contact, the flange
separation was determined assuming there was no preload. As
can be seen from the equations used to perform these analyses, =

calculation of the flange separation due to pressure loading
is somewhat sensitive to the stiffness values; however, determin-
ing the preload is of greater concern. This is particularly
true when the preload must be determined from a specified bolt
torque value, since the coefficient of friction can take on
such a wide range of values depending on the lubrication con-
ditions used.

An analysis of the Limerick containment large opening
penetrations required determining the flange separation for
several large opening, pressure unscating closures. The results
for those closures are tabulated below.

-324-



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ - _ _ _ _ _ _ _ -

Pressure
Required to Separation

Penetration Initiate Flange Due to
Circumference Separation 140 psig.

Penetration (in.) (psig) (in.)

Drywell Head 1425.5 84.5 0.0230

Equipment Hatches 452.4 each 74.5 0.0094
904.8 total

Drywell Head 75.4 0.0 0.0011
Manhole Hatch

Control Rod Drive 113.1 0.0 0.0010
Removal Hatch

Suppression Chamber 163.4 each 0.0 0.0046
Access Hatches 326.7 total

The results contained in Table 1 illustrate quite clearly
where the greatest potential for containment leakage lies.
The larger openings of the drywell head and equipment hatches
not only have the larger circumferential perimeter to allow
leaking, but the flange separations for these closures are sig-
nificantly larger than those of the smaller penetrations.

CONCLUSIONS

Structural analyses of several containment large opening
penetrations have been performed to determine their leak areas
as a function of containment pressure during severe accidents.
Metal to metal separation at sealing surfaces does occur for
personnel airlock doors and pressure unseating closures. The
leak area for personnel airlock doors is nearly insignificant,
provided the bulkhead structural members do not yield. contain-
ment leakage of the larger pressure unseating closures may be
significant depending upon the seal material's ability to
maintain a seal for flange separations up to .023 inch.

Notice: This report was prc'ared as an account of work sponsoredp
by an agency of the United States Government. Neither the United
States Government nor any agency thereof, or any of their
employees, makes any warranty, expressed or implied, or assumes
any legal liability or responsibility for any third party's
use, or the results of such use, of any information apparatus,
product or process disclosed in this report, or represents that
its use by such third party would not infringe privately owned
rights. The views expressed in this paper are not necessarily
those of the U.S. Nuclear Regulatory Commission
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NUMERICAL STUDIES OF LARGE PENETRATIONS AND CLOSURES
FOR CONTAINMENT VESSELS SUBJECTED TO LOADINGS

BEYOND THE DESIGN BASIS *

'

R. F. Kulak, B. J. Hsieh, J. M. Kennedy.
J. E. Ash, and C. A. McLennan
Argonne National Laboratory

9700 South Cass Avenue
Argonne,IL 60439

ABSTRACT

Numerical umulations of the ma cro-de f orma ti on s of the
sealing surfaces (gasketed junctures) of a PWR steel containment
vessel s equipment hatch and a BWR Mk II containment vessel head
have been performed. Re sul ts for the equipment hatch juncture
indicate that the rotations of the hatch cover and pene tra ti on
sleeve must be accounted for when performing leakage analysis
because they can effect the compression of the gasket even though
the gasket is in a pressure-seated configuration. Results from a
leakage analysis indicated that excessive leakage can occur if
the surface roughness is high and/or the compression set is high.

Results for the Mk II head show tha t both the temperature
and pressure loadings must be taken into account to obtain real-
istic responses. The tempe ra tu re di f ference between the flanges
and bolts nas the imporcant net effect of keeping the gasketed
juncture closed, tha t is in metal-to-metal con ta c t. Due to the
high accident temperature, the gasket itself was found to achieve
100 percent compression set and thus could not perform its
sealing function within the juncture.

INTRODUCTION -

The Reactor Analysis and Safety Division (RAS) and the
Components Technology Division (CT) of Argonne National
Labora tory (ANL) are perforuing analytical / numerical simulations
of the response of se l e c te d large ponctrations and closures,
which use some type of seal or gasketed joint, for containment
vessels subject to pressure and thermal loads that are beycod the
design basis (BDB). This work is part of the ANL Pene :rition
I n te g ri ty Program (PIP) which is being sponsored by the U.S.
Nuclear Regulatory Commission and managed by the Sandia National
La bora torie s (SNL). This report covers the work performed in
Task 2 - Analysis of Fixed and Operating Pene tra ti on s. The ob-
jectives of this task were to i de n ti fy the methodology required
to simulate the structural response of selected penetrations /
closures to BDB loadings and to apply this methodology to repre-
sentative penetrations / closures.

.

* Work performed under the auspices of the U.S. Department of Energy.
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STRUCTURAL RESPONSE OF AN EQUIPMENT HATCH OF A PWR STEEL CONTAIN-
'

MENT VESSEL

The major components of a PWR nuclear power plant are in-
stalled within a containment vessel. The containment vessel is
typically a cylindrical shell wi th closed ends, the wall of which
may be pe ne tra ted by certain other pipe-shell structures (e.g.,
personnel locks, equipment hatches, etc.). During very unlikely
but po te n ti a l ly severe accidents the containment vessel may be

--
subjected to pressure and tempera ture loaGings that may be much
larger than the design values. Studies on the response of s teel
c on ta i nme n t s to internal pre s suri za tion were reported by Blejwas
and Horschel [1], Derbalian et al. [2], and von Riesemann and
Blejwas [3].

Our primary ob jec ti ve here was to determine the sealing sur-
face de f orma ti on s of a pa r ti c ul a r containment pe ne tra ti on , known

_

as the equipment hatch, under severe accident condi ti on s . Figure
1 shows the loadings that we were provided with by SNL [4]. A

secondary objective was to integrate these quantitative predic-
tions into leakage rate i n f orma ti on that will be used to evaluate
overpre s suri za ti on and to quan ti f y leakage of the con tainmen t at-
mosphere.

__

Equipment Ha tc h De ta il s

The scope of ANL's work in the Pe ne tra ti on In tegri ty Program
includes (1) the iden ti fi ca tion and classification of major pene-- :

tra ti on s in PWR and BWR containments (Task 1), whicn is reported
- in Ref. 5, and (2) the analysis of sel ec ted pene tra ti on s for

s truc tural failure or leakage (Task 2). This report covers the
analysis aspect. However, since the iden ti fi ca ti on task and this

analysis ta s k are concurrent, we did not have final de ta il s
- available to us at the onset of our work. Because of the time

schedule, we had to s ta r t our analy si s work and to use a "best
e s ti ma te" design for an equipment ha tc h. The dimensions and lay-

. out of our best es tima te design were ob ta i ne d from li mi ted infor-
ma ti on tha t was available to us. We used our design judgment to
e s tima te values for the missing dimensions.

Figure 2 is a generic sc hema ti c of an equipment hatch for a
steel containment vessel. The hatch consists of a pene tra ti on
sleeve, a cover, a reinforcing ring / plate, ard seals (gaskets).

, Table 1 gives the dimensions of our best e s ti ma te design for an
equipment hatch for a steel containment vessel.

_

Numerical Studies of Equipment Ha tc h Cover, Penetration Sleeve,
and Sealing Surfaces

The structural response under hypothetical pressure loads of
an equipment ha tc h pene tra ti on has been analyzed wi th the STRAW
[6] fi ni te-el eme n t structural analysis code. Our approach to

this problem was to perform a decoupled analysis of the hatch
cover and the pene tra tion sleeve, that is, independent models
were developed for the cover and the pe ne tra ti on sleeve. If our
results would indicate that a coupled analy si s was necessary, we
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would reanalyze the problem using a coupled approach. Analysis
of the structural response of the pe ne tra ti on has been performed
for the following two model s:

(1) a comp u ta ti ona l model for the dome and ring assembly
inboard of the seal junc tion acted upon by the pressure
loading alone, and

(2) a compu ta ti ona l model involving the essential fea ture s
of the pe ne tra ti on sleeve ac ted upon by the combined
loading of the direct pressure forces, the forces
exerted by the global expansion of the con ta i nmen t
shell, and an equivalent load from the cover.

Response of Hatch Cover

The purpose of first series of computa tions was to determine
the deformations of the sealing surface of the cover ring and the
collapse load of the cover door. The computational model is
shown in Fig. 3. The pressure loading was applied incrementally
up to 250 psi. The rela ti ve effects of the cover pla te and the
ring were ill u s tra ted by increasing the ring-thickness from 3 in,
to 4 in., and the cover pla te from 1-1/8 in. to 1-1/2 in. The
ef fects of dome thickness and ring thickness upon the ring dis-
tortions at the seal joint are shown in Fig. 4. For the "best
e s ti ma te design" (i.e., 1-1/8 in, thick cover plate, 3 in. thick
ring, and 30 ksi yield stress) the response is essentially elas-
tic up to a pressure of about 175 psi. Increasing the ring
thickness is beneficial for reducing the di s tor ti on in the vicin-
i ty of the seal and increases the e f fec tive el a s ti c range to a
pressure of 250 psi. We found that this cover goes plastic at
about 250 psi.

Response of Pene tra tion Sleeve and Sealing Surface

Our second series of compu ta tion s wa s per formed to de te rmi n e
the de f orma tion s of the sealing surface of the pene tra tion
sleeve. To acc ura te ly determine the displacements of the sealing
surface we constructed a model tha t included the penetration
sleeve, reinforcing plate, and a portion of the c on ta i nme n t
vessel wall. Since we had restricted our ini tial analysis to
axisymmetric geometry, we cannot exactly mou21 the cylindrical
containment vessel. The reason for this is tha t our axis of
symmetry for the model was choosen to be along the axial direc-
tion of the per e tra ti on sleeve. This choice provides the proper
geometric re pre sen ta ti on for the pene tra ti on sleeve and seal sur-
face, which are of primary interest. However, this choice also
forces the cylindrical containment vessel to be trea ted as a
spherical containment vessel.

For this i ni tia l study, we used a 45 deg. sec tor of the
sphere with a 1350 in, radius to capture re pre se n ta ti ve interac-
tions between the sleeve and vessel. Our model for the pene tra-
tion is shown in Fig. 5. Three thicknerses were considered for
the purpose of eva l ua ting the pla te s ' effect on seal surface de-
f orma tion. The 4.5 in. pl a te thickness con forms wi th the area
replacement rule for openings in cylinders; the 3.0 in, and 6.0

.
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'

s

- i n . . .~pl a te s were rpurposely - chosen . to be' smaller and larger, re-
spectivelyi but 'otherwise arbitrary.

- The deformed shapei of . the--penetration sleeve is shown in '

'
,

Fig. 6 for the' ves'sel with .a L 4.5 in. ring at an internal' contain-
ment' pressure of 86 'psig. We -see (that the. reinforcing ring - has

: . pulled - the | penetration sleeve .into a crimped: shape in the= region
.

of the~ penetration . sleeve-reinforcing ' ring ~ juncture. Thiso pri---

:marily -causes the seal ' surface' to u'ndergo large translational .and
.

'

rotational. - di splacements Lthat .can lead - to . leakage. T he ~. ' ra di al
displacement of. the sealing surface provides a' ~ shearing action: to
othe seal s. The seal su r f a ce' : ro ta ti o n tends to.' decrease the com-
pression _ of the . seal . ._ The relation of these de forma ti on s L to - -i

leakage from',the containmentz is eval ua ted in the next ::u b-
se c ti o n .

Table 2 summarizes the di spl a cemen t results for :several
.

thicknesses of' the reinforcing pl a te . It is seen that the-rein-'

forcing' plate has a ~ significant effect on the seal surface de--
= f orma ti on. - We can~ view the ef fect of these -deformations ^1n the~

region _ of the. gaskets -i_n Fig. 7. for the case of_a 3.0 i n .- - rei n-
,

i

i - forcing ring. The ' undeformed shape of the gundrop -type- gasket
has been superimposed to give a feel of gasket -compressibility or-.

! lack of compressibility.
4

,

Leakage Analysis
,

! A preliminary analysis has been performed to e s tima te the
leakage rate from the seals (gaskets) of an equipment hatch' cover

| during an overpressurization. The seal geometry was taken from
|- Fig. 2. The displacement of the seal faces 'was taken from very

i preliminary e s tima te s of the ring ro ta ti on s , which are not re-
: ported here. The seal leakage rate was modeled using results

i from an analytical / experimental study reported in Ref. 7 which
! includes a rather detailed study of leakage past 0-rings, where

the significant parameters are the final seal compression (ini- -'

j tial compression and compression sets) and- the machined' surface
i roughness. Figure 8 shows the leakage rate for these 0-rings

[ (DuPont E60C polymer) for a va ri e ty of surface finishes as a

i function of actual seal compression. Reference 7 contains an
{ expression for the final compression, Cy, as a function of the

func-C[', as a; initial compression Cj, and the compression set,
This finali tion of 0-ring diameter, d, and flange separation, .

j compression can be written as -

(1 - C ) E
'

! C
s d

! C (g)=

(C C,)|
F 1-

9

transient compression set C
| Reference 7 also includes a thermal
|

which may be 'significant, but has been ignored for the analysis.ts

j The flange separation X was taken to be at the center of the
i outer gasket shown in Fig. 2 and due only to the ring ro ta ti o n .
| The prasence of the inner gasket was ignored, because ' the separa-

tion there is much higher.

: .
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Leakage" past the seal ~ was approximated from Fig. 8 using the
'

~

! worst Leases -(curves C-and D) and' a less pessimistic case (curve'
p A), approxinating these curves by a linear fit

,

,

s

-Log.(L) = B - A C (2)F
.

"
-with' the values B 6.2 and A = -49.6 approximated from curves C 1=

~

and D, and B = -1 and A =142.4 for curve A. The leakage'obtained.
from Eq.-(2) is -standard cc per, atmosphere pressure and per cm of

;. cir n mference of. ' the seal (which i s - 615-3/4 in. = _1564 cm for~

this gasket). 'For: this study ~ (as -in Ref. 7), the compressions.
! were initially . taken to 25% (common practice) 'and C -

>be Cg_he
= "

s20%. (lam of actual data). T compression set C . could be asslarge as '.005 (no recovery if unbo l te d ). so C was treated as as
parameter, ranging from 0.2- to 0.8.

' Figure 9 shows -the calculated-leakages as functions of pres-
i- sure for various C for the worst case. As can be seen, for lows

pressure, the leakage ra te is "small" but can get. rather high.
For comparisabout 2 x 10gn pyrposes, e s tima ti n g the containment-_ volume to.be.ft, then 1% leakage per. day would be approximately-
6500 cc/sec. This value would be exceeded at about 105 psi on-

Fig. 9 for 'C 0.2, and much sooner for higher compression
* =

s
sets. For C > 0.2, some of the curves stop u be fore 150 psi-be-
cause the final compression Cr goes to zero, in which case the-

leakage model is no longer applicable. t

The less pe s simi s ti c case does not get to 1%-leakage per
day, for any C before the gasket comp'ression goes to zero.
Thus, if the seabs and machined surfaces had this quality, leak-

f. age may not become excessive (> 1% vol/ day) for this one penetra-
' ti on using this leakage model, but the gap would open during

flange rotation.

i Concluding-Remarks
,

J

Our fi ni te element model for the cover exhibited elasto-plastic buckling at about 250 psig. The maximum specified pres-
} sure inside the containment was 155 psig, and therefore we do not
a expect this cover to buckle.
'

A finite element analysis of the penetration sleeve revealed
I that its sealing surface can undergo large ro ta ti on s which can

lead to leakage. A value of 7* at a bursting pressure of 86 psig;

was computed for the "best estimate" design. We found that thethickness of the reinforcing pl a te had a significant effect on
I the amount of ro ta tion. Thus, both numerical si mula ti on s and

scale model experiments must take into account the reinforcing
plate in order to obtain meaningful re sul ts for seal surface de-

i formations, which are subsequently used in a leakage model .
We must remember tha t we have performed an axisymmetric

analysis of a three-dimensional structure, which eliminates some
of the deformation modes. In particular, we cannot capture the

' oval shape 'tha t the penetration will deform into. Thus, in,

! rea l i ty, we expect that the sealing surface rotations will vary
: along the circumference and that our predicted values will

neither be maximum nor minimum values. A three-dimensional anal-;
:
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-ysis'Lis highly recommended in order to obtain theseJvariations: as-
: well 'as L to provide ~ additional insight into the1 behavior of this
: ' structure.-

A preliminary analysis -to estimate the leakage rate from.the
seals has bean -performed using the fi ni te element predicted |de--,

formed configurations. The simple leakage. model indicated. that
excessive . leakage can. occur if- the surface roughness -.is high

f and/or the compression set-is .high.'

/ STRUCTURAL RESPONSE 0F~'A MK.II CONTAINMENT VESSEL HEAD.
~

'

~ '

The . approach developed to assess 'the- structural in tegri ty . of -
i a BWR Mk''II containment vessel head, which contains_ non-pressure-

i- seated gaskets, ' to mechanical and thermal loadings that are be-
yond the design basis is described here.- Our concern focused on-

! the ~ macro-deformations of the sealing surfaces between the re--

movable head and the conical shell. This juncture contains two

i continuous gumdrop ga ske ts in a configuration classified as non-
pressure seating. During BDB loading the = sealing . surfaces were

i- expected to separate - and . unseat the gasket and, thus, provide a
po te n tial leak path for the containment atmosphere.

<

j Containment Vessel Head Description
i

'

bol te d' - to ' a'

; The top head is an elliptical shell that .is

j conical skirt. As shown in Fig. 10 the conical skirt is con-
: nected to the reinforci'ng-steel ' support ring and the' steel vessel

liner plate. The reinforcing steel support ring is held securely3

against the contaiment wall by the reinforcements. The specific
,

design for which we performed a finite element analysis had a 1-
: 3/8 in. thick elliptical shell that was welded to a 4 in. . thick

j upper flange. The 1-1/2 in, thick conical skirt was welded to a
; 4 in. thick lower flange at its uppermost elevation and to a 2-
j- 1/2 in. thick reinforcing-steel support ring at its lower eleva-
; ti on . Sixty 2 in. thick s ti f f ener s are welded to ' the conical
j skirt and reinforcing-steel support ring. The surface of the
i lower flange contains two grooves each of which houses a 3/4 in,
j x 1/2 in, continuous gesket. The upper flange surface has two
j nubbins that mate with tt:e gaskets in the lower flange. to form a

| seal. A pre ten si oned bolting ' system is used to maintain leak
; tightness during internal pressurization of the containment.
j Each pretensioning bolt is mounted between 1-1/2 in. thick upper
| and -lower bolt mounting rings. These rir.gs are welded to their

.
respective flanges and reinforced by 3/4 in. thick gusset pl a te s

i located on each side of the bolt. Each bolt is 3 in, in' diame ter~

and approximately 36 in. long. There are a . total of 60 bolts
equally spaced around the periphery of the head. Each bolt .is

; tightened to an i ni tial bolt load of 290,000 - l b. SNL [4] has
; provided us with an ti ci pa ted drywell pressure and tempera ture

.

histories (Fig. 11) that are based on information which they had
i ob tai ned for incorporation into their Electrical Penetration
i, Assembly (EPA) test plan.
!

E
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Numerical Studie's of the Vessel Head

I In order to obtain; reasonab1_e ' predictions of- the. response' of
the - -dry we l l flange seal . junction for . leakage analysis -it was>

necessary. to perform a1 finite element analysi:. Because; wei feel
that the thermal- loading will-: play a ~significant role in deter-

- mining the leak ' tightness of the juncture, _it must be taken -into
i - account. _ An examination _ of the rate of ' mechanical loading and -

'the - maximum applied temperature indicate tha t ' the structural i

analysis and the' thermal analysis can be decoupled.-- ?Thus, the-

thermal analysis :can. be performed fi r s t to determine the tempera-
ture - field histories, and then - the structural analysis can be
completed using the pressure and temperature- hi stories as in-

; put. - This is the approach that we 'have -taken.
_

. is not
!

The main results ~ from our thermal analysis, which
i. discussed 'here because of ' space ' limi ta tion s, are that (1) there

is about a 5.6 minute time lag between the inside wall tempera-
| ture and the mid-thickness temperature, which - implies that the
; membrane temperature loading should be delayed by the 5.6 minutes
3 from the pressure loading in the structural analysis, and (2) the
! average tempera ture of the bolts would be about 312* F, in the
j steady state, less _than the average temperature ~ of 'the flanges

due to convective heat losses.
,

) Structural Analysis

; The drywell head is seen to be primarily an axisymmetric
j structure. The elliptical shell, flanges, conical skirt, bolt

mounting rings and gaskets are all continuously axisymmetric.1

i The bolts, gussets, and stiffeners are discretely axisymmetric.
| That is, they occur at discrete locations every 6 deg. around the :

periphery of the head. Therefore, for a first analysis of this
i problem, an axisymmetric model should provide reasonable !nsight
j. into the major response and identify the important parameters.

Finite element model and loads4

t
,

| Figure 12 shows the axisymmetric fi ni te element model that
; was used in our numerical simulations. Thin shell elements are-

,

; used to represent the elliptical shell, upper flange, and upper _ <

*

bolt mounting ring of the head cover as well as the lower flange, ,

conical skirt, tendon support ring, and lower bolt mo u'n ti n g -

ring. The gusset plates and stiffeners are modelled using plane
; stress continuum elements. A rod element ~is used to simulate the

structural behavior of the bolts. An ad hoc gap-contact element
with ' friction was implemented into the STRAW code to simulate the
mechanics at the juncture of the upper and lower flanges.4

The model was loaded in two s ta ge s . During the first stage
j the bolts are preloaded to an initial tension value of 290,000 lb
j each, which corresponds to a bolt stress of about 41,000 psi.
| This preloaded the bolts in tension and the upper and lower
1. flanges in compression. During the~ second stage the internal
j pressure .and. temperature loadings were applied to the model.
,
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Figure -13 - shows- the va ri a ti o n' ' o f- bolt = stress- during the, i

' loading history. The preload brings -the bolt stress to its.de :
sign value of 41,000 psi._ The stress . rises slightly as the in-
ternal, pressure builds " up (Points A-B). At point-B the membrane
~ thermal load is applied and - the bolt stress rises rapidly :to its- |

yield value of 100,000 psi (Point C). Thereaf ter it increases |

:sl i g h tly .
A set of ' computer runs was performed to determine .the effect-

that bolt preload has upon the leak tightness of 'the . juncture
using both - pressure- and thermal loading. -The preload was reduced-

I' from 290,000 lb/ bolt to 198,000 lb/bol t.- and finally to 84,000
.l b / b ol t . . .The results for the juncture stress - are shown in Fig.i

; ~ 14 for the two cases. . For the preload level of 198,000 lb/ bolt.
the- basic history of the juncture stress follows the same pattern :

un s that for the design value , preload with the stress-levels, as.

; expected, being reduced. Here the juncture also remained . closed
[ throughout ' pressure and 1 thermal loading cycles. In. contrast, a

!- bolt'preload level of 84,000'1b/bol t produces a. leakage path at
|. the juncture when the internal pressure reaches 35- psig.
" The gasket.of the head is subjected to a thermal transient

during an accident. The temperature history experienced by the
: gasket is assumed to be the same as that of the inside' of the'

reactor containment snell. The compression set, C, due to ' as
| thermal transient was ccmputed using the methodology of Ref. [6]
|- and the results indicate that all the compression is lost 17-min.
i af ter the gasket reached 750* F.

Concluding Remarks
i~ . <

! A study of the structural response of a Mk II containment
! head subjected to BDB pressurization and thermal load-with empha-
! sis on the ma cro-de f orma ti on s of the gasketed juncture was per-
i formed. An examination of the pressure and temperature histories

j indicated that the thermal analysis and structural analysis can-
- be decoupled, and this was the approach taken.
! Our analytical thermal analysis indicated that the thermal

'

! strain response of the flanges would lag the pressure loading by
i about 5.6 mi n. It was also found that, in the steady state, the

average tempe ature of the bolts would be about 312* F less than'

! the . average temperature ' of the fla n ge s due to convective heat
! losses. This has the important net effect of keeping the gas-

[ keted juncture closed.

i.
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Table 1. Equipment Hatch Dimensions

Reinforcing Plate Cover Dome
Thickness, tRP 3 in. Radius R CD 16 ft SPH
Width, WRP 33 in. Thickness, tCD 1-1/8 in.

Penetration Sleeve Cover Ring
Radius, R 8 ft. Height, HC 1 ft 3 in.ps

Thickness,RInboard
tCR 3 in.

Thickness, Tpsi 3 in.
Inboard
Length, L 1 ft 3 in.pst

Table 2. Variation in Rotation with Reinforcing
Plate Thickness

Thickness Ro ta ti o n
(in.) (Deg.)

3 17
4.5 6.8
6 4.9
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CONTAINMENT PENETRATION ELASTOMER SEAL TEST *
.

B.L.Bemes
EGAG Idaho, Inc.

P.O. Box 1625
'

Idaho Falls. ID 83401

ABSTRACT

Under the predicted extremes of nuclear reactor containment
pressure associated with severe accidents, the mating metal sur-
faces of some " pressure unseating" penetrations will separate,
thereby partially removing the static precompression on the elas-
tomer seals-between these surfaces. Two seal designs similar to
those employed by containment penetrations on the Surry and Peach
Bottom nuclear power plants were leak tested as functions of flange
separation and at containment pressures and temperatures approxi-
cating severe accident conditions. Both seal designs were found
to be very leak resistant for the short time periods tested at all
but the most extreme conditions of flange separation and opera-
tional temperatures. Flange separations required to produce inci-
pient leakage at ambient temperatures greatly exceeded worst case
severe accident predictions.

PROBLEM DESCRIPTION

For nuclear reactor containment pressures less than the design
pressure, separation of the " pressure unseating" bolted flanges is
impossible because the combined preload of the flange bolts is
greater than the product of the design pressure and the area of the
penetration over which this pressure acts. However, given that
predicted severe accident pressures exceed design pressures by a
factor of about 2.5, some " pressure unseating" penetrations employ-
ing bolted flanges have been thown to separate on the order of
0.010 to 0.030 in. ,

The average amount of flange separation is very easy to calcu-
late given the principle dimensions of the penetration, number and
size of flange bolts, and a peak severe accident pressure. With
considerably more effort, one can even accurately calculate the
separation of the flanges at any point around the perimeter of the
sealing surfaces. For symetrical penetrations, the separation
being in general less near the flange bolts and greatest equidi-
stant between the flange bolts. If the penetration is assumed to
be without an elastomer seal, it is even possible to make a

.
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reasonably accurate prediction of gas leakage by analytically
modeling the flange separations as one or more convergent / ,

divergent nozzles in series releasing gas to the atmosphere. |
\

The great difficulty appears when an attempt is made to calcu-
late gas leakage with the presence of an elastomer seal between the
flanges which fully or partially blocks the flow path. To even

t

| calculate with certainty whether or not a seal leaks at all is very
; difficult. Because such calculitions are very difficult, and the

results would most certainly be controversial, the problem appears
to best lend itself to experimental methods which are not without
controversy, but which can if done correctly, provide credible
results.

Because the cost of testing full sized penetrations was pro-
hibitive, it was decided to test two seal designs with full size
cross-sectional dimensions, but of reduced circumference or length.
The idea being that if the cross-sectional dimension of the test
model were full size and the circumference reduced, the leakage per
inch of circumference would be essentially the same as on a larger

| diameter full size penetration. Flange separation was incremen-
| tally increased using shims between the mating flanges. Equival- i

ence of results between full size and reduced circumference
i incrementally separated models is compromised in the areas shown

below:

1. Unlike the full sized penetration, the reduced circumference
model employs flat relatively rigid metal surfaces which
make the flange separations very nearly uniform around the
sealed perimeters, The full size penetration, on the other
hand, is relatively flexible so separation near the flange
bolts is less than the separation at positions equidistant r

between bolts. This translates to constant leak areas ver-
sus variable leak areas for model and full size penetrations,
respectively. Predicted rotation of full size flanges for
" pressure seating" designs is similarly compromised by
mocels not duplicating rotation.

2. Given model and full size double concentric elastomer seal
designs, the ratio of inner seal circumference to outer seal
circumference in both cases approaches unity, but they are
not equal. fhe smaller the models circumference, the

!
greater the depa,*ture from unity.

!
'

3. The incremental separation of the flanges used in these
tests differs from the actual separation on full size pene-
trations which is a linear function of pressure above the
limiting pressure where flange bolt preload is exceeded by!

pressure times penetration area forces.

Considering the above compromises, it was decided to perform
a scoping test using a pair of 18 in.-900 lb ANSI reducing flanges
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(32 in. 0.D. x 4 in. thick with 20 bolts 1-7/8 in. diameter) to
test two different seal designs each employing a different elasto-
mer seal material. The plan was to first machine the flanges to
retain double concentric neoprene, type W 0-Rings of 19.74 in.
I.D. x 0.50 in. diameter and 22.74 in. I.D. x .50 in. diameter in
trapezoidal 0-Ring grooves as schematically shown in Figure 1.
This configuration is used for the Surry PWR personnel air lock
hatch, fuel transfer tubes, CR0 hatches, and equipment hatches.

After completing the first test series on the 0-Rings, the
flanges were remachined, this time to duplicate the tongue-in-
groove configuration typical of the Peach Bottom equipment hatch
and drywell head seals. Figure 2 schematically depicts the double
rectangular tongue-in-groove Garlock Silicone compound #8364 seals.
These seals were retained in 19.5 in. I.D. and 22.5 in. I.D.
grooves and were, before compressed installation, nominally
0.765 in, wide x 0.523 in, deep. All flange and seal dimensions
were made to the approximate middle of the dimensional tolerance
range specified on the engineering drawings of the full size com-
mercial containment penetrations. This was intentionally done
because the results obtained here were known to be sensitive to
dimensional variations involving the seal size and the mating metal
surfaces.

TEST APPARATUS

Figure 3 schematically shows the apparatus used to perform
these tests. The fully instrumented 18-in.-900 lb flanges (item I-
Figure 3) were heated electrically and pressurized by nitrogen from

i a pressure controlling valve '(item 11) which in turn was supplied
by a large nitrogen bottle trailer (item 16). Three sizes of tur-
bine flow meters (item 13) operating in parallel and individually

; throttled by manual valves (item 12) allowed for measuring a broad
j range of steady gas flows which would leak from between flanges
i whose separation was maintained and controlled by six circumferen-

tially placed matched shim stacks. Thermal insulation placed
around the flanges sped heatup time and minimized thermal gradients

' within the approximately 1800 lb of flange material. All essentiali

test data was simultaneously recorded on four dual channel 10 in,
wide strip chart recorders. A visual flow indicator, not shown in
Figure 3, consisted of 1 in, wide x .002 in, thick plastic strips
hung from a round hoop around the outside of the insulated flange
pair. Though not providing a quantitative measurement of gas leak-
age from between the flanges, the plastic strips were capable of
detecting flange Icakage far below the ranges measurable with the
smallest of the three turbine flow meters.
TEST PROCEDURE SUMMARY

The test plan used is briefly summarized below. In general,
the plan followed NRC approved model data sheets, each consistingi

of graphical plots (a family of curves) of estimated leakage versus
vessel pressure as a function of flange separations of 0.000
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o
feceata Itat.
th.at pressere taps semitoring vesset pressure and the pressure tetween the seals tannatus) sta bourdon tube gar *es and electricI

5
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esty as a quick viseat chect of system pressure and act as a source of test data.
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S 1 1/2* Ball bloct valve-4000 pst rattag

9 1/4* sensally operated tieed valve to atmosphere
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11 1 1/2*-2500 lb Am51 valve with attached pressare contre 11ee and air drive 9 postitoner.
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Figure 3. Schematic diagram of experimental seal test apparatus.
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0.010, 0.020, and 0.030 in. For the neoprene type W seals, there
were tour such graphical plots to guide the experiment progress for
operational temperatures of 61, 248, 370, and 420*F. For the rec-
tangular silicone tongue-in-groove seals, four similar graphical
plots were used which called for flanged seal temperatures of 70,
475, 550, and 606*F. Additionally, one test using the tongue-in-
groove configuration was run as a base line for leak data with no
elastomer seals in place. Because the seals were found to be more

| resistant to leakage than anticipated, much more data was taken
for larger values of flange separation than originally planned.
Flange separations for the neoprene, type W 0-Rings of up to
0.218 inch were ultimately tested at ambient temperature. Simi-
larly for the silicone seal tongue-in-groove configuration, flange
separations of up to 0.301 in, were tested.

Referrinmore valves (g to Fi ure 3, with valve (item 15) open and one oritem 12 open, the heated flanges were pressurized
with nitrogen in at east six stepped approximately equal incre-
ments of pressure between zero and at least 160 psig. At each
pressure step, the visual flow indicators and the smallest turbine
flow meter were checked for leakage. If leakage was observed, up
to two turbine meters were monitored and recorded at once. By
varying the nitrogen supply pressure from the trailer (item 16) asmeasured at (item 14), rangeability of the turbine flow meters
could be adjusted to accurately measure both small and large leak
rates. At the conclusion of each test, the electric power to the
flange beaters was turned off, and the internal (vessel) pressure
of the flanges was reduced to atmospheric pressure by opening bleed
valves (item 3) and (item 9) and closing valves (item 8) and
(item 12). Because the flanges were very rigid and the test pres-
sures very low, only six of the twenty flange bolts were used.
Flange separation was varied by loosening the six flange bolts
working through holes in the thermal insulation. Three circum-
ferentially positioned jack screws located radially outside the'|

seal area were then used to separate the flanges so each of the six
shim stacks could be changed to vary flange separation. Once the
shims were placed, the jack screws were backed off until the upper
flange rested atop the six shim stacks. The six flange bolts were
then retorqued to a minimum value of 255 ft-lb to ensure that the
bolt preload forces exceeded vessel pressure times area forces
thereby precluding further flange separation in response to vessel
pressure. Observation while testing of the dial indicators
(item 2) verified that flange separation did not change because of
vessel pressures exceeding 200 psig. Shims were changed at flange

,

temperatures up to 606'F using gloves.

EXPECTED RESULTS

0 Rings

Because the 0.502 in, diameter 0-Rings in 0.416 in doop trapezoi-
dal grooves protruded 0.086 in, above the surface of the lower
flange, leakage was anticipated for flange separations in the
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neighborhood of 0.086 in., the " theoretical separation point."
This geometry can be best understood by examining Figures 1 and 4.
Leakage was thought to be certain for flange separations signifi-
cantly exceeding 0.086 in.

Tongue-in-Groove Seals

Refer to Figures 2 and 4. With the silicone seals initially'

below the surface of the lower flange by 0.069 to 0.071 in, and the
tongues prot-uding below the flat surface of the upper flange by
0.320 to 0.321 in., a " theoretical flange separation point" of

! about 0.249 to 0.252 in. would in all probability define the
approximate flange separation where incipient leakage would occur.

,
ACTUAL RESULTS

0-Ring Seals

For ambient temperatures, flange separations were increased in
30 increments of flange separation between 0.000 and 0.188 in.

| before the first leakage was observed at a separation of 0.188 in.
This was the point of incipient leakage; Figure 5 shows maximum
leakage was often observed at lower pressures. At higher pressures
leakage often dropped off or stopped completely. For incipient
leakage to occur at 0.188 in, separation is surprising; this is far
in excess of 0.086 in., the " theoretical separation point". Flange
separation was next incrementally increased to a value of
0.218 in.; the seals again reseated at high pressure for each of
the three separation increments. Leak flow for the 0.218 in.
separation was not plotted because the data was erratic and flow
was both time and pressure path dependent. These extremes of
flange separation were far beyond the range of practical interest
relating to severe accidents.

Ac all stated test temperatures below 420'F, no 0-Ring seal
leakage was observed for flange separations of 0.000, 0.020, 0.030,
0.040, or 0.060 in.; because there was no leakage, no plots were
made for those temperatures. However, at 420'F, the flanges were
observed to leak slowly. Leakage was so slow that measurement with
a 1/2 in, turbine flow meter was impossible and detection with the

.

plastic visual flow indicators was difficult at all but the highest|
c

pressures near 180 psig.
|

Though these tests were not designed to measure very low'

i levels of leakage (seepage), a rough estimate of the magnitude of
these leaks was made by repeated use of the universal gas law as

| applied to a pressure-time decay curve. Figure 7 was generated
based upon calculating the mass m; of gas in the known volume V
of the system with the known gas temperature T 1 and pressure Pj
by the universal gas law, PjV = mjRT). At a later known time
when the pressure had decayed to a level Pp with associated tem-
perature Tp, the mass m2 was again calculated using PpV = m2RT '2'

Next, the mass loss of gas during time period At was taken as

!
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-(mi - m2) " am and the universal gas law was used a third |
time as shown below to calculate the standard volume V that I3
am would occupy at 60*F (520*R) and 14.7 psia = Ps. With V l

s
and at now known,

PVs s = amRTs

a rough estimate of the average or integrated leak rate occurring
during the pressure decay between P i and P2 can be obtained by-
simply dividing V by at to get the standard cubic feet persunit time lost due to leakage at the average pressure (P) +

P2)/2.
The principle weakness of this calculation is with the loss

of significant figures of accuracy when one subtracts values of
mi and mo which are nearly equal. A quick sensitivity analysis
applied to this data shows that these numbers are in some cases
only accurate to within +50% because of the aforementioned loss of
significant figures.

-

These calculated values of seal seepage were detectable only
at 420*F for the neoprene type W seals; hence they are only of
significance for this particular material if PWR severe accident
temperatures equal or exceed 420*F for sufficient time to bake,
crack, and deformation set the seal material as observed here.
Though no planned aging was included in this test series, the 420*F
test temperature did permanently deform the 0-Rings to a cross-

,

! sectional shape resembling the capital letter D.

Tongue-in-Groove Seals

Unlike the 0-Ring seals which did not leak until flange
separations greatly exceeded the " theoretical separation point",
the tongue-in-groove seals experienced incipient leakage at low
pressures (s35 psig) at a flange separation of 0.213 in. which
was less than the 0.249 to 0.252 in. " theoretical separati'on
point." Figure 6 for the tongue-in-groove seals is similar to the
0-Ring seals ambient temperature leakage as shown in Figure 5 in
that maximum seal leakage most often occurred at lower pressures
and in many cases slowed or stopped at higher pressures.

For the silicone seals no leakage was observed for flange
separations of 0.000, 0.020, and 0.030 an* 0.060 in. at test tem-
peratures of 475'F and 550*F. For this reason no plots of leakage
were made for these test temperatures.

At 606*F the silicone seals were observed to leak slowly
(seepage) in much the same way the neoprene seals did at 420*F.
The seepage was calculated using the same method described earlier.
It is significant to note however, that no seepage was observed
below 164 psig as shown in Figure 8. The silicone seals did resist
leakage very well considering that the two seals melted together
and were later reinoved as one. These pressure tests were of short
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duration;'for long periods of time, a temperature of 606'F is
-likely to result in gross leakage of the magnitude described by
' Figure 9 for.the case of tongue-in-groove design without seals in
place. Even the smallest of temperature increases above 606*F for-
silicone seals of this type are likely to result-in gross leakage.
Again, the significance of this leakage is strongly dependent upon
how closely BWR severe accident temperatures approach 606*F and-
remain at these temperatures longLenough to heat the seal material
itself to these temperatures. Thermal lag time and steady state
thermal gradients are expected to provide both significant and
dependable assurance that penetrations employing these designs and
materials survive all but the most extreme of severe accidents
extending over the longest time periods.

~

CONCLUSION
.

For the seal designs and materials tested here, flange separation
resulting from extremes of severe accident related pressures is
not likely in itself to be the source of significant containment

' leakage. Extremes of temperature lasting over a sufficiently long
period of time are however, a significant factor that may
contribute to gross containment leakage. These conclusions may
not be applicable to seal materials and designs differing from
those tested here.

:
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THE KFK/PNS-RESEARCH PROGRAM ON'PWR STEEL-,

CONTAINMENT BEHAVIOR-UNDER ACCIDENT CONDITIONS

W. Gulden
Kerforschungszentrum Karlsruhe GmbH.

Projekt Nukleare Sicherheit
Postfach 3640

D-75 Karlsruhe 1
Federal Republic of Germany -

ABSTRACT

The mechanical behavior and possible failure of spherical
steel containments for German PWRs will be investigated.
The assumed loads could be caused by postulated accidents
as a core melt accident, a deflagration of hydrogen, local
loadings and severe earthquakes. Appropriate computer pro-
grams will be developed and checked by experiments inclu-

'

ding several bulge tests with circular membranes and oscil-
lation and buckling tests with a high precision spherical
shell. Additional experiments will be performed to evaluate
the possible failure mechanism of non-homogeneous areas of,

the containment shell.

' 1. OBJECTIVES

The containment of a nuclear power plant represents the
last barrier for the fission product release under accident
conditions. Therefore the behavior and the possible failure
mechanisms of the containment play an important role in
the evaluation of the radiological consequences to the
environment.
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1The:containmentJresearch -program /1/ of the Project Nuclear:
~

'

LSafetyL(PNS)jof the-Kernforschungszentrum Karlsruhef(KfK)
~

-concentrates-on: steel'containmentstof the' actual type-used j

for : German pressurized watere reactors. Emphasisc is placed
i on dhe-po'ssible failure mechanisms of:the containment'shell

itself and of the non-homogeneous parts ofy the containment' -

~ '(penetrations,0sealings, bellows,. locks, reinforcement
: plates around nozzles, etc.')~.- The possible failure mecha-
nisms'are studied'under-different~ loading: assumptions-

resulting from different typesiof accidents.
?

The aim of-the1 investigation programLis' twofold:
,

-Evaluation.of the' safety margin for containment integri-E -

I ty under design basis, accident conditions.

Evaluation of failure mechanisms for loadings from be--

. yond design basis accidents.,

!.

| 2. PROGRAM DESCRIPTION .

:

) .The objectives of the containment behavior program are~

concentrated on the investigation of the containment re-

sponse to the'following four types of accidents which are
I beyond the common design and licensing practise.
!-

- Containment behavior under quasi-static pressure increase
up to containment failure

,

LContainment behavior under high transient pressures'

;

i - Containment oscillations due to earthquake loadings-(con-
sideration of shell imperfections)

;

I
L - Containment bucklingLdue to earthquake loadings

L

L-
Both theoretical and-experimental work will be performed.

i
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3. CONTAINMENT BEHAVIOR'DURING A-QUASI STATIC PRESSURE
INCREASE UP TO CONTAINMENT FAILURE

- During.the course of a-hypothetical core melt accident,

the pressure inside the containment will exceed the design
limit. As the pressure increase is expected to occur.rather
slowly,1 failure of the containment must-be considered after

some days /2/.

In earlier investigations, it has always been assumed that,
after attainment-of a pressure of 8.5 bar in the reactor

containment, the airborne radioactivity present at that
time in the reactor containment is released directly into
the environment. This is equivalent to the concept of a
pressure impact destroying large areas of both the steel

shell and the concrete shielding.

As a matter of fact, experts in the Federal Republic of
Germany unanimously agree today that the limit of failure
of the undisturbed steel shell of a German 1300 MWe PWR of
standard design will occur above 14 bar and that the " leak-
before-break" criterion applies to the reactor containment
as well. This leads to a plausible instruction for conduc-
ting further analyses:

It is necessary to determine that point of the reactor
containment where with rising pressure, considerable
leakages must be expected to occur first. The pressure
drop resulting from that leak or - in the most favorable
case - the resulting stabilization of pressure precludes
failure at other points to take place at even higher
pressure levels.

Therefore, investigations of the load carrying capability
were performed at different locations of the reactor con-
tainment, the goal being to quantify the type of failure
for a. steadily rising internal pressure and to indicate the
associated cross sections of the openings.
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?Fron: extensive cxperimentsLcarried outielsewhere'and from

.

. broad experience' gained during ultrasonic screening of many'

containment. shells |it is'known.that weldings do not.repre-

:sent the weak parts. Also the different types of-contain-
ment. nozzles, the'containmentrreinforcement plates around
the~ nozzles-and the containment clamping.at the bottom-are -

~designe'd such that failure:should not occur there. This-has
'been shown by several stressjanalyses. Even theEcontact
-between an; extremely deformed containment shell and protru-
sions of the. encasing concrete shell are not likely'to-
initiate containment failure. This has been'shown by a

large deformation shell analysis with. the computer _- program
-ROTMEM-/3/' developed at KfK.

Finally as rather weak pa'rts of the containment the
following regions have been identified:
- Zones of-the containment shell in the neighbourhood of

reinforced sections..

Usually these sections contain nozzles, locks, etc.
Since the strains in the reinforced sections are rather-
low, the circumferential strains and stresses around the
reinforced sections must be low, too. In order to satis-

fy equilibrium with the internal pressure, the stresses
in the meridional direction must be rather high. That

means large plastic strains may be concentrated in the
neighbourhood of reinforced sections. A detailed analy-
sis will be given in /4/.

The bolted connection between the spherical shell and-

the material lock.

Here a large number of small holes are drilled in the
shell without any reinforcement. That means, conside-
rable local plastic strains may be concentrated around
these holes. In addition, before mechanical failure

considerable leakages'may occur at these holes. The
,

.following section contains a more detailed description
of the PNS activities in this area.~
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- Sealings at locks and bellows connecting. pipes with con-L

,

tainment. nozzles.

Under -pressure loadings beyond the ' design pressure

sealings.may loose'their tightness. For large plastic con-

tainment deformations bellows will be overstrained and
may fail.

The problems identified here must be investigated in some
detail in order to' determine both the maximum. pressure
before failure and the type of failure.

Fig. 1 illustrates first results of-theoretical investiga-

-tions performed at KWU /5/. It shows that failure of the

steel shell must be expected;to occur first at the: material

lock door at about 9 bar internal pressure.

UAt a pressure of 11 bar and a temperature of 170 C radial

expansions of as much as approx. 40 cm and vertical tangen-
tial displacements at the equator of about 30 cm occur in

the undisturbed shell zone. Deformations of this size are
not tolerated by the surrounding structure; even before
attainment of the loading condition indicated before, sub-
stantial constrained deformations take place at the dis-
turbed points and hence leakages develop.

4. THE BEHAVIOR OF THE MATERIAL LOCK
'

1.

As a consequence of being the weakest part of the contain-
ment, the material lock has to be investigated in more
detail.

The bolted connection between the steel shell and the
reactor containment and the required sealing box are repre-,

sented in Fig. 2. Obviously, the great number of holes to
be drilled into the spherical shell constitute weak points
of the system.
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.The behavior of the bolted connection shortly ~before th'e

. time of fa'ilure is extremely ~ complex. Some of;the forces
.

are transmitted.by friction induced connection, someoof
them by. bolt bearing pressure. A comparatively precise
description with a computer. code does not seem possible.

>

10n the other hand, a precise description is urgently
needed. Asia matter of fact, if high strains occur in the |

"whole bolted. connection, the sealing box will be.the.first
to' fail, as represented in Fig. 3. The resulting leakages
will then probably. impede a further rise in pressure and
large area mechanical failure. If, by contrast, the bolted.
connection behaves like a compact unit, lower mean strains
have to be anticipated. In this case the pressure would
continueoto rise and failure would have to beLexpected to
occur in the outermost row of bolts. Then it would have to
be feared that the reactor containment is subjected to

large-area rupture.

To be able to decide reliably whether the pressure at
'

failure of the bolted connection is lower than that prevai-

ling at the other weak points and whether the less harmful
type of failure mentioned first (fracture of the sealing
box) must be anticipated, conduct of an experiment is being
discussed the results of which could be transferred
directly to real conditions without requiring an expensive
computer program. It is planned to subject a section of the
bolted connection reduced on a 1:4 scale to a two-axis

,

tensile stress corresponding to real conditions. The

planned device has been sketched in Fig. 4. It is intended

that in the course of the test the two-axis stress
condition (reactor containment internal pressure) will be
gradually raised and the increasing leakage flow through
the bolted connection measured.

According to the present state of knowledge the leak to be
expected can only be limited in size. The leak size ranges

2between 300 cm and a'value which is sufficiently high to
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; prey'entia furtherJcontinuouumpressure' rise'from' occurring
:in thefreactor1 containment. Th'is valuefdepends exclusively

~

onLthermodynamic parameters because justLtheLenergy Jand
i

mass-flows generated!in1the1 reactor containment at.the time i

of overpressure ~ failure must"be removed through the leak.:
-The. leak is also strongly" influenced by the11ayout of. the-
containment.'For reactor-containments of German PWRs of '

1standardldesign a-20 cm2 cross |sectionLis sufficient to '

limit.to 9 bar the pressure.in the'reacto'r containment. In

case the.more. detailed. analyses. described before validate

the-observed tendency,.this would mean|that at the' lowest

pressure' level (in this. case in the zone of the material

lock at about:9 bar internal pressure) higher pressure
- values cannot be attained in'the~ reactor containment after-

substantial. leakages have occurred at the first: weak point.
.

5. CONTAINMENT BEHAVIOR UNDER HIGH TRANSIENT PRESSURES

In recent years also transient containment loadings caused
by postulated hydrogen explosions received increased
attention. Here it should be shown that even strong tran-
sient pressures are not able to damage the containment such '

that it looses.its tightness. However, ce.rtain plastic
deformations should be tolerable.

.;

The investigation of this problem is closely related to the
containment under quasi-static pressure increase discussed
before. Especially the weak. parts of the contvinment are

the same. t

However, it should be noted that now the containment
loading may have a non-uniform character and that the

. containment stiffness may be'relatively low in this case.

As computational tool, an extended version of the program
ROTMEM could probably be used when inertia terms are added.
Special experimental investigations are not planned so far.
. However, it is believed that many of the results obtained

~
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forcthe-quasi-stat'ic problem are applicable here. Further-
more,.some cf the oscillation experiments described in
the next paragraph will also give a certain support, as

'

-long as the containment deformations do not exceed the
elastic region.

6. -CONTAINMENT OSCILLATIONS DUE-TO EARTHQUAKE LOADI!!GS

Analysis of. containments under different types of dynamic
loadings is common licensing practice. The computations are-
based on simplified models. Deviations from the ideal sphe-
rical geometry caused by a number of different nozzles with
reinforced sections or due to inevitable manufacturing
tolerances are usually not considered.

~

However, from several experiments with thin cylindrical
shells it is known that small deviations from the ideal
geometry may have significant influence on' the dynamic-
response. For instance a cylindrical shell under earthquake
excitation should oscillate only in modes with first cir-

cumferential order. In reality, inevitable small imper-

fections give rise to oscillations in modes with higher
circumferential order. Since.the stiffness of thin shells
against such modes is rather low, the amplitudes of such
modes can reach rather large values /6/.

It is conceivable that this effect can also occur in thin
spherical shells. However, no corresponding investigations
are known so far. Therefore investigations to this problem
will be carried out within this program.

Computational methods for this problem must still be
developed. It is believed that modelling of the slightly
imperfect-geometry by standard methods will.not be approp-
riate, since the geometric deviation might be in the order
of computational inaccuracies. Rather special methods,
where the influence of imperfections is studied directly
(perturbation methods), should be applied.
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It is evident that the theoretical investigations should be

checked and completed by experimental work. However, manu-

facturing of an appropriate spherical shell model is very

difficult. The large dimensions and the high manufacturing

standard of real containments lead to very small relative

tolerances. But the model should reveal even smaller tole-

rances in order to provide first the reference results for

an almost ideal geometry. Later on results should be ob-

tained for geometries with well defined disturbances, i.e.

for geometries with additional masses or stiffening plates

attached to the shell.

Careful consideration have shown that usual manufacturing

processes for the model like deep drawing or welding are by

far not sufficient to satisfy the above requirements.

Finally it turned out that manufacturing the model by

turning using a numerical controlled lathe will probably

provide the best results. Details of the manufacturing

process are mentioned in Fig. 5.

With the largest lathe available, the diameter of the

spherical shell model has been determined to about 1400 mm.

The wall thickness will be 1 mm. The angular aperture will
be 100 . While the accuracy of the shape is expected to be
relatively high with deviations of less than 1 % of the

sphere diameter, the accuracy of the wall thickness will be

relatively small with deviations in the order of 10 % of

the thickness. However, the later deviations are expected
to have a smooth distribution which can be analytically
described, if required. The accuracy of the shape will be

-determined by a measuring machine. The accuracy of the
thickness will be determined using an ultrasonic sensor.

To obtain the eigenfrequencies and the corresponding mode
chapes, an experimental modal analysis of the spherical
shell model will be carried out. Both undisturbed models
(original) and disturbed models (with additional masses and
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stiffening plates) will be examined. The. spherical shell

models_will.be subjected to transient excitation with an

impulse hammer, a snapback-device or a narrow-band random
force of short duration. The corresponding response will be

simultaneously measured with a set of miniature accelerome-
ters or contactless displacement transducers. To extract

.the set of eigenfrequencies, mode shapes and critical
damping ratios from the simultaneously measured response
signals, a modified version of the computer code EVA /7/.
will be used. It had been developed and applied to other

shell and structural dynamics problems in recent years. The

objective of the intended modification is the improvement

of the frequency resolution and of the ability to separate

multiple modes. This is expected to be necessary because of
the extraordinarily dense spectrum of eigenfrequencies of

spherical shells obtained in precalculations. The experi-,

mental procedure will be tested during preliminary modal

measurements performed with a welded forerunner model of
the shell having a diameter of only 700 mm(Fig. 6).;

.

In the later stage of experiments, the spherical model will

be mounted on a table coupled with an electrodynamic shaker

and subjected to harmonic or random excitation. Both the

excitation and the response will be measured and mutually

correlated. Special attention will be paid to the excitabi-
'

lity of modes with higher circumferential orders and to the

influence caused by shell imperfections. These experiments

are planned to support the theoretical work on the earth-

quake loadings of containments.

7. CONTAINMENT BUCKLING

The lowest oscillation mode of the containment under earth-
quak? loading is similar to the lowest oscillation mode of

a sho*t beam (Fig. 7). During half the oscillation period

| the meridional membrane stresses in the lower part of the
I

! containment shell assume negative values. As a consequence,

[ during this time, local buckling might occur. This effect
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should be. investigated in more detail.

The computations may possibly be based on known methods

where large deformations are considered.

More important are appropriate experiments. They will be-

done using the high accurate spherical shell manufactured

for the oscillation experiments described in the paragraph

before. In a first series of tests the earthquake loading

will be approximated by a horizontal st& tic force applied

at the upper pole of the spherical shell. This force will

be monotonically increased close to the point of buckling.

However, care must be taken since during'these tests buck-

ling should not damage the model. Especially plastic defor-

mations should not occur.

8. TIME SCHEDULE

Table 1 shows the actual time schedule. Starting in 1979
the quasi static investigations will be ended in 1985. Due

to the fabrication process of the spherical steel contain-

ment model first experimental results for containment

oscillation and buckling are expected to be available in

1985.

1982 ~1983 1984
|

1985 1986

1. Containment behavior under quasi-static pressure increase
: 1

2. Containment behavior under high |

transient pressures
,

3. Containment oscillations due to earthquake loading I
, ,
' i

4. Containment buckling
,

Table 1: Time Schedule PNS/KfK Containment Program
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CONCRETE CONTAINMENT INTEGRITY PROGRAM AT-EPRI

R. K. Winkleblack and Y. K. Tang
Electric Power Research Institute

Palo Alto, CA

BACKGROUND

Many of the practitioners in our business believe.that the
,

catastrophic failure mode for reactor containment structures is
unrealistic. One of.the goals of our program is to demonstrate
that this is true. The catastrophic failure mode assumes that
the structure would contain large overpressures, due to a
hypothetical severe LOCA and hydrogen burn, until the liner and,

rebar reach ultimate stess and the integrity of the containment
is totally lost. For this to be the true case, judgment tells us
that the steel would have to be straining fairly uniformly,
i.e., very little stress concentration existing (particularly in
the liner). A close look at the actual. designs identifies many
probable stress concentration points where the liners possibly
could crack and leak. Since the concrete would crack long before
rebar or prestressing tendons reach yield, a crack in the liner,

would initiate a leak that would tend to be peak pressure limiting.
p (Leaks through penetrations are additional possibilities which
| are not covered in this program. The Sandia program is addressing
) these probabilities.) So, it seems likely that the catastrophic

conditions would never occur. Actually, the very high internal
pressures, relative to the design basis, certainly are low in >

probability of occurring. However, if a situation were to arise
where pressure were increasing significantly above safe loading,

1 it would be best that cracks and leaks occur, limiting the peak
I pressure before a catastrophic failure could dump the bulk of the

inventory of radioactivity from the containment structure into
the atmosphere. Less activity would be expected to be released
through the leaks that served to limit the peak pressure in the
structure. The risk associated with the postulated more realistic,

mode would be much smaller than the one with catastrophic failure
in the probabilistic risk assessment (PRA) context.

OBJECTIVE

The objective of the EPRI program is to provide the utility
industry with an experimental data base and a test validated

; analytical method for realistically evaluating the actual over
~

pressure capability of the concrete containment buildings and to
,
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i predict leakage behavior if higher pressures were to occur. The
ultimate goal of this R&D is to characterize the containment

|
leakage mode and leak rate as a function of internal pressure and,

|
time so that the risk can be realistically assessed for hypothetical

|,
|

severe degraded core conditions. '

|
! APPROACH
|

EPRI's approach is to have tests and analyses conducted in|

i

! parallel. The experimental work is contracted to the Construction
Technology Laboratories (CTL) of the Portland Cement Association.
The analytical work is contracted to Anatech International Corp.
There is close coordination between CTL, Anatech, and EPRI. ,

Anatech develops mathematical models and does pretest analyses
' which are discussed in detail with CTL and EPRI. CTL designs

! their test specimens, instrumentation and test procedures to
} provide, as directly as possible, experimental verification or

correction to the results of the pretest analyses.'
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Biaxial Test Frame

CTL has coveloped a very large test rig in which they do !
these tests. Don Schultz of CTL will be discussing that facility '

(that he, Norm Hanson, and their CTL colleagues designed and ;

built) and some of the results of the phase 1 testing that was
accomplished on a smaller test rig which was built with NRC
funding. Also, he will describe the phase 2 test specimens
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that they have designed and are scheduled to test on the large
new rig this year.

' Joe Rashid and Bob Dunham, Anatech, will be describing
-their part in the program. They are trying to develop analytical
models that recognize the stress concentrations (particularly in
the liner plates) that exist at certain types of weld joints,
discontinuities, penetration sleeves, intersections between the
cylindrical wall and the base mat, and the intersection between
the wall and the dome at the spring line. The hope is to develop
techniques that can be verified by the*CTL tests and then be
applied to evaluate the actual containment capabilities assuming
hypothetical degraded core situations.

PROGRESS

The current test program is to be carried out in three
phases. To avoid the uncertainties associated with small-scale
modeling of detailed structural response and leakage rates, the
test program focuses on testing of large and full-scale segments
of concrete containments starting with simple uniaxial and biaxial
tension tests on square structural specimens to define material
behavior and then following up with more systematic testing of
prototypical containment segments with penetrations and structural
discontinuities to produce a data base on leakage through local
liner breaches.

The first phase of testing at CTL was aimed at defining
material behavior of typical reinforced and prestressed containment
wall designs using simple tests on structural elements. Eight
uniaxial and biaxial tension tests were conducted on 5 f t square
by 2 ft thick, flat concrete slabs representing elements from the
walls of containments away f rom penetrations and discontinuities.
The slabs were about half the thickness of typical containment
walls, had full-size rebar and aggregate, and were of both reinforced
and prestressed design.

With loads applied to reinforcing bars, the tests provided
extensive data on elongation, strains, and crack opening as a
function of loading well into the inelastic region. In addition,
four biaxial tension tests were conducted on 4 ft square liner
plate specimens. These tests showed that, even with butt welds
or pipe penetrations, the plates can withstand up to six percent
or more elongation without rupturing. Data from the first phase
tests have been used to benchmark analyses being performed in
Anatech's perallel effort and also to develop loading techniques
to be used in phase 2 tests.

The analytic effort in this research is to develop and
validate the EPRI-sponsored nonlinear finite element code ABAQUS-
EPGEN as a qualified method for concrete containment integrity
analysis in predicting the concrete cracking pattern as well as
local liner fracture under progressively increased internal
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pressure. The concrete modeling capability based on Chen-Chen
theory of placiticy was incorporated into the ABAQUS-EPGEN code
by Hibbitt, Karlsson, & Sorenson (HK&S). The first phase analytic
effort has been completed by Anatech and results will be issued
in an interim report by EPRI. In this first phase study, the
current ABAQUS-EPGEN code capability and limitations have been
evaluated by conducting correlation analyses on selected CTL
phase 1 test specimens as well as by performing state-of-the-art
ultimate strength analysis on typical concrete containment
structures. Four CTL specimens were chosen for the correlation
analyses, they are specimen UAl, BA2, PCI and UA2. In general,

the measured and the predicted responses, such as concrete and
rebar strains and total elongations, compared reasonably well.
The Anatech paper will show some typical results. However, the

existing code capability (during phase 1) only allowed diffused
cracking patterns and crack strains that do not agree well with
the discrete cracking observed in the experiments. The ABAQUS-
EPGEN analysis of typical concrete containments were performed
for both prestressed and reinforced concrete structures. The
analyses were conducted in two stages. A global structure analysis
subject to internal over-pressurization was performed first and
results were used to define the local effects models. In the
subsequent analysis, the local effects models were used in selected
regions of stress / strain concentration or strong stif f ness dis-
continuities. This analysis was to demonstrate the local effects
on the ultimate integrity of the liner. The analysis results
demonstrated that significant local liner strain concentration at
concrete cracking locations could occur, and could lead to liner
rupture before rebar or tendons reach their ultimate capacity.
However, to truly validate such local behavior prediction, further
local effect experiments are needed as well as code improvements
for more realistic constitutive relations and more refined modeling
techniques. These efforts are to be carried out in the second
phase tasks.

The second phase analytic effort is underway at Anatech.
Areas of model improvements, for enhancing local effect prediction,
have been identified and the code implementation is being carried
out by both Anatech and HK&S. The major areas of code improvements
include interface elements modification for a realistic liner-
concrete and rebar-concrete bond / slip characterization, orthotropic
failure criteria for better prediction of discrete concrete
cracking pattern, and reDar shear dowel model for closed simulation
of local stiffness effect. Anatech's effort in this phase also
includes the analysis and design, jointly with CTL, of the phase
2 test specimens planned for 1984, particularly the dislocation
specimen for local liner failure simulation. In addition,

protest analysis and posttest correlation of selected CTL phase 2
tests are planned using the improved ABAQUS-EPGEN code capabilities.

Phase 2 of the testing work is in the detail design and
planning stage at CTL. Seven test specimens are planned, which
include stress concentration points due to weld details and
anchors in liner plates, penetration sleeves where punching shear
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will occur, strain discontinuities representing the interface
between the wall and base mat, and thermal stress simulation.
Some of the specimens are being cast and testing will begin soon.
The details of the test specimens and the planned tests are
discussed in the CTL paper which follows this af ternoon.

FUTURE PLANS

Phase 3 of the program is to be an outgrowth of the results
of phase 2. It is anticipated that a few more tests will be
needed to firm up the correlations of phases 1 and 2 test results
and analytical models with the behavior of the actual containment
structures. It probably would be desirable to devise some tests
of one or two containment buildings at cancelled plants. This is
an ambitious objective and has a number of dif ficulties to be
overcome before such testing could be implemented. A study has
to be made to see if some meaningful tests can be conducted on an
actual reactor containment building. Other test alternatives may
exist. For example, a large scale complete ring segment might be
built to test the most likely area (e.g., wall-dome or wall-
basemat intersections) for a first significant crack to occur in
the liner. When one considers how such a test structure would be
loaded, to simulate the behavior of a complete building, the task
and cost loom large indeed. Phase 3 planning still presents a
very real challenge. Close coordination with the NRC's scaled
concrete containment test program will be very important in
defining the third phase of the test program.

The third phase analytical effort will emphasize containment
leakage quantification in addition to further qualification and
benchmarking of reinforced / prestressed concrete and liner interaction
model against test results. It is expected that the NRC's 1/6
scale model test results will serve as a good data base for
checking out the analytical capability to accurately predict
concrete containment behavior under sever IDCORE hypothetical
conditions.
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PROCEDURES AND OBJECTIVES FOR' TESTING A 1/8
SCALE MODEL 0F A STEEL CONTAINMENT *

i L. N. Koenig
Sandia National Laboratories

AINvyeque NM

ABSTRACT

A 1/8 scale model of a steel containment building will be
tested in late summer of this year by the-Containment Integrity
Division of Sandia National Laboratories, Albuquerque, NM. The-
test is part of the NRC-sponsored Containment Safety Margins
program that is described in several references [1,2,3,4,53
Included in the the model are pipe penetrations, personnel
locks, and operable equipment hatches.

- The 1/8 scale model will be pressurized in steps to well
above the design pressure and data taken at each step via a
computer controlled data acquisition system. Strain gages,
thermocouples, and displacement and pressure transducers have
been placed strategically throughout the inside and outside of
the model to record data on the model's resp'onse to each
pressure step. Particular effort has gone into instrumenting
the area around and near penetrations although regions away from,

penetrations are also instrumented for comparison purposes. The
equipment hatches are equipped with special instrumentation to
record relative movement and separation of the sealing
surfaces. Photometrics data from cameras placed at three
locations overlooking the model will be used to determine global
displacements. In addition, a theodolite system will be used to
measure displacements of specific targets placed on the outside,

i of the model.

Instrumentation has also been included to make leak rate
calculations. These calculations will be mado during hold
periods.

The results of this experiment will give a better
understanding of the behavior of containment buildings at
pressures well beyond the design level. Experimental data will
be compared with analytical data obtained from various computer
programs to verify their performance in the post yield region.

"This work supported by the United States Nuclear Regulatory
Commission and performed at Sandia National Laboratories which
is operated for the U.S. Dept. of Energy under contract number
DE- AC04 -76 DP0078 9.;
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DESCRIPTION OF THE MODEL

The large steel model is a 1/8 scale modelaof a steel !
'

containment building, Figure 1. A concrete shield building is
not included. The model was designed and built by Chicago i

'

Bridge and Iron, Co. (CB&I) to the ASME code but has no code
stamp since radioactive material will not be contained in the
structure.

The model is built of A516 steel to a design pressure of 40
psig. A516 steel was chosen because it is used extensively in

,

| steel containments and steel lined reinforced concrete
containments. Features incorporated into the model include

<

j operable equipment hatches, pipe penetrations, a constrainod
' pipe penetration, personnel lock representations (inoperable),

stiffening rings, and thickened sections arcund penetrations.-
The personnel locks are inoperable because size constraints
limit the detail that is feasible. Full size personnel locks
will be tested as part of a separate program.

;

Details of the equipment hatches are shown in Figure 2. The
equipment hatch covers are thicker than scaling would dictate
dt > to the method used to close the cover.

The steel cylinder and dome of the model are most
| representative of hybrid steel containments that have a

reinforced concrete basemat. Instead of the basemat, a stiff

| bottom head 1 1/2 inches nominal thickness has been
substituted. Access to the model is through an equipment hatch
in the bottom bulkhead. Also located in the bottom head are
pass-throughs for instrumentation wires and nitrogen
pressurization lines.

OBJECTIVES

A major goal of the large steel model experiment is to
replicate more accurately fabrication techniques, material
properties, construction details, and other features in an
actual containment building. With this added detail, more
meaningful objectives can be designed into the experiment.

!

The instrumentation used in the large steel model experiment
has been selected and positioned to achieve the following
objectives:

,

1. To measure the distortion and possible leakage through
the equipment hatches. The detection and location of
leakages will be done via a periodic leak test and an'

acoustic detection system. These will be discussed later.

2. To measure the affects of constrained penetrations on
shell behavior. The constrained penetration is an 8 inch
pipe running diametrically across the model and is welded to
a thickened shell area at each end. The constraint
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penetration represents pipe penetrations in an actual
containment building that are fixed to an immovable internal
or external object. Measurements will be made with
displacement transducers and strain gages running
horizontally and vertically away from the point of
attachment to the shell.

3 To measure local straining around thickened shell
sections through.which all penetrations are run. Strain
gages have been placed to measure the affect of thickened
s.ections on local shell behavior.
4. Measure strain in areas away from penetrations to
quantify the behavior of the model and to compare with other
strain readings throughout the model.

5. To ultimately qualify methods for predicting the
structural capacity of light water reactor (LWR)
containments to function under loading caused by severe
accidents and extreme environments.

PROCEDURE

The large steel model test program consists of a structural
integrity test, an integrated leak rate test (ILRT), and a
static pressure test.

A standard structural integrity test will be run at 15%
above design (46 psig). This test also serves to verify the
instrumentation and data acquisition system.

The integrated leak rate test will ensure that the leakage
is below 0.1% mass / day at design pressure. Leak rate will be
calculated from pressure and temperature readings taken with the
data acquisition system. Both the " total time" method and the
" mass plot" methods will be used. Fourteen resistance
temperature devices (RTD's) and one quartz manometer will be
used to measure the temperature and pressure respectively. The
RTD's are located in the model's interior and their readings
weighted according to the volume represented by each transducer.

At the conclusion of the ILRT, the model will be
depressurized and any necessary repairs made. The sequence will ;be repeated until a leak rate below 0.1% mass / day at design |

pressure is achieved. The integrated leak rate test also serves |

as a test bed for the instrumentation and data acquisition
system.

During the static pressure test, the model will be
pressurized in steps at a nearly constant temperature. Pressure
steps will be initially in 20 psi increments. Smaller
increments will be applied as membrane yield is approached and
passed. During pressure steps, any two strain gages,,

i displacement transducers, and pressure transducers can be
scanned continuously to determine model stability. Once the
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model stabilizes at a pressure level, a single scan of all data
channels will be made. At selected intervals a hold period (no
mass added) will be declared and leak rate measurements made.
An acoustic detection system will be used to locate any leaks.
A temperature slightly above ambient will be maintained with
internal heaters and a temperature controller.

,

The test will be concluded when a leak-of sufficient
magnitude develops to exceed the capacity of the pressure
control system (on the order of 200% mass / day at 200 psig).

INSTRUMENTATION LAYOUT

A variety of transducers and other techniques will be used
during this test to measure strain, displacement, temperature,
pressure, and leak rate. Figures 3 and 4 summarize some of the
instrumentation on the model's interior and exterior surfaces.
Gages near or on penetrations are not shown. All total there
will be 14 RTD's, 37 thermocouples, 51 displacement transducers,
5 pressure transducers, and 722 strain gages.

Strains

Strains are being measured with gages that consist of annealed
constantan on a high elongation polyimide backing. In general a
.250 inch nominal gage length is used except in regions of
suspected high strain gradients wherc a .125 inch nominal gage
length is used. In most applications three arm rosettes are
used so that principal strain and direction can be determined.
Behind the stiffening rings, "T" rosettes are used. In some
regions of high bending, strip gages opposite each other on the
inside and outside of the model are used.

Displacements

Displacements are determined using three techniques:
displacement transducers, photogrammetrics data, and theodolite
data.

The displacement transducers are of the variable
potentiometer type to minimize electrical and acoustic noise.
Displacement transducers are located primarily around the
constrained penetration and )n the equipment hatches to record
relative movement and separation of the sealing surfaces.

Other displacement measurements will be taken from
photogrammetric data obtained from cameras positioned at the
three theodolite stations around the model.

Finally, additional displacement data will be obtained from
theodolite readings of targets on the model's exterior using the
principle of triangulation. The three theodolite heads will
view about half of the model's circumference.
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= Temperature

Temperature measurements will be made'using.both
.th'ermocouples and RTD's. 1 Copper constantan (type T)
thermocouples are placed on the inside and outside surface of'
the model to provide temperature compensation-for the strain
gages.

The RTD's are placed throughout the-interior of the model to
~

measure the internal air temperature. RTD readings will be used
for temperature control and leak rate calculations.

Pressure.

Two types of pressure transducers are being used. Four 0-10
volt pressure transd aers are used for pressure control and
measurement. A 0-10 volt output was selected for a high signal
to noise ratio. A quartz manometer will be used to measure the
pressure used in leak rate calculations. The quartz manometer
was selected for its high stability and accuracy, thus,

permitting shorter hold times.'

Acoustic

Because access to the model will be limited during testing,
an acoustic detection system employing 24 acoustic detectors
positioned around the exterior surface of the model will be used
to determine the location of leaks.

DATA ACQUISITION SYSTEM

The data acquisition system is composed of Hewlett Packard
HP1000 and HP9845 computers, and an Analog Devices Macsym
controller.

The HP1000 is used to control data acquisition of all
strain, displacement, and thermal channels, and to convert these
into engineering units and to perform temperature corrections
and other compensation.

The FP9845 is used in conjunction with three theodolite;

heads to which it is connected via fiber optic cable. The*

HP9845 calculates displacements from theodolite data. A data
link to the HP1000 is provided so that theodolite data can be
passed for storage and further reduction.

|

The Macsym controls the pressure system and temperature. It
is responsible for raising, lowering, or holding the model
_ pressure as directed by an operator and to maintain the model's
interior temperature within a tolerance band,

i

~

:

;
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SCHEDULE |

'The test 'is scheduled. for late August or early September of
1984.- The structural integrity test and integrated leak rate

'

test will take from one to two weeks. 'The static pressure test

to first failure will also take from one to two weeks. Should
the failure mode be leakage,.the model may be repaired and used
for other tests.

SUMMARY

Data gathered during the test of the large steel model will
provide-insight into the behavior of a containment subjected to
overpressure. In particular, the effects of different
penetrations and_ thickened sections on shell behavior will be
measured. The location of leaks and their magnitude as a
function of pressure and deformation will be determined.
Finally the data collected during the test will be used to
qualify different types of analytical methods used to predict
containment behavior beyond design based conditions.
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PLANS FOR A 1/6TH SCALE
REINFORCED CONCRETE CONTAINMENT MODEL1

Joseph Jung
Sandia National Laboratories

Albuquerque, NM 87185

ABSTRACT

i
'

As part of the U. S. Nuclear Regulatory's (NRC's ) Con ta inmen t
Safety Margin ~s Program at Sandia National Laboratories, a 1/6
scale model of a reinforced concrete containment structure will
be built and tested to further study the structural and leakage
behavior.of nuclear containment buildings during severe
accidents. The concrete model will be approximately 35 feet highand 24 feet in diameter. The cylindrical wall will'be
approximately 9 inches thick. The conceptual design calls for #3
reinforcing bars for its main reinforcing and a 1/16 inch thick
steel liner. Other features of the model include operating
equipment hatches, personnel lock representations, constrained
and unconstrained piping penetrations, and thickened liner

'

sections around penetrations. An important part of the project
will be the support tests. These tests are designed to confirm
that a high quality model can be built and also to provide a data
base of the properties of the various materials used in the
model. The current plans call for the model to be ready for4

'

testing around the middle of CY86.

'

INTRODUCTION

1

As part of the NRC's Containment Safety Margins Program being |conducted at Sandia National Laboratories, static pressurization

1. This work is supported by the United States Nuclear Regulatory
Commission and performed at Sandia National Laboratories, which
is operated for the U. S. Department of Energy under Contract
number DE-AC04-76DP00789.
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tests of' scale models of nuclearLeontainment= buildings are
: currently in' progress. .Tcn d a t e ; four 1/32 scale steel models

-
have been tested, and a 1/8 scale'model ofLa steel-containment j

performed by-will be tested later ~this year. These tests are
stati.cally pressurizing the model"with nitrogen gas until the gas
leakage is excessive or the structural deformations exceed
predetermined large levels. These models have been heavily

' instrumented to document the structural behavior.

Following the 1/8 scale steel containment' test, Sandia will
test a 1/6 scale reinforced concrete (R/C) c on t a i mne n t model.
Testing-this model will give important information regarding the
leakage behavior.of_the seals and structural failure modes, such
as concrete-liner interaction that may lead to tearing of the
liner.

The R/C c on ta i mnen t model will be tested in a similar fashion
to the steel containment models, i.e., near-ambient temperatures

and by pressurizing it internally with nitrogen gas.

BACKGROUND

As the first step to designing the model, Sandia contracted
Stone & Webster and Failure Analysis Associates to independently
study the feasibility of building a R/C model. Both companies
were asked to develop conceptual designs, identify potential
problems, and propose methods for constructing the model [1,2].
The final conceptual design of the model is a composite of the
ideas of Stone & Webster, Failure Analysis Associates, the
Containment Safety Margin's Peer Review Committee, the NRC, and
Sandia. The concensus of these groups was to build as large a
model as economically feasible. A relatively large model would
allow commonly available construction materials to be used and
the behavior of the model would be more prototypical than that of
a small model. For these reasons a 1/6 scale was selected. At

this scale, the *18 main reinforcing bars in a prototypical
containment scales down to commonly available #3 bars; the' liner
will be 1/16 inch thick and will probably be thick enough to
avoid many of the complications inherent with handling and
welding thin metal sheets; and the seals for the equipment
hatches will be representative of thoses in actual containments.

MODEL DESCRIPTION

The proposed design pressure for the model is 46 psig. This

value represents the average design pressure frem a survey of 17
R/C containments [1]. The design details for the model will be
representative of those found in actual containments. The
seismic reinforcing will be geometrically scaled from that of
actual centainments.
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The major features of the model are listed below.
!

1. 1/6 scale
2. #3 rebar as the major reinforcement
3. 1/16 inch thick steel liner with stud attachment
4. Two operating equipment hatches with seals
5. Two personnel lock representations
6. Constrained piping penetrations
7. Other. piping penetrations ~ '

8. Thickened liner sections around penetrations
9. A " flat".basemat

10. A hemispherical dome

At 1/6th scale, the model is approximately 35 feet high and
24 feet in diameter with a 9 inch thick cylindrical wall. The
overall model dimensions (as envisioned by Stone & Webster (1})
are shown in Figure 1. The locations of the penetrations have
not been finalized.

Figures 2 and 3 show a possible reinforcing plan [1] for the
cylindrical wall and basemat of the model. The main hoop
reinforcing for the cylinder wall will be #3 bar (preferably made
from A615 Gr 60 steel) with a 2 inch typical spacing. Although
the seismic reinforcing bars are shown as the outer most layer,
their placement has not been finalized. All reinforcing bar
splices must satisfy the ASNE S e c t i on Ill, Division 2, Subsection
CC requirements.

The 1/16 inch thick liner will be preferably made from A516
Gr 60 steel. The total amount of welding for the liner will be
minimized, i.e., the liner will be composed of as few plates as
possible. Studs will be used to anchor the liner to the
concrete. The recommended stud is 0.11 inches in diameter and
0.5 inches long. The stud diameter is approximately 1/6 the
prototypical stud diameter, but the stud length is one half of
what similitude requires. The shorter stud length was selected
to avoid interference between the studs and the main reinforcing
during construction. The stud pattern used will have a one to
one correspondence with prototypical stud spacings around the
major penetrations, spring line, and the base mat-cylinder wall
interface. Because a pressure loading does not stress studs
highly in other regions, the stud spacing in other areas will be
greater than that required for a true replication.

In order to test as many configurations as possible, two
equipment hatch penetrations and three hatch covers are planned
for the model. On one of the equipment hatch penetrations, there
will be a pressure seated hatch cover. On the other penetration
there will be a pressure unseated hatch cover on the exterior end
of the penetration sleeve and a pressure seated hatch cover on
the interior end of the sleeve. The pressure seated cover will
be closed if leakage from the pressure unseated cover becomes
excessive.
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Each equipment hatch cover will have a different type of
- scal. Seals being: considered include double tongue and groove,
double = dog ear, double O-ring,.and gum drop gaskets. .

There wi~11'be two personnel lock' representations in the
model. The possibility of having~ sealing surfacesLin the locks
is being investigated.

i

7Vro pipe penetrations will be partially constrained-from i

radial movement. 'These penetrations will be scaled from typical !

main steam line dimensions. The degree of constraint has not
. been selected'yet. 3

The 28 day target properties for the concrete are listed
below.

Compressive Strength 4.000 psi

Spliting Tensile
Strength 410 psi

Static Modulus of
. Elasticity 3,600,000 psi

Poisson's Ratio 0.15-0.18

No single pour of concrete will be more than three feet high.

SUPPORT TESTS

A series of preconstruction and post construction support
tests are planned to help insure that the model can be built and
have prototypical behavior, in addition, these tests will
provide a data base of the properties of the various materials
used in the model. The following preconstruction tests will be
conducted.

1. Concrete mix tests
2. Liner tensile tests
3. Liner tests with welds
4. Tensile tests of liner with studs

! 5. Stud strength tests
6. Liner formability tests
7. Reinforcing bar strength tests

; 8. Reinforcing bar splicing tests
' 9. Shear bar assembly tests

,

10. Liner fabrication tests

The concrete mix tests should verify that the desired
properties can be obtained. The liner related tests (tests #2
through 6) are designed to determine the line r and stud strenghs,
and the effects of welding the liner and studs. The reinforcing

are designed to determine thebar tests (tests #7 through 9)

| reinforcing bar strengths and the effects of splicing or welding
!
t
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the bars together. The liner. fabrication tests must demonstrate
that the~ liner can be fabricated and erected.

The postconstruction' support tests will consist of' testing
concrete samples taken during the model construction and testing

_

three flat reinforced-concrete. panels that are representative of-
the' cylinder wall of-the model, The flat. reinforced panels will

-

be tested by pulling the re inf orcing -ba rs and the liner. The
results of these panel tests will be compared to the results of
the.model_ test and the results of similar panel, tests pe r f.o rme d
by the Electric Power Research Institute (EPRI). 'These
comparisons will provide a critical link between the EPRI and
Sandia programs.

-

;

EXPECTED SCHEDULE

Although the final schedulo.for this project depends upon
negotiations with the contractor, we hope that the model will be
ready for testing in mid CY86.
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L INTEGRITY OF CONTAINMENT PENETRATIONS
:~ UNDER SEVERE ACCIDENT CONDITIONS *
L-

c. v. subramanian
: Sandia National Laboratories.

Albuquerque, NM 87185

ABSTRACT

| - The knowledge of the' leakage behavior of1 containments beyond
design conditions is required for'the-evaluation of severe acci-

4: . dent mitigation strategies, risk studies, emergency preparedness
_ planning, and- siting. Strategies for managing these severe
accidents will be severely hampered unless _ a methodology for
predicting the timing, mode and location of containment failure'

* or. leakage is developed.

Since each' containment building has a large number of pene-
trations,-these representua large number of potential leak pathsa

i from. the containments. Four NRC programs - the Containment
i Safety Margins program, the Integrity of Containment Penetra-
i- tions under Severe- Accident Conditions program, the Electrical
i Penetration Assemblies program and the Isolation _ Valves program

. are currently in place to evaluate containment integrity and the
j: potential for leakage beyond design conditions.

*
,

This paper will summarize the details of two of these programs*

. the Integrity of Containment Penetrations - Under Severe Accident
! Conditions and the Electrical Penetration Assemblies. The test
< plan, the input loads, the number and types of penetration to be

tested under these two programs-will be discussed.4

,

i BACKGROUND
i

} Since the accident at Three Mile Island, a-major effort in
- safety studies has been directed toward the risk and consequences
! of severe accidents. As a part of this effort, several studies i

4

! are currently underway to understand the functional failures of
: containments. The knowledge of the integrity and the leakage
i behavior of containments beyond design conditions is required <

. for the evaluation of severe accident mitigation strategies, '

| risk studies, emergency preparedness planning and testing.
! Strategies for managing these severe accidents will be severely
; hampered unless a methodology for predicting the mode, ' timing !
{ and' location of containment failure or leakage is developed. !

i
|

} Each containment building has a large number of electrical ;

i and mechanical penetrations. Typically, there exist anywhere

}
*This work supported by the U.S. Nuclear Regulatory Commission

j and performed at Sandia National Laboratories which'is operated '

for the U.S. Department of Energy under Contract Number,

i DE-AC04-76DP00789.

i
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from 60 to 100 electrical penetrations and anywhere from 100 to
300 mechanical penetrations in pressurized water reactors (PWRs)

and boiling water reactors (BWRs). All these penetrations
represent a large number of potential leak paths from the con-
tainments. Four NRC programs - the Containment Safety Margins
Program, the Integrity of Containment Penetrations Under Severe
Accident Conditions Program (henceforth called the Containment
Penetrations Program), the Electrical Penetration Assemblies
(EPAs) Program and the Isolation Valves Program are currently
in place to evaluate containment integrity and the potential
for leakage beyond design conditions.

The severe accident studies and the data on the performance
behavior of penetrations obtained from the various in-plant

tests (integrated leak rate tests (ILRT) and the licensing

event reports (LER) provided a major impetus to an in-depth
investigation into the physical integrity of containment build-
ings and penetrations. For example, in one such study
(Reference 1), a severe accident analysis conducted on a Mark I
BWR indicated very high temperatures in the drywell area, which
is the location of the majority of the EPAs. Because of the
high temperatures, it was postulated in Reference 1 that the
sealants would fail and all the EPAs would leak before struc-
tural failure would occur. Since other BWR containments have
similar EPAs, Reference 1 concluded that all BWR containments
would experience the same type of failure. A follow-on study
(Reference 2) however, concluded that many of the EPAs have a
low potential for leakage, because at least one set of EPA
seals is exposed to a lower temperature. These seals are out-
board of the containment, which provides a thermal lag during
an accident progression. However, other types of penetrations
including those with o-ring seals on header plate and those
with just inboard seals could have a high potential for leakage
if they are sealed with organic materials and are exposed to
elevated temperatures and pressures.

Similarly, an examination of LERs through February 1983
indicate that for all types of penetration failures that are
reported, the most serious (from the number of incidents and
leakage) has been in personnel locks and equipment hatches.

The severe accident conditions which are beyond the design
basis conditions (and hence not considered in the design), can
result in even higher temperatures and pressures beyond the
design basis conditions. A given penetration may develop
increased leakage in these severe environments, by either
failure of the seal or gasket to retain their original leak
tightness, or actual structural failure of some part of the
penetration assembly (e.g., a structural crack or tear of a
welded joint or in a bellow connection), or by a combination of
any of these. Leakages may also increase in gasketed joints as
a result of relative movements between mating seal faces, such
as opening of the joint gap or by relative rotation of the seal
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surfaces caused by interaction with the containment structure
displacements. Obviously, leakage behavior will also be a
function of whether the gasketed joint tends to be pressure-
seating or pressure unseating.

From these, it can be concluded that it is important to
understand and predict the structural integrity and the leakage
behavior of containment penetrations.

ELECTRICAL PENETRATION ASSEMBLIES (EPA) PROGRAM

EPA Selection

The objective of the EPA program is to evaluate the poten-
tial for leakage and failure of EPAs under severe accident con-
ditions. The current state-of-the-art is such that no analysis
can be performed which will be accurate enough to predict leak
paths and leak rates through the EPAs because of their complex
design and behavior and the different types of materials used
in their construction. Hence, it will be necessary to perform
experiments to locate their leak paths and leak rates under the
severe accident environment.

Test specimens for the program were selected based on (i)
those with highest potential for leakage (ii) availability and
(iii) those types from plants near large population centers.
In addition, EPAs were selected to match representative severe
environments.

The EPAs with the highest potential for leakage are (i)
those with organic seals and gaskets (ii) those with elastomer
0-rings on header plates and (iii) those design 2d for low pres-
sure capability. Regarding the ready availability of the EPAs,
of the identified 18 suppliers, only 3 suppliers are active
today from whom actual full size EPAs similar to those supplied
to the existing nuclear power plants can be obtained. These
are D. G. O'Brien, Westinghouse and Conax. The EPAs supplied
by these three vendors satisfy the other two requirements.
Hence, efforts are underway to procure EPAs from these three
manufacturers for testing them under the severe accident condi-
tions.

Severe Accident Environment Test Input Profiles

The EPAs will be tested for the severe accident environ-
ments under all characteristics for both PWas and BWRs to
determine their leakage. These severe accident profiles are
based on calculations performed under the Severe Accident
Sequences Analyses (SASA) program, also funded by the NRC.
Where such information is not available, other sources includ-
ing data from probabilistic risk analysis (PRA) studies of
plants were used.
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For the PWR environment, the accident cases which produced
the maximum containment pressures and temperatures (cases when
both the heat removal systems and cooling systems are inoper-
able) and which had a high frequency of occurrence were selected
from data in Reference (2). The envelop of three individual
accident scenarios was selected as the test profile for the PWR
environment and are shown.in Figure 1.

, .

For the BWR environment, the currently available informa-
| tion indicate that the environments for Mark I and Mark II are
| Very similar, with Mark I generally bounding the Mark II and

significantly higher than that of Mark III. Hence, it was
decided to use Mark I and Mark III environments thereby bounding
the Mark II environment. The severe accident case selected for
both Mark I and Mark III was one of the dominant accident
sequences in almost all BWR-PRA studies. In addition, for Mark
I, another accident sequence which is also quite dominant was
considered and the envelop of the two sequences was used for
the test profile. In these profiles for both Mark I and Mark
III, the point where the pressure sharply drops off is the

| assumed failure point of the containment as used in the SASA :

studies. The test profiles for Mark I and III which are based
on data available in References 3 and 4 are shown in Figures 2
and 3.

Test Sequence

As indicated earlier, the EPAs selected for testing are the
Westinghouse, Conax and D. G. O'Brien. The test plan calls for
the following test sequen'e.c

1. Radiation age to the end of service life and LOCA
accident for a total dose of 200 meads at a dose
rate of less than 1 mead /hr.

2. Post radiation inspection to IEEE 317/1976.

3. Thermal aging at a temperature of 150*C (302*F)
for 168 hours.

4. Post thermal aging to IEEE 317/1976.

5. Test to severe accident environment and measure
leak rate during the test.

,

6. Post accident inspection and functionality
measurements including leak rates.

The severe accident environment will be a steam environment
with the leak rate measuring instrumentation calibrated to

;

measure from 1 cc/sec, to 10,000 cc/sec.'

The Westinghouse penetration will be tested in the BWR -

Mark III environment because of the large numbers of them found
in these plants. D. G. O'Brien penetrations will be tested in
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the PWR environment because of their low pressure capability
and the high pressures that are predicted in a PWR severe acci-
dont environment. A Conax penetration _will be tested in the
BWR - Mark I environment because quite a few of.them are found
in these and General Electric penetrations which are more com-
mon in.BWR - Mark I, are no longer manufactured and hence not
readily available.

Summary - EPA Program -

A program is in place to test 4 full size EPAs for the BWR
and PWR severe accident enviro.nments to evaluate their leakage
potential under these severe accident conditions. 77.e test .,

matrix is shown in Table 1. The expected end product of the
program is to obtain leakage behavior information and measured
leakage data through the EPAs if leakage occurs, measured
thermal gradient along the EPAs, and an evaluation of electri-
cal degradation (insulation resistance) with time.

Table 1: EPA TEST MATRIX

! SEVERE ACCIDENT
EPA PLANT ENVIRONMENT

Conax BWR - Mark I 700*F, 135 psia
Westinghouse BWR - Mark III 400*F, 75 psia
D. G. O'Brien PWR 360*F, 155 psia;

CONTAINMENT PENETRATIONS PROGRAM

As indicated earlier, a detailed program plan is currently
being developed. The objective of this program is to determine
the characteristics of containment penetrations that contribute
to leakage during severe accident sequences beyond the design
basis conditions. The penetrations that will be included in
this program are all the fixed and operable mechanical penetra-
tions except valves (which are considered in another program)
and the EPAs (which are considered in the program described
earlier).

Plant operating experience has shown that major penetra-
tions (operable and fixed) are susceptible to leakage under the
design operating environment primarily due to the limited capa-
bility of seals and gaskets that are used in them. Under the
severe accident conditions the susceptibility of these penetra-
tions to leakage even though unknown due to lack of data, is
expected to increase which may further be aggravated as a

! result of relative movements between mating seal faces, st4ch as
'

the opening of the joint gap or by relative rotation of the
seal surfaces, caused by interaction with the containment,

structure displacements. Currently adequate models for pre-
dicting leak rate in severe accident environments for contain-;

ment penetrations with seals and gaskets does not exist because
of their complex structural behavior, uncertain leak paths, the
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severe accident environment and the numerous types of penetra-
tion designs t. hat exist. Hence, this program was established ;

to determine the leakage behavior of penetrations and to develop i

a methodology for predicting leak rate through penetrations.

Program Definition

Because of the different types of major penetrations that
exist in a nuclear power plant which are susceptible to leakage
and because of the large number of designs that exist for a
given type of penetration, a comprehensive survey is in progress
to determine the different types of designs that exist for all
of the major penetrations. The survey which is being performed
by Argonne National Laboratory (ANL). Argonne, Illinois,
includes all containment types, materials, penetration designs,
and types of seals and gaskets. Based on the survey data, a
program plan is being developed by ANL (Reference 5) which will
identify penetrations which are most susceptible to leakage and
recommend a methodology to predict leakage through these pene-
trations. To better evaluate the relative leakage potential
for the different penetrations, a number of figures of merit
analyses were made. These figures of merid analyses are based
on the structural behavior of the penetration-containment system
and on the geometry and material variations of the seals and
gaskets that are used in the various penetrations. Utilizing
these figures of merit, a comparative analysis is being per-
formed on different types of penetration designs to come up
with a list of penetrations which are most susceptibic to leak-
ago and hence may need to be tested to determine their leakage
behavior. The preliminary list includes BWR drywell top head
(bolted type), pressure unseating equipment hatch, bellow con-
nections, personnel air lock with inflatable seals, pressure-
seating equipment hatch and personnel air lock with pressure
seating seals.

In addition, a test matrix for seals and gaskets based on
the gasket material used, sealing surface geometry, aging
effects, scaling effects, and fluid / temperature / pressure load-
Ing is also being developed. Some of the common geometries
that are being considered are: 0-ring type, tongue and groove
type, double dog-ear type, gum drop type and inflatable seal
type. All these geometries are quite commonly used in large
mechanical type penetrations (eg. equipment hatch, personnel
air lock, etc.). The 0-ring type is also commonly used in EPAs.
Some of the material which are under consideration are silicone
rubber, ethylene-propylene type rubberJ (EPR/EPDM) and Viton.
Silicone rubber is commonly used in mechanical penetration
assemblies and silicone rubber, EPDM and Viton are commonly
used in EPAs. The test matrix for the seals and gaskets will
evaluate the offects of radiation aging and temperature. Also,

the test matrix will include different sizes to determine the
effects of scaling.
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Seale and Gaskets Experiments

Once the text matrix for the seals and gaskets is completed,
they will be tested using the EPA test facility at Sandia
National Laboratories to measure leakage through them for the
BWR and PWR severe accident environments. As indicated earlier,
the expected results of this task is (i) to determine the leak-
age potential of the various seals and gaskets under the severe
accident conditions and (ii) to determine the effects of vari-
ations in material, geometry, temperatures, radiation aging,
and scaling. The test data from this task can then be used to
develop simple analytical models to determine leakage through
seals and gaskets which will be useful in developing a methodo-
logy for predicting leakage through penetrations under severe
accident conditions.

Penetration Assembly Experiments

The tentative liet of penetrations to be tested was provided
under the program definition subsection. In addition, the
scale size for these penetration tests and also the incorpora-
tion of the containment structure-penetration interaction
effects need to be decided before the test plan is finalized.
The scale size of the tests to be performed will primarily
depend on the test facilities thtt are available to perform
these tests and obtain the needed leakage data in a BWR or a
PWR severe accident steam environment. On the question of
whether to include structure-penetration interaction effects pf,
not, analyses work is in progress to determine how significant
these effects are in the sealing surface deformation of the
various penetrations under consideration. Results from these
analyses will be used to determine what the test model for
these penetrations would be.

The BWR or the PWR severe accident environment generated
t for the EPA tests will also be utilized for these large scale

tests to determine the leakage potential of the penetrations
under consideration.

Penetration Analyses

Under this task, it is planned to perform scoping analyses
of all the penetrations to be tested under the severe accident
conditions to determine (i) the shell-penetration interaction I

effects (ii) the sealing surface deformation in order to esti- I

mate if thece is a potential for leakage and (iii) to determine |

the significant parameteru in the penetration assembly which
may affect the leakage potential. In addition, some scoping
calculations using simplified assumptions will be made to make
a pre-test prediction of leakage for the penetrations to be
tested.

It is also proposed to perform analyses on other types of
penetrations which are not being tested but can be evaluated by
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6 analyses under the severe. accident conditions.- Typical examples
include .those penetrations with no gaskets, seals and bellows,.

or fixed piping penetrations. etc.

Methodology Development

: Currently, adequate models for predicting leak-rate through
containment penetrations with -seals and gaskets do not. exist.
The reasons for -this are (i) the complex behavior .of the
containment-penetration system (ii) lack of knowledge of the

* - leak paths through the penetrations, (iii) the severe accident
environment that are of concern (iv) the different ' types of ,

penetration designs that exist and (v) the lack of information
. on the behavior of the seals and gasket materials under extreme
environment. Hence, the objective of this task is to-identify
and evaluate existing methods (if any) which could be used to'

i- predict leakage th:0 ugh containment penetration by extending or
modifying them or, develop empirical methods by utilizing the.

.,

j bench mark data from the seals and gaskets tests and the large
j scale penetration tests. This methodology will then be used to
i predict overall leakage through all the containment penetra-
4- tions.

f Summary - Containment Penetration Program

I
; A program has been established to evaluate the behavior of f

j seals .and gaskets and major fixed and operable penetrations
! under postulated severe accident conditions. The program will

.

also provide a methodology to predict leak rate of containment !,

[ penetrations under the severe accident conditions. However, it '

' munt be noted that there are some potential concerns which may
4 affect the expected output. This includes scaling concerns on
4 leak rate prediction, generic application or extension of test .

6results because of large number of different penetration
designs, the limited number of tests that can be performed and

i the effects of potential presence of aerosols in the contain- ;

i ment atmosphere during the severe accident which may affect the ;
results.

'
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ANL SURVEY OF LWR CONTAINMENT PENETRATIONS:
A PROGRESS REPORT

T. R. Bump. R. W. Seldonaticker, and M. H. Shackelford
Argonne National Laboratory

Argonne. IL 60439

ABSTRACT

Argonne National Laboratory is currently working on specific tasks in a
containment penetration integrity program funded by NRC and managed by the
Sandia National Laboratories. The first of these tasks is called "Characteri-
zation of Existing Penetration Designs". The objective of this task is to
identify those penetrations in nuclear reactor containments which, because of
historical data or expected behavior under accident loads, are believed to
have a relatively high probability of developing leakage when subjected to
temperatures 'and pressures well beyond the containment design basis values.
The program focuses on large and operating penetrations -- such as personnel
atriocks, equipment hatches, and bellows seals -- and excludes electrical
penetration assemblies and valve penetrations. (Sandia is working on electri-

| cal penetrattuns and EGAG is studying valve penetration assemblies.)
|

This task will determine which penetrations require detailed study to'

determine leakage characteristics, and will identi fy which types of
penetrations may require specific model and/or large-scale testing to obtain

| such characteristics.

The survey is concentrating on containments built primarily between 1970
and 1982, and includes a comprehensive sample involving not only all types of

I containment types and materials, but also includes work performed by a large
number of A.E design firms. The survey includes a good sample of containment
penetration fabrication vendors. About 20 containments have been completed at
this time, and about 20 more will be completed by mid-August 1984.

SCOPE AND PURPOSE OF ANL PROGRAM

i

Argonne National Laboratory (ANL) is currently performing work on
leakage and structural behavior of penetrations in nuclear reactor containment
structures, when such structures are subjected to pressure and thermal loads

; beyond the design basis. This work is being managed by the Sandia National j
| Laboratories, as a part of the overall containment program funded by NRC. Not i

, all penetrations are included in this work; specifically excluded are valves !
! and electrical penetration assemblies. The ANL work concentrates sn large

major penetrations which generally employ some type of seal or gasketec joint,
such as airlocks and equipment hatches. Also included are some bellows sealed
joints, and some pipe penetrations.'

The ANL program consists of three tasks:

I

*This work nupported by the U.S. Nucioar nogulatory commission.
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Task 1 - Survey of Penetrations in Existing Containment Structures
Task 2 - Structural Analysis of Selected Penetrations (pressure-seating,

pressure-unseating, and bellows)
Task 3 - Survey and Evaluation of Existing Test Facilities

This paper describes work performed in Task 1 - Characterization of
Existing Penetration Designs, and includes the evaluation of plant-specific
data compiled from a detailed survey of 22 nuclear power plants. The current
study reported here includes both PWR and BWR plants, and includes steel, re-
inforced concrete, and prestressed concrete containment structures. An addi-
tional 17 plants will be reviewed, characterized, and included in a report to
be issued by August 15, 1984. Seme of the work performed under Task 2 is
reported in Session D of this Workshop (R. F. Kulak, et al.). .

The main objectives of Task 1 of the ANL program include an evaluation
of the existing penetration designs to determine what tests are required on
seals, gaskets, and penetration assemblies to enable NRC, designers, and plant
owners to evaluate leakage characteristics of a specific nuclear power plant.
In addition, an evaluation is made to determine which penetrations can be
adequately characterized on the basis of analysis alone, rather than by test,
in order to obtain leakage and/or structural behavior.

To aid the evaluations, figures of merit related to leakage potential
were developed, calculated or estimated, and compared. Many of the figures of
merit have the basis that relative elastic behavior at containment design
pressure is a reasonable indication of relative plastic behavior at fractional
overpressure, and practical to use because of its simplicity. This basis is
weak when there is no constant ratio between anticipated beyond. design-basis.
accident equivalent * pressures and containment design pressures. A proposed
method to compensate for this weakness is described. In the later discussion
of the figures of merit, some are described in more detail than others. This
merely reflects the space limitations for the entire paper and has no bearing
on the relative importance of the different figures of merit.

SURVEY PLAN

At this time the survey includes 22 nuclear power plants. Table 1 is a
summary of the plerts surveyed and includes plant type, type of containment,
and combinations of architect-engineers (A/Es) and major penetration suppliers
involved in the survey. Each plant was assigned a coded number, such as BWR
Mk I, Uni t 1. Sumary data sheets and penetration design details were then
prepared for each of these plants.

Table I. Sumary of Types of Containments Surveyed

Plant Type Containment Type !
Architect-Engineer Equipment Supplier (No.ofPlants), Ref. [1]

Bechtel Southern Boiler PWR(2) Prestressed Concrete ;

Industries (SBI)

:

* Modified by temperature, radiation, etc.

-414-

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



I
i

Table I. Summary of Types of Containments Surveyed (Contd.)

Bechtel (Contd.) Woolley (W), and BWR Mark I(1) Steel
Chicago Bridge
and Iron (CBI)

Ebasco CBI PWR(4) Steel

Fluor-Pioneer CBI PWR(3) Steel

Gibbs and Hill CBI PWR(1) Reinforced Concrete

Sargent and Lundy CBI PWR(5) Prestressed Concrete
BWR Mark I(2) Steel
BWR Mark II(3) Prestressed Concrete
BWR Mark III(1) Reinforced Concrete

The survey was conducted by a study of the plant FSAR (where readily
available) followed by a personal visit to the designer of the facility.
Written permission to use the plant specific data (in the format described in
the preceding paragraph) was obtained from either the plant owner, designer,
or both. Detailed discussions were held with the plant and equipment design-
ers to gain insight into design philosophy and detailed design approaches.
Copies of pertinent drawings were then obtained and used to generate the de-
tailed data packages. The ANL sketches were sent back to the appropriate
designers for review to assure that these sketches accurately depicted their
designs. The cooperation of all parties involved was excellent and contrib-
uted to the completeness of the information obtained.

One important, and not unexpected, result of the survey is that there is
virtually no standardization of penetration designs. There may even be varia-
tions in equipment designed by a single supplier reflecting design improve-
ments which have evolved over time. Also, for concrete containments in par-
ticular, the structural load paths between the building liner and penetration
sleeves vary considerably. The manner in which the penetration sleeve (or
barrel) is anchored in the concrete containment wall also varies from design
to design. These differences make it difficult to develop generic designs of
test articles. However, it is believed that careful selection of test article
features can result in meaningful test results to which ary given penetration
design can be compared to estimate its leakage behavior.

POTENTIAL LEAK BEHAVIOR OF PENETRATIONS

A given penetration may develop increased leakage (at pressures and
temperatures beyond the design basis) by failure of the seal or gasket to
retain their original leak tightness, by actual structural failure of some
part of the penetration assembly (e.g., a structural crack or tear of a welded
joint or in a bellows), or by a combination of both of these. Leakages may
increase in gasketed joints as a result of relative movements between mating
seal faces, such as opening of the joint gap or by relative rotation of the
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seal surfaces caused by interaction with the containment structure displace-
ments. Obviously, leakage behavior will also be a function of whether the
gasketed joint tends to be pressure-seating or pressure unseating. |

It is interesting to note that even for pressure-seating penetrations
..

(e.g., personnel airlock doors, and equipment hatches) increasing pressure
beyond the containment design pressure may result in increased leakage. This
is because there is usually a growing mismatch between the mating gasketed-
seal faces as containment pressure increases. For example, in the case of a
personnel airlcck the door itself tends to deflect less than the corresponding
part of the door frame located in the penetration bulkhead, thus creating an
opening in the joint at the midspan of the door edges. Another example was
found during the structural analyses of an equipment hatch penetration. . In
the latter example, it was observed that significant relative rotation and
sliding could occur between mating seal faces.

From all of this we see that the potential for increased leakage at any
penetration will depend on the gasket design and gasket material, the
interaction between the various structural parts of the penetration assembly,
and the degree to which the containment structure's behavior is reflected at
the sealed joint of the penetrations. The next section presents a figure of
merit approach used to evaluate potential leakage of penetrations.

FIGURE OF MERIT ANALYSES

Nomenclature

Symbol Description Units

A Effective area in.2
Ash Shear area in.2
D Shell ID ft

d Sleeve diam. in,

d' Reinforcing ring OD in.
E Modulus of elasticity lbp/in.2
e Strain ---

F' Load per unit length lb /in,p
f Fraction of steel in area ---

1 Beam length in.
Aj Sleeve segment length in,

n No. of wave lengths ---

P Containment design pressure Ib /in. gage

P Critical pressure Ib /in. gage
c

P34 Severe accident equivalent pressure Ib /in. gage
R Effective radius, spherical radius in,

rj Sleeve segment radius (d/2) in.

t' Reinforcing ring thickness ft

t Cover thickness in,
c

tj Sleeve segment thickness in.

To better evaluate the relative leakage potential for penetrations, eight
figures of merit related to that potential were developed and numerical values
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of the figures of merit were calculated or estimated and compared. The first!

i seven figures of merit are based on structural behavior while the eighth re-
lates to gasket and seal geometry and materials. The calculations were per-
formed on a imicrocomputer using a penetration data base generated for that
purpose. It tis anticipated that eventually the figures of merit can be devel-
oped to a point where they will be able to indicate whether any penetration
has higher or lower leakage potential than a penetration that has already been
tes,ted, or analyzed in detail, for its leakage characteristics.

Many of the figures of mefit have the basis that relative elastic be-
havior at containment design pressure is a reasonable indication of relative
plastic behavior at fractional overpressure, and practical to use because of
its simplicity. This basis is weak when there is no constant ratio between
anticipated beyond-design-basis- accident equivalent * pressures PSA and
containment design pressures P. To compensate for this weakness, as a first
approximation it is suggested that the present relevant figures of merit be
multiplied by P/P g, lent3 which is essentially the same as using beyond-design-
basis-accident equiva pressures in the figure of merit formulations
instead of design pressures.

Descriptions of the figures of merit follow:

Sleeve Wave Lengths. As discussed in Ref. [2], large containment shell
deformation can produce enough load on a penetration sleeve welded to the
shell to cause sleeve deformation. When a sealing surface is an integral part
of the sleeve (as is the case with many equipment hatches), and within the
zone of influence of the shell to sleeve weld (within one " wave length" of the
radial load), the sleeve deformation could result in sealing surface
separation and seal leakage, even in the case of pressure-seated sealing
surfaces.

,

The associated figure of merit is based on the number of wave lengths
between shell to sleeve weld and sealing surface (along a sleeve) as compared
to the amount of nearby elastic shell strain at design pressure. With regard
to shell strain (Ref. [3]), the design load per unit equivalent circumferen-

| tial length on the reinforcing ring is:

F' = 12 PD/2

Nominal hoop strain of the ring is
,

e = F'R/(AE)

R ~ (d + d')/4 -

A ~ 12 ft'(d' - d)/2
where f is 1 for steel containment and currently assumed 0.01 for concrete
containments. Eventually, ' actual f values for each concrete containment will
be used. Thus,

* Modified by temperature, radiation, etc.
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I 'e|= PD(d + d')/(4Lft'(d' - d)E)

With respect to nin one wave . length equals the
textbook value'1.83'(r t ')g of wave .. lengths,

i

; thus '|jj

1
' '

Jrn = [ (.tj/(r t )0.5)ygj
) .

where the summation accounts for sleeve dimension variations between
containment shell and sealing surface. 2 The figure of merit is

F1 " "I"

1 = (E(t ](r t )0.5))ft'(d'-d)/(PD(d'+d))F j gg

Even though the amount of shell strain at design pressure may be trivial,
it is considered- to be a realistic normalization factor for. indicating the
relative effect of fractional overpressure on shell strain. Also, as stated
above, relative elastic behavior is considered to be a reasonable indication
of relative plastic behavior.

The F values for steel containment penetrations in general are not
1com;) arable with those for concrete containment penetrations, because the

reinforcing ring in steel containment is anchored much more securely to the
sleeve than in the case of concrete containment. For the relevant steel
containment penetrati,ons the Fig.1 equipment hatch hac the highest Fivalue
found to date (0.18 ) and the Fig. 2 hatch has the lowest value (0.03 ).
This variation is at least partly because the former hatch has more than 2 ft

.

of sleeve length between shell and sealing surface whereas the latter has less
than a third of that distance, at least locally. Thus, the latter is judged
to have the greatest leakage potential with respect to sleeve deformation, in
the steel containment category.

For the concrete contaip) ment penetrations, the Fig. 3 equipment hatch hasthe highest F1 value (0.08 and the Fig. 4 hatch has the lowest (0.01 ).
Again, this is at least partly because the former has 1 1/2 ft of sleeve
length between wall and sealing surface while the latter has less than a third
of that distance.'

Cover Strength. The critical pressure for buckling of a spherical-segment
cover pressure-loaded on the convex side is discussed in Ref. [2]. Buckling,
at a minimum, could cause sealing surface rotation and leakage. The
associated figure of -merit is based on the critical pressure as compared to
the containment design pressure:

F =P02 c

2 = (t /R)2jpF c

x10-6
#
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Again, design pressure 11s Tc'onsidered to (be :a reasonable normalization--

cfactor for '. indicating . the relative ~ effect of fractional: overpressure ~ on-
" leakage potential.

For the penetrations- with spherigal-segment- covers, the Fig. 2. equipment-.

value - (124. ). -and the L Fig. 5 hatch - has the lowest''.
. hatch hag). the highest ._ FThis variation tis primarily because_ the:former's cover is four

o 9 -

value (6 .:-

times thicker than- the latter's cover. The latter. hatches.are judged to have
the greatest leakage potentialL.with respect to cover buckling.

,

. Frame Strength. A. potential _ source of_ leakage results from' the inherent
greater stiffness of the top 'and bottom (the short sides) of a rectangular
door, . as compared- to . the _. stiffness .of _ the mating frame - members. .

~

Under
pressure the frame. members . tend to bend more- than the door edges, J thus

:potentially producing seating surface separation and-seal leakage, even in the>

case of _ pressure-seated sealing surfaces.. The maximum elastic deflection of.a
uniformly loaded beam of uniform cross section at containment design pressure
is the basis of the associated figure of merit.

Shear - Strength.. The amount of steel shear area provided - for ~ penetration-

sleeves anchored in concrete . varies widely among penetrations, even when,

normalized on the basis -of sleeve axial load. The associated figure of merit
'

; is based on the steel shear area 'as compared to the sleeve ' axial . load at-
contair. ment' design pressure:

2
sh (wd pf4)F4=A /

2
sh (d P)F4=A /

L No credit is given here for the steel shear area associated 'with the
; bevel that is found on many sleeves. The bevel tapers are typically shallow;

any concrete dilation or separation from the sleeve -would allow failure2

strains to occur in the sleeve-liner connection before concrete- support of.the
| bevel surface could occur.
:

~

For the relevant concrete conta;i,nment penetrations the Fig. 4 equipment
! hatch ha the highest F4 value~ (7.1 ) and the Fig. 6 hatch has the = lowest[ value (2),). This variation is primarily because the former has a " sealing- >

j. surface-sleeve-stub", with an OD that is significantly larger than the
'

concrete opening ID, butted against the reinforcing ring, so that>the length
of the stub contributes to the steel area. On the other hand,- the Fig. 6

i hatch has a larger diameter sleeve, without the stub feature, a thinner~

reinforcing ring, and its anchor straps are not equivalent to the Fig. 4 hatch
anchor rings. The latter hatch is believed to have the greatest leakage
potential with respect to' sleeve-anchor shear.'

Ring Strength. The height or protrusion extent of anchor rings that are
i sometimes provided for penetration sleeves anchored in concrete varies widely

among penetrations, even when normalized on the basis of potential concrete:

: dilation away from the sleeve. , Low ring heights mean that should- concrete
! dilation occur, the shear plane area .(in the concrete now unsupported by the-

* 10-7;**x10-4x
!
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sleeve) is smaller than with high ring heights, increasing the concrete shear
. stresses. . The associated figure of merit is based on ring height as compared
to radial concrete dilation at design pressure.

i

Unseating Strength. In the case of pressure-unseating gaskets and seals, .the i

strength of the fasteners is of course important with respect to leakage
potential. The associated figure of merit is based on the fastener cross
sectional area as compared to unseating load at design pressure. At present
it - is assumed that the preload stress in all fasteners is the same. .The
actual preload stress in the field will always be uncertain .to some extent,
due to variables in such factors as thread lubrication.

Plate Strength. In the case of penetration closures that . resemble flat
plates, bending of the plates could foster sealing surface deformation and
consequent seal leakage. The associated figure of merit is based on, and
proportional to, the reciprocal of the maximum deflection of a uniformly
loaded circular flat plate at design pressure.

Gaskets and Seals. Figures of merit in this category were selected by first
ranking both geometries (double dog ear, double 0-ring, etc.) and gasket
materials . individually. The figure of merit for a gasket and seal design is
taken to be the-sum of its geometry and material values. The geometry ranking
was based on discussions with vendors and A/Es, and the material ranking was
based on a gasket vendor's curves of life vs. temperature.

Closing Remarks. This section is not expected to constitute the final word on
suitable figures of merit for penetration leakage potential evaluation. In
the categories considered there are probably other expressions that other
analysts would prefer, and of course there are many other categories for which
suitable expressions can be developed. Nevertheless, it is believed that the

figures of merit given here are adequate to show relative strengths and
weaknesses of many important penetration features, and they emphasize the wide
variations that exist in the field.

Finally, the wide scatter in figure-of-merit values here deserves some
discussion. First, we are taking it for granted that all the penetrations,
including those that have low figures of merit, met all code and regulatory
requirements at the time of construction. The situation that some penetra-

tions have larger figures of merit can be attributed to regulatory require-
ments being different at the times the different plants were built, to design
evolution, and to other miscellaneous factors.

PENETRATIONS WHICH MAY BE QUALIFIED BY DETAILED ANALYSIS ONLY

At present, if any penetration should commence leaking due to severe
accident conditions, the leakage rate probably could not be calculated with
defensible precision. Nevertheless, much can be done at once by analysis only
to reduce testing requirements, and, by pursuing the right mix of testing and
analysis, the capabilities of analyses to reduce further testing can probably
be increased greatly.

To start, relatively simple calculations (elastic and, if necessary,
inelastic) on an individual containment's penetrations, can show that some of
its penetrations are highly probable to leak much more than others for any

-420-
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beyond-design-basis situations. In fact, the calculations can show that the
"'
- former penetrations are acceptably probable to Leak Enough, either to (a)
" violate environmental limitations or (b) prevent Tilgher containment pressures
-

and temperatures, that the leakage behavior of the latter penetrations is
Irrelevant. (In subsequent discussions, these are called Class LI and Class,

I TTpenetrations.) The Class IR penetrations are those which can ba predicted,
[ by relatively simple analysis alone, to have no potential to leak. (Regarding
-

violation of environmental limitations, specifically on radioactivity releases
- under beyond-design-basis conditions, the specification of such limitations
-

is, by necessity, expected to proceed at a pace compatible with that of the
[ analyses described here.)
_

3 Typical Class IR penetrations are those that have no gaskets, seals,
-

bellows or, in the case of piping penetrations, close-coupled piping re-
straints. Another example of a Class IR penetration is a BWR Mark I control,

i rod drive removal hatch, which is enormously stronger than the plant's sup-
- pression chamber access hatch. Typical Class LE penetrations are those that

have been recommended for test.
,

Note that enough similarity exists among plants and penetrations that,

; many of the simple elastic calculations would not have to be repeated -for
- other plants. Consideration of the figures of merit approach in comparing

penetrations should also be beneficial in reducing the amount of work neces-
sary to separate Class LE and Class IR penetrations in a plant. Also, both

;. experimental and analytical work in the near term on gaskets and seals should
make it possible in the simple calculations to be more definite about the in-

,

fluence of gaskets on leakage rate after sealing surface separation is calcu-
" lated to occur.
_

In the case of a plant's Class LE penetrations, the proposed plan is to-

i test some typical types of them that have average figures of merit. ThoseI other similar penetrations that have all higher figures of merit should have
lower leakage rates than the tested unit, and those having all lower figures

-

of merit should have higher leakage rates. This information should be ade-
"

-

quate to qualify (or " disqualify") at least some of the Class LE penetrations,
in which case it would be due to analysis only.

To elaborate, if a test should show that a penetration has low resistance.
-

to beyond-design-basis conditions, then all similar penetrations having all
lower figures of merit would be expected to have even less resistance. All;

- similar penetrations having all similar figures of merit would be expected to
have similar resistance. The main difficulty is that, although those similar
penetrations having all higher figures of merit would be expected to have

- higher resistance, it would not be straightforward to prove exactly how much
higher. Conversely, if a test should show that a penetration has high resist-
ance to beyond-design-basis conditions, the main difficulty is that although-

! those similar penetrations having all lower figures of merit would be expected
- to have lower resistance, it would be difficult to prove exactly how much

lower. To handle these difficult units analytically, the following procedure
; is suggested:

f For the tests being performed, make pre-test predictions, using "first
- principles," of the leakage behavior to be measured. First, calculate the

width, length, and height of the leakage path, as with finite element meth-

..
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_6ds. . Using these ' leakage path dimens' ions, calculate ; the leakage rate, . with
' standard fluid mechanics; equations available . for that' purpose. Compare the

,
~ calculated (predicted)? leakage _ rate with the measured leakage' rate. - If the'-

two rates agree within an '" expected error band," then confidence is gained
; that ~ first-principles calculations ~ can be used - to . qualify a plant's. Class LE

'

penetrations that resemble the penetrations tested. . -The. expected error _ band
can be "large":-leakage rate is very sensitive to (a) . particles in the leaking4

fluid :(Ref. [4]); (b) variations _' in, sealing-surface roughness, gasket com-
.pression set, and. gasket thermal. transient compression-set (Ref. [51); and (c)
ileakage path minimum transverse dimension (the , height,; Darcy - pressure-drop .

,

,

equation). These ' sensitivities'. are of course a problem for experimentally
determined leakage rates as well as for analytically predicted rates.

In first principles leakage rate calculations, macro-analyses are used to
determine sealing surface deformations and gross-gasket stresses.' Then micro-
analyses that consider both sealing surface and fluid forces. (the latter both-
static and dynamic) on the gasket, at the surface' roughness level, are used to
refine. the calculation of the' leakage path dimensions. 'The pressures exerteds

by the gasket' on the sealing surfaces are continually compared with. the
containment -pressure.: When the latter is higher, the- containment . pressure

.

;

determines the gasket. shape and leakage path dimension rather than the sealing
surfaces.- Furthermore, the pressure drop ~ of a leaking fluid can influence -,

local gasket ' shape and leakage path dimensions.

i To summarize, many penetrations can be qualified by detailed, and even
n not so detailed, analysis only. Relatively simple: calculations, bolstered by
; figure of merit considerations and by forthcoming new gasket and seal data,

can separate individual plant's penetrations into Class LE and Class IR cate-i

gories. The former leak enough that the latter are irrelevant; therefore,- the<

latter- are qualified without testing.
;

Typical Class LE penetrations, proposed to have average figures of ~ merit,-;

will be tested. Other similar penetrations that have all higher figures of4

! merit would be- expected to have lower leakage rates than the test units, and
vice versa. This -information should be sufficient to allow releasing some*

I additional Class LE-type penetrations from the need for testing.

Finally, if proposed pre-test analytical (first principle) predictions,*

of leakage rates to be measured . in future penetration and - gasket and seal
tests, are accurate within an expected error band which can be "large," then
it can be concluded that from that point the determination of a penetration's

;

j leakage behavior can be done as accurately by analysis as by test. Certainly,
* the first ~ principles analysis approach offers a more economic path to

attaching precision indices (e.g., standard deviation) to leakage rates than
- does testing of complete penetrations.

PROPOSED TESTS FOR MAJOR PENETRATIONS
:

-The ultimate objective of this task of the ANL program is to develop a -
suggested matrix for large-scale tests of major penetrations. In arriving at

;
~ a rational test program for predicting penetration leakage and structural
! behavior, several factors must be considered. The following list represents

some of. these factors believed important in influencing leakage behavior of'

any given penetration::
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-a.. The s1ze'of the potential: leakage path.- .-

b .~ The sensitivity of the gasket-seal leaktightness to containment- shell-
. deformations.

.c. The sensitivity. of the gasket-seal leaktightness to deformations .of
-the penetration assembly itself.

d._ The specific gasket / seal joint design used -- e.g., whether single or
double' seal, inflatable | seals versus solid compressible seals, and other

~

features.

e.: Whether the penetration is pressure-seating or. pressure-unseating.

f. The extent' to which the penetration seal is " opened" and " closed"
during its design life.-

g. The existence _ of historical problems with actual penetrations during
leak rate tests made at design. pressure.

t

It is suggested that the main testing medium be -steam to better simulate
actual containment atmospheres. Where. gaskets are used, tests should be run
using both new gaskets and aged gaskets (obtained from existing service in a

'

nuclear containment or by equivalent simulated . service). External loadings,
such as seismic, tornadoes, etc. are excluded. The proposed test program will

j address only those operative-type of penetrations using gaskets and. seals, and
penetrations in which very large structural deformations might be expected,
such as bellows seals.

The figures of merit described earlier in this paper may be used to..

obtain an initial list of penetrations to be tested and the relative priorityl

of the penetrations. In addition, the figures of merit may be used as a basis
| for specific design features of the test articles.

In selecting figure of merit values to be sought in test articles ,
several things should be kept in mind. On the one hand, if a test article;

should have low figures of merit, all penetrations having higher figures of4

merit could be said to have much better leakage behavior than the test
article, although it would be difficult to quantify these lower leakages,

i Conversely, a test article having high figures of merit could exhibit such
favorable leakage behavior that it might make it difficult to assess' leakage
behavior of penetrations having much lower figures of merit.,

. Accordingly, we believe it is advisable to recommend " average" figures of:

merit to be sought in test articles. A side benefit of this is- that it will
facilitate making extrapolations of test and analysis results to the extremes |

of the figure-of-merit range. )

The results of the proposed tests would be used to:

; a. Establish a basis of leakage behavior useful in estimating leakage in
similar type penetrations in specific plants.'

1

,

. Confirm leakage estimates made based on reduced-scale gasket / sealb.
:

i
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tests.and' results of model tests, or ' leakage estimates based on analysis.

c.- Increase : the' confidence -level 'in predicting' overall . leakage : of Ea -
given plant for loading ~ conditions beyond.the design basis. -
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Abstract

A computer program is described which is
designed to predict the gasket stress
distribution in flanged joints. The program
incorporates finite element modules for
calculation of flange deflections in response
to loads applied by bolts, gasket and fluid.
Account is taken of non-linear gasket load-
-compresssion curves and hysteresis, thermal
deflections, etc..
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1. INTRODUCTION

This paper is. concerned with the sealing of flanged joints,
rather than with stress levels in the metal components of the
joint. It is a modified and extended version of that in Ref. 8.

The design of the gasketed flanged joints has been codified for
many years, in the UK by BS5500 and in the USA by the ASME
Pressure Vessel Code. The former is derived from the latter.
These codes are intended to ensure that the stresses in the metal
members are within safe limits and that the gasket is-adequately
compressed to ensure effective sealing. However, it has been
known for some years that these codes do not always ensure effec-
tive sealing.

In an attempt to ensure effective sealing, these codes use two
factors: the " seating stress", y, and the " gasket factor", m.
Currently, single values are tabulated for these for each of a
number of gasket types. These values are. currently under review
by the Pressure Vessel Research Committee in the USA, since it is
now known that y and m are not the simple constants for each gas-
ket type that was once thought to be the case. In fact,it is now
known that m depends on y and the choice of values depends on the
degree of effectiveness of sealing required. A joint is not

or " leaking", there are degrees of leakage depend-simply " sealed"
ing on the refinement of the measuring technique. The codes also
fail to take account of the effects on sealing of the flexure of
the flange, under the combined effects of: bolt loads; gasket
reaction; fluid pressure; and thermal loads. Flange flexure
causes the gasket sealing stress to deviate from the uniform
stress assumed by the codes. For large flanges these effects
become increasingly significant and it is required both to know
what the true stress distribution is, and to know how this will
affect leakage.

The computer program " JOINT" described in this paper provides a
tool to attack the problems of flange flexure by providing a
means of predicting gasket stress distribution.

2. PROGRAM CONCEPT

The purpose of the program is to predict the gasket stress dis-
tribution over the gasket / flange interface. The gasket stresses
are the main factor affecting sealing performance of the joint.
At present, there is a lack of experimental data enabling gasket
stress distribution to be related to leakage values. This is an
area requiring quantification if joints are to be designed on a
rational basis. The gasket stresses are affected by a number of
factors which can be grouped under these headings:-

i) Load changes - as the sealed fluid is pressurised the result-
ing end load changes the closing load on the gasket inter-
face. The closing load on the gasket may also change due to
thermal transients. In particular, if the bolt temperature
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lags the flange temperature, an increase in load can result.

ii) Flange distortion - distortion modes affecting the gasket
include radial coning of the flange and circumferential
bending between bolts. These are responses to loadings which
include those due to the bolts, fluid pressure and thermal
effects. Interactions between the flanges and the vessel
wall have also to be c'onsidered.

ii) Gasket properties - as the flanges displace or distort, the
gasket responds to the variations of compression in a complex
fashion: the load-compression curve is usually very non-
-linear; the curve exhibits hysteresis; the gasket may ex-
hibit time-dependent effects such as creep and/or stress
relaxation; the above are all temperature dependent.

To generate a comprehensive computer model is an ambitious under-
taking, even if the necessary gasket compression characteristic
data were available. The present program was, therefore, con-
ceived as the initial stage in the evolution of a more comprehen-
sive package. At present, three versions have been developed,
which include various features from those listed chove. Each is
a stand-alone program which does not depend on the use of a

j general-purpose finite element package (e.g. Nastran). This is
! crucial to maintaining flexibility and ease of use.

The different versions of JOINT all include a finite element dis-
tortion analysis of the structural components of the joint (flange,
vessel vall and bolts), the gasket stress appears as one of the
loadings in the F.E. analysis. The finite element routines are
embedded in " user friendly" pre-processing and post-processingroutines for ease of use. In fact, the finite element analysis,

'

is invisible to the user. In each version too, the program
first models a bolt-tightening phase during which flange deflec-
tions and corresponding gasket stresses are calculated for zero
fluid pressure and constant bolt load. Following this is an
operational phase in which the fluid is pressurised and the bolt
load is allowed to vary in response to flange displacement at the
bolts. In both phases iteration is applied to ensure compati-
bility of gasket stress distribution and flange deflections.
In its simplest version JOINT incorporates axisymmetric shell
elements for the finite element analysis. This model is a steady-
-state isothermal analysis and is available to handle either plateflanges or taper-hub flanges. The gasket load-compression curve

originally modelled by a piece-wise linear approximation, thiswas

has now been refined to allow realistic modelling of non-linear
curves with hysteresis. With this version it is possible to
simulate curves as measured in the PVRC gasket research programme. i

'

The second version of JOINT is similar to the original program
above, but incorporates time-dependence, allowing gasket proper-ties and fluid pressure to vary with time. The same axisymmetriccodel is used as in the steady-state version.

-435-



7

A third version of JOINT allows a non-axisymmetric analysis of
the isothermal steady-state. In this version, a quadrilateral
plate element, with bending, shear and in-plane stresses, is used
for the finite element analysis. This is particularly suitable
for-joints having complex geometry, as in heat exchangers or non-
-circular applications. A non-linear gasket load-compression
curve is used.

In each version the user input comprises the flange, bolt and
vessel wall dimensiens and their physical properties. There may ,

be two similar flanges or one flange and a rigid counterface. I

The program is pre-set to assign the 'de tails of the topography to |

the finite elements. The program output comprises the normal
deflections of the flange-gasket interface and the gasket stress
distribution.

3. PROGRAM DETAILS

3.1 Program Structure

The general structure of the program is shown in Table 1. The
main complications lie in the fact that the flanges being analys-
ed in the F.E. analysis are not fixed in space-axially. The
absolute position of the flanges depends upon the degree of
gasket compression, which is not known a priori. Because of this
indeterminancy, it is necessary to ensure an exact balance
between the axial forces acting on the flange in order to avoid
arbitrarily large solid body axial displacements due to numerical
rounding effects. The axial force balance is also'the constraint
which determines the absolute axial position of the flange in
reality, thus, for a locally linear gasket characteristic:

'
'

N N
* *

N
(1)

Ae)
- p

= ]1-
F ~ F' e y,;p B3,3

e=2 e=2
,

_

o

where p is the gasket stress at node i of element e.

_e,1
p is the average gasket stress in element e

F s the total bolt load
B

F is the fluid end load
7

A, is the gasket contact area for element e
N is the number of element's in the gasket contact zone

e
N is the number of nodes per element

| N .E

e,1 1,1 1'1 - u .) (2)E (up +also: p =
'*.

Tg
o

I
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N
"

hence:
-

N .E
8+p + (u - u .) (3)e 1,1 ' "'*N .T .n go t=1

where N (= 1 or 2) is the number of flanges deflectingg

E is the effective local modulus of the gasket

T is the uncompressed thickness of the gasket
g9

If the gasket stresses et the nodes are calculated from equations
(1), (2) and (3) with u . in an arbitrary frame of reference,

e,i

then the absolute gasket thickness at any node can be derived
from the characteristic curve of the gasket and hence the absol-
ute co-ordinates of the displaced flange are determined. An
alternative implementation of this procedure is to employ an
iterative method working in terms of stress and compression only.
This is used when non-linear gasket load-compression curves are
to be used.

The force balancing procedure is applied in both the bolt
tightening and the pressurised fluid routines of Table 1. Each
of these two routines is iterative in order to ensure compati-
bility of flange deflections with the gasket and bolt loads.
These iterative loops are potentially unstable and require damp-
ing to obtain stable convergence.

3.2 The Finite Elements

3.2.1 Axisymmetric shell element

The axisymmetric shell element used takes account of membrane and
bending effects. The notation is shown in Fig. 1. The strain
vector is written as:-

N1c
s ds

c (w cos9 + u sing)/r3
2

X ~ dw (4)=

s 2ds

sing dwX3
r ds

and the stress-strain equation is:
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_-The' interpola tiion . func t ions 'are :

u =-a + a s .' -1 2 (7)
2 3

+ 'b s ,+1 c s &c s -bj, - w=
2 3 3

.

From equations (4) to (7) a stiffness matrix i s . f o rm'e d - in the-
'

,

usu'al way to allow discretisation of the' element-.
,

r . . .

. the moment ap' plied -
-

[. A disadvantage of.the shell model concerns to
the -- rad ial part.of thelflange by the. axial part. A pure radial
expansion of the latter. applies a radial force which does not:

'

.
actually-pass through the centroid of the former, this represents

| a' moment which-is'not repro'duced in the shell.model.

3.2.2 Plate element
4

The requirements for this element were that it should,be suitable
for modelling both a planeLannular flange configuration and a

~

g'eneral cylinder, and should.take account'of.both bending and
~

'

' ~ shear, as well as membrane effects. The notation'is shown'in
Fig. 2.

-0'A strain'energyiformulation is used, the energy U.being t h'e sum:
,

of'the-components'due to the three effects:'

L E'
, x y 24(1-v) B. S +MI} (8){Ih U(u,v,w,& ,& ) + I=

:
!

.:

:

!
!- .

!'
.y

-L
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3 2 3 2-'

'6 6 63 66 '66 ' 2 j_y e66 66..

* * * Y *= t +2 + + * Y dxdy (9a)where: I~
'6 x , _ 6x 6y- ,6 y , 2 6x 6y , ,

**

A s

2 2-
e6 w e6w

s s
,,

I = 6K(1-V)- t -- - 6 + -- - 6 dxdy (9b)
S 7 *

'6 x '6 y-

A ' ' -

'12 '
~

'6 u' 6u 6v 6 w'
~#

..

= t -- + 2V -- -- + -- dxdy (9c)I

l + V, ''

A ' *' * I ' 7' ' -s

An isoparametric formulation is employed, the shape function
being:

[N] [[(1-x)(1 y), (1+x)(1-y), (1+x)(1+y), (1-x)(1+y)]=

(10)

So that displacements at points within the element are given by:

[N] {u} nodes (11)u =

and element thickness by:

t + [N] {t} nodes (12)

Combining equations (8) to (12) and minimising the integral terms
with respect to nodal displacements completes the discretisation
process.

Further details are given in Nau and Smith (1982 c).

3.2.3 Distribution of elements

The user input is interfaced to the finite element routines by a
routine which assigns the element distribution in a predetermined
manner. Thus, the topology is fixed,but the dimensions and
physical properties can be varied by the user. An example of the
topology for an axisymmetric tapered-hub flange is given in
Fig. 3.

Further details are given in Nau and Smith (1982 b).

3.3' Gasket Properties

The main problem hitherto with regard to gasket properties has

-439-



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

been the lack of reliable data. At its simplest, a load-
compression' curve is required, but from PVRC data (Refs. 1.and 2)

-

this is now known to be not'only non-linear, but also to exhibit
hysteresis. Some creep and stress-relaxation data is also now
available (Ref. 3), but there is still a lack of data at elevated
temperature.

The gasket characteristic in the JOINT program has taken various
forms at different times. In one the program is written.in terms
of. effective gasket modulus and effective initial gasket thickness
based on a locally linear approximation. In another, the gasket
characteristic curve is fitted by aporoximate analytical.expres-
sions relating gasket-stress and compression, with program logic
handling different branches of the characteristic. The second
method is preferable where a wide range of stress levels is pos-
sible and is also used where gasket " hysteresis" is to be modelled,
as in Fig. 5.

4. RESULTS

4.1 Axisymmetric Analysis of an ANSI B16.5 Class 600 Joint

a pair of 4.0 inch (100 mm) nominal-A joint analysed comprised
pipe size taper hub flanges (Fig. 4), with a stainless steel,
spiral-wound gasket having asbestos filler. There were eight
bolts. For this analysis the gasket characteristic was approxi-
mated by a linear segmentation model.

The input data is set out in Table 2, illustrating the simplicity
of use of the program, and a sample output in Table 3. The output
shows gasket stress and joint deflections: (a) after tightening to
the specified bolt-load; and (b) when the working pressure is
applied to the sealed fluid.

Additional results are illustrated graphically in Figs. 6 and 7.
The former shows the radial variation of gasket stress at two
initial bolt-loads, each for three levels of fluid pressure. The
flanges are very stiff and are seen to rotate in a solid ring mode
giving a linear gasket stress variation. Fig. 7 illustrates the
change in bolt-load as fluid pressure chananges, for four initial
bolt-load levels. The measurements were made by Raut (1979) as
part of the PVRC experimental study of gasket properties.

Further details are given in Nau and Smith (1982 b).

4.2 Non-axisymmetric Analysis of a Large Diameter Flange

'As an illustration of the use of the plate element version, Fig. 8
shows the stress contours calculated for an annular flange, of
wh i c h a' sector only is illustrated. The sector shown includes two
bolts and it can be seen that the stress distribution for this
joint is saddle-shaped with a minimum mid-way between the bolt
centres.
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5. FURTHER DEVELOPMENT ''

i:

In keeping with the concept of an evolving: program, additional
facilities arefcurrently being incorporated. An important.exten-
.sion was incorporation of thermal deflection effects. This is,

! ' illustrated by. Fig. 9. In support of this, a time-dependent
)' temperature' analysis has been: written and tested.and attention is

now'being given to the modelling of thermal lag _in the bolts.

6. ' CONCLUSIONS.

The use of an integrated gasket. stress prediction program is a
powerful tool for gaining. insight into the interactions.of' flange.
deflections and gasket. By the use of' appropriate finite element
modules, written specifically for this purpose and buffered from
the_ user by easy-to-use input and output. routines, it is possible
to produce a very-cost effective tool. This is in respect both
of data preparation, which is. minimal, and run-time overheads.
Such a program is seen-as essential for the realistic design of
. critical jointsEwhere. leakage levels are important.
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Table 1. General StructureLof JOINT-Series Programs

DATA INPUT
'

Flange geometry

Vessel wall geometry

Flange . mate- ialE proper tiest

. Vessel material properties

Gasket geometry

Casket' material properties

Operating conditions

I

; BOLT TIGHTENING 3: FINITE ELEMENT
ANALYSIS

Constant bolt-load
! Update gasket Flange ~ distorts: calculate

a resses
Gasket stress non-uniform:

calculate

) |

| Check convergence of gasket
'

stress

[ l

, FLANGE OPERATIONAL
!

:; FINITE ELEMENT
ANALYSIS

!
Bolt-load varies: calculate

.

. Update bolt-load, Flange distorts: calculate
gasket stresses

Gasket stress varies:
calculate

t

l
'

Check convergence of
'

bolt-load
i

| i
i

RESULTS OUTPUT !

'

Gasket stress distribution

Operational bolt-loads.
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-- Tab'le 2. ' Sample . Input . Data for : the JOINT Program '(Axisylmnetric
~ Version) Corresponding.to Figure.4

'

j-

i

AUN 'l .

:

P W C RAUT DEC 79 M TA(C-1 PAGE 17) GASKET: 384 SAi Sidr WITH AS8ESTOS FILLER
RAUT PRESSURE VESSEL 4LANGES(FIG 2-2 PAGE 61 UNITS IN,L8F.SEC -

BOLT DATA
.~.

18Jt9ER OF 00LTS, N8. . . . . . . . . . . . .' . . . . . -8
INITIAL SOLT LOAD PER 80LT,80... . 8.28620E+04
LENGTH OF 80LT,8L. . . . . . . . . . . . . . . . . . O.43758E+01
DIANTER OF 00LT PITCH CIRCLE,DF8. 8.85800E+81
DIAETER OF 80LT,D8............... 0.87588E+88 *

ELASTIC NDDULUS OF 80LT,ES........ 8.38088E+88

FLANGE DATA'
.--

hut 9ER OF FLANGES ( l ' OR 2),NF. . . . . . . . . . . . . . 2
OUTSIDE DIANTER OF FLANGE.DFD.............-8.19758E+02
THICKNESS AT GUTER PART OF FLANGE,TFO... ... 8.12588E+81
FLANGE . TH ICKNESS AT GASKET,TFG . . . . . . . . . . . . . 8.12500E+0!
INSIDE DIA NTER OF FLANGE.DFt.............. 8.48800E+81
THICKNESS AT INNER PART OF FLANGE,TFI...... 8.12500E+01
ELASTIC NODULUS OF FLANGE AND CYLlHDER,EF.. 8.38800E+88

GASKET DATA
.

DUTSIDE DIAN TER OF GASKET,DGO......... 8.57580E+01
INS I DE D I ANTER OF GASKET.DG I . . . . . . . . . . 8.47588E+81
INITIAL THICKNESS OF GASKET.TGO........ 8.18758E+88
INIT!al ELASTIC NODULUS OF GASKET. EGO.. 8.26568E+04

HU8 DATA
. ...

THICKNCSS OF NUS,Gl... 8.ll258E+81
LENGTH OF HU8,H....... 8.18758E+0!

CM.!NDER DATA .

LENGTH OF CYLINDER I.plL.CL....... 0,55800E+01
THICKNESS OF CYLlHDER WALL,G8... 0.f4880E+00
THICKNESS OF CM.lHDER CAP,TCAP... 0.58888E+03

PRESSURE DATA

hut 9ER OF PRESSURE % LUES,NPR.... 3

Nut 9ER VALUE

1 8.18848E+83
2 0.28858E+83
3 8.48828E+03
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' Table 3. Sample Output from the JOINT Program (hxisymmetric Version) Corresponding
to the Input Data for Table 2

~

CONDITIONS LBtEN BOLTS HAW BEEN TIGHTENED TO GIVE THE REQU19ED LOAD ,

RESULTS AT PRESSURE VALUE I WITH FLUID PRESSURE = ISS.48

OUTPUT TABLE 1.. BOLT CONDITIONS

INITIAL BOLT STRESS.BSTRSS 8.2429tE+64 OUTPLT TAeLE !.. GOLT CONDITIONS

INITIAL BOLT STRETCH.BDLIN G.50000E-83
PRESENT BOLT STRETCH.BDL 0.50089E-03

INITIM BOLT STRESS.BSTRSS 8.34291E+04INITIAL BOLT FORCES (Surt OF BOLTS),90LTIN 8.16496E+05
# RESENT COLT FORCES (Sutt OF BOLTS),00LT 8.16436E+05 INIT. 4. BOLT STRETCH.9DLIN 8.50899E-03

PTSENT BOLT STRETCH.SDL 8.54134E-83
I:tITIAL BOLT FCRCES(SLtt OF BOLTS).BOLTIN 8.16496E*05
PRESENT DOLT FORCES (SI,ltt OF BOLTS),80LT 0.lM57E'05OUTPUT TABLE 2.. GASKET CnNDITIONS

OUTPUT TA3LE 2.. CASKET CONDITIONSELASTIC F10DULUS OF GASKET.EG 8.555E+05
APPA2ENT INITIAt. GASKET THICKNESS 9.152E+00

NODAL THICKNESSEG OF GASKET (1) 8.14SSE+00
(2) 8.1468E+00

ELASTIC t10DULUS OF GASKET.EG 8.555E+05
APPAPENT INITInL GASKET THICKMESS 8.tS2E+68

(3) 8.1469E+00
[ NODAL THICKNESSES OF GASKET (1) 8.14542+00

NODAL PRESSURES AT GASKET (1) 8.2061+04 (2) 8.1457E60g
m (2) 8.200E+04 (3) 8.3459E+00

g (3) 8.194E+04
NODAL PRESSURES AT GASKET (1) 8.20!E+94

(2) 0.195E+04
(3) 0.18SE+04

OUW UT TABLE 3.. NODAL DISPLACE?1ENTS

NODE AX.-D ISP. (X) RAD.-DTSP.(Y) ROTATION OUTPUT TABLE 3.. NODAL DISPLACEFENTS

FLANGE: I -0.02~13 -0.000 0.C004
2 -8.e2i8 -0.es. e.CC04

BOLT 3 -0.0216 -8.C00 0.CC04 HDDE AX.-D T**.(X) RnD.-DISP.(Y) ROTATION

GASKET 4 -0.0211 -8.009 0.C004 FLANGE: 1 -0.e221 -0.0US 8.ce84
GASKET 5 -8.0210 -0.000 8.C003 2 -9.0218 -8.899 0.0C04
GASKET 6 -0.e209 -8.060 0.0003 BOLT 3 -8.62tG -0.000 0.0004

7 -0.8209 -0.000 0.0002 GASKET 4 -8.82I8 -e.e00 0.C004
CYLINDER UALL 8 -8.0208 -0.000 0.DC02 GoSKET 5 -0.8209 - -0.000 0.00U4

9 -8.8208 8.000 e.Cest GASKET 6 -0.8203 -8.000 0.C003
18 -8.0200 8.000 0.0000 7 -0.0203 -8.ts)0 0.0003
II -0.8293 8.000 -0.C000 CYLINDER W LLs 8 -0.8207 -8.008 8.0002
12 -0.8288 0.000 -0.0000 9 -0.8207 0.000 8.0001

19 -0.8207 0.000 0.00'53
II -8.8207 0.000 -0.0000
12 -0.0207 8.000 -0.0000
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NONLINEAR ANALYSIS OF CONCRETE CONTAINMENT 5 UNDER
STAlIC PRESSURIZATION

EVALUATION OF THE RISK 0F LEAKAGE

A. Combescure, A. Hoffmann, P. Jamet, and A. Millard
CEA-IRDI/DEDR.DEMT, CEN, SACLAY

R. Avet-Flancard, B. Barbe
CEN-IPSN/DAS, CEN, FONTENEY-aux-ROSES

.

ABSTRACT

Concrete containments for french 900 MW and 1300 MW PWR
plants are designed according to a conventional reference
accident (Sudden loss of coolant). However, from a safety
point of view, it is necessary to characterize the behaviour
of such structures, when subj ected to loading conditions ex-
ceeding the nominal case. In particular, Leakage and local,
or overall failure, of the structures should be accurately
predicted.

In order to solve this problem, a study was undertaken by
C.E.A. The purpose of this paper is to describe the main sta-

! ges of the work and to suggest necessary improvements of the'

present analytical tools:

- development of a concrete model and implementation
within the CEASEMT finite element system.

Finite element analysis of the 900 MW and 1300 MW-

containments.

- Validation of the analysis on a simple structure.

Future improvements.-

1 INTRODUCTION-

Concrete containments for french 900 and 1300 MW PWR
plants are designed on the basis of the reference loss of
coolant accident. However, from a safety point o f view, it is

.
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necessary- to. characteri ze L the behaviour Jof such: structures,*

when .subj ected to loading conditions- exceeding the nominal-
A' case.=LIn particular, teakage.and-Local, orToveralL failure,

lof the structures'should be' accurately. predicted, in order to
estimate the safety coefficient associated t o _ the actual de-e

: . sign. :Within thisaframe, the~caselof a simultaneous' increase
;of'pressureland temperature; above the nominal conditions was
iconsidered. : Slow rates'were assumed: 0.03 MPa per hour, from

,
'

0.<4 MPa -for pressure:and 2*C perghour'from 140*C for. tempera-
,

. .ture.

The overall study consisted in three stages:
,.

- development of a concrete model and implementation
|

within the.CEASEMT finite element system.

, Finite. element analysis of the. french 900 MW and-

1300 MW containments.
.

Test on a simple structure in order to obtain prelimi--; -

| nary i nformations concerning the relation between me- ;

i chanical damage and Leakage.
-

' 2 - CONCRETE MODEL

I 2.1 - Position of the Problem

In order to perform- accurate analysis of containment
I. structures up-to overati failure, plasticity of steel, as welL

as non-linear behaviour of concrete- have to be taken into
account. Two different damage modes can lead to non-linear

L behaviour of concrete:
i

- tensile, failure which for example occurs, because of'

i the hoop stresses due to internal pressure.
: '

i - Shear failure under compressive stresses at disconti-
nuities.

| Tensite failure of concrete is a relatively weLL-known
phenomenon, and it can be considered that sufficient data
exists in the literature, in order to formulate a reasonable

,

:.
model. On the other hand, failure of concrete under.compres-

| 'sive stresses has been extensively studied [1] [93. However,
-

i most of the tests were run by means of experimental devices

! which 'did not allow to observe strain softening, after the

maximum Load bearing capacity of the specimen was reached.
| A ' series of triaxial experiments was therefore performed, in

| order to characterize the post-peak behaviour of concrete.
1

I 2.2 - Triaxial Testing of a Micro-Concrete
;
' For convenience, the triaxial tests were performed on a

; micro-concrete [93. It was assumed that, at least qualitati-

i vely, the obtained data would be representative of the beha-
I' viour of actual concrete. The specimens were cyl'inders, (dia-

meter 110 mm, height 220 mm). Before the tests, they were

-452--

.

,.r.. --- .,~~~.....,-.,,#,-4 ...,,,,,..%_.r,,- .r,.,.n.,,.r..,w.,wa.%.ww,y-,.,,%,.,,y.,m..,.-,n m . e m yge, ,w. ,,_,%,,_.mmy.,



jccksted in rubbor stoovos, which hos boon studied 'to avoid
any leakage, even after fracturation. The triaxial cell was a
classical one. The axial load was applied by means of a
servo-hydraulic testing machine. The specimens were first
loaded hydrostaticalLy, up to the chosen confining pressure. !

'They were then strained axially under a constant' displacement |
rate of 0.11 mm/s. Three independent tests were performed,
for each of the following pressures: 0 MPa, 3 MPa, 10 MPa,
25'MPa. Figure 1 presents the mean curves obtained for each
confining. pressure. For 0 MPa confining pressure,-a drastic
strain softening behaviour is observed, while the residual
stress of the material becomes negligible after 2.5% axial
strain. When the confining pressure increases, the descending
branches of the stress-strain curves become less and less
steep; for very _Large strains the behaviour of the material
tends to become perfectly plastic. For 25 MPa confining
pressure, strain softening almost vanishes.

After the tests at 0 MPa confining pressure, welL indivi-
dualized sub-axial fractures could be observed in the speci-
mens. For 3 MPa and 10 MPa confining pressures, the fractures
had the same general aspect, but their inclination with res-
pect to the axial axis of the specimens was about 25 degrees.
For 25 MPa confining pressure, the fractures were less open,
more numerous and smaller in length. Their inclination was
about 30 degrees.

The experimental results show that any realistic concrete
model should take strain-softening into account, as welL as
the dependence of this phenomenon upon confining pressure. On
the other hand, the observed fracture patterns are strongly
non isotropic and depend upon the stress state; these facts
should also be taken when establishing any relation between
mechanical damage an permeability of the material.

2.3 - Concrete Modeling

2.3.1 - General Principles for the Model

Extensive work has already been carried out in the field
of concrete modeling [10] [11] [12] . Endochronic and plastic
fracturing models are probably the most appealing ones, since
their representation of internal changes within the material
allow them to apply to many different types of loadings (cy-
clic f or example) . On the other hand, they use a very impor-
tant set of parameters which have to be numerically fitted, in
order to obtain the necessary constants for application to a
specific case. Considering overalL behaviour of concrete con-
tainments, a simpler model is probably sufficient to account
for the main phenomena occuring within the structure.

Such a model was formulated. It uses an elastic plastic
formulation with a multi criterion loading surface. The clas-
sical plastic constitutive equations were adjusted in order to
eventually take strain-softening into account. Two types of
damages are described: tensile and shear.
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"2.3.2~- Tensilo'Foiluro,

.The)behaviour of the' material- was assumed to;be.. elastic

brittle.< Tensile- failure.-occurs when one_of the principal |

stresses acting on the-mater.ial reaches.its tensile strength. |
~

*

The corresponding stress is then set-to zero, and the strain |

[ energy . released by the f racture is returned .to the structure.:
? The directions in which. failure occured'are kept.in memory,'

preventingfthe material from sustaining any furtherftensile or
p -shear stresses-. along a fracture plane.- In the'axisymmetric

case, two cracking modes can then be described:

- radial cracking,'

' - cracking'in'the-diametral plane.with two possible
orthogonal directions. ,

1

i 2.3.3 - Shear Failure

| In order to. simplify 'the model, the complete stress-
strain curves obtained through triaxial testing were first
linearized as.shown by figure 2: the material is first elas-
tic, it then undergoes strain softening, its ultimate beha-
viour is perfectly plastic. In order to represent the strain

,

1

! softening 'and perfectly plastic behaviours, two independent

: Drocker Prager criteria were used - (13) . Their traces ~in the

og, ion corresponds to3 plane are; represented by figure 3.
The outer cri-j o2 * 0

ter strain-softening: it undergoes isotro-
|-
! pic " shrinking"- as the material. is strained. The inner *

j criterion'is fixed, it is associated to the assumed ultimate
i perfectly plastic behaviour of concrete. Strain energy.is

I actualLy consumed through the process of shear. failure. The
- normality principle is assumed for plastic flow.

! In the principal stresses space, the two plasticity cri-
I teria correspond to two cones, the outer one moving inwards,
i towards the inner fixed one.
i

This shear model, as welL as the tensile failure one,
have been implemented into the code INCA of.the CEASENT finite

| element system [143.
l-
' 3 - FINITE ELEMENT ANALYSIS OF 900 MW ET 1300 MW CONTAINMENTS
i
I 900 MW and 1300 MW containments are considered as axisym-

metrical structures, without defects or penetrations, and a
complete thermal / mechanical calculation is performed for both
containments up to the collapse point, with due atLovance'for

!

(- concrete and rebar steel non-linear behavioural laws.
t

| These calculations were preceded by a " test case" study:

| calculations by four different computer codes conducted by
i different design offices relating to a Limited area of the

containment and aiming to provide knowledge of the accuracy to
be expected from such non-linear calculations'when applied to
prestressed concrete.

I.
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3 1" '" Tost Caso" Study--

' 1

This analysis, which related to a limited containment
'

:

i: -area' (barret to base: mat junction zone) made-it possible- to- .

determine the state of the' art for concrete structure elastic /
plastic. calculations-and to highlight the inadequacies of some
of the concrete models, in order to specify result uncertain-

.
ties (four codes were.used).. These calculations, which inclu-

! ded modelLing of all the containment Load-bearing elements
(finite element modelling .with'non-linear behavioural laws)
showed:

- good . agreement Lon final collapse (between 1.15.and
*

'1.3 MPa gage). The latter is related to the rupture of
the barret horizontal prestress' cables and the final
mechanism is simple.

- however, there is wider scatter affecting the interme-
,

diate concrete cracking mechanisms. The influence of'

the concrete models is direct and accuracy is lower
(for example transverse barrel cracks appear between
0.6 and 1K1 MPa gage) .

| 3.2 - Mechanical Strength of 900 MW PWR Containments
;

After a critical examination of the above~ test calcula-*

tions, a complete study of this metal-lined containment was
conducted and led to the following conclusions:

- final coClapse is due to rupture of the barret horizon-
,

tal prestress cables and (almost simultaneously) of the
j dome prestress cables for an internal pressure of about

1.2 MPa.4

,

,

- Metal liner deformation is stilL moderate j ust before
collapse (less than a few %). This suggests that the

! risks of liner tearing in the zones free of disconti-
[ nuities are Low. Therefore, if no tear appears in the
'

area of the penetrations and if the liner exhibits no
initial de'fects, these containments would remain' Leak-

( tight right up to the end. Intermediate concrete
cracking mechanisms are less important and do not have
a direct effect on collapse.

'

3.3 - Mechanical Strength of 1300 MW PWR Containments
r

4 French 1300 MW PWR containments have dual concrete walts
instead of metal liners. When cracks spread across the con-
crete of the inner containment wall, the wall starts to leak
and its mechanical strength is dependent on this leak, which4

j tends to reduce internal pressure.
!

! Finite element analysis of such a containment was per-
formed. The obtained results suggest the fotLowing interpre-
tation, concerning the risk of leaking:

j
.

!

- during the first hours after the Design Basis Accident, .

>

|

I
1
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Lesktightness is'providedL by o concrete ~Loyor (highly
-

compressed because of heat shockr -on;the inner' face ~of
the^ inner containment ~ wall.

- However, transverse concrete cracks appear over a large';;
' area of the done at internal ~ gage pressures 'of about
0.6 MPa and 0.75 MPa in theebarrel.zoneifree of~discon-n
tinuities. :This,results in leakage through the crack
' Lattice, which tendsytoioffset the steam productioniin
the= containment due;to the accident.- Afstraightforward
. mechanical study'is inadequate' in this case and it is:
necessary to. analyse the possible distribution of-the-
cracks, their opening an'd related leakage,'the: recovery:,

of this Leakage-in the inter-wall' space _or the possible
-

rise of containment pressure... Containment mechanical
strength and the entire accident scenario -depend on;

.

; leakage rate.

3.4 - Conclusion
:
'

.

Pending final conclusions; it can be stated that.the
behaviour.of-the 900-MW.PWR metal-Lined containments is:very

! different from that of 1300 MW-PWR containments with dual con-
' crete walts and cannot be covered by the same type of study.

900 MW PWR containments exhibit purely mechanical behaviour in
,

_ right up to the end,that they probably remain Leaktight
,

i whereas the behaviour of the'1300.MW PWR containments is-much*

more complex and is largely dependent on concrete cracking'and
,

j associated leakage.

! A containment'depressurization system is currently being

,

studied in France, which would cover both cases.. The study
wilL determine the pressure above' -which the system should4

[ enter into service in each possible scenario.
!

4 - STUDY ON A SIMPLE STRUCTURE4

i

| 4.1 - T e s t on a circular Stab
i

Finite element analysis of the french containments have
3

! shown that one of the most critical parts of these structures ,

I are the gussets between their shafts and their floors. A test
was therefore performed on a simple slab where the geometrical
singularity of the real structures as welL as the stresses

: acting on them, were reproduced as accurately as'possible. m
The main motivation for the test were the fotLowing:#

1
j - check the validity of the non-Linear mechanical analy-

sis.
r

- obtain preliminary informations concerning the~ relation
!- between mechanical damage and risk of leaking.-

k-

! The slab was circular, its diameter is 1.50 metre. Its

thickness varied between 9 'and 16 centimetres. It~was made of
the same micro-concrete as the one used for triaxial testing.

i Figure 4 shows its reinforcement. It was simply supported

,

.
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arcund its cuter radius.- The load wcs applied at
'

- its center
by means of a circular ring of 40 cm outer diameter and 2.5 cm
thickness. The displacements were monitored, at various
points, as shown by' figure 5.-

A waterproof' ring was placed on the. top surface of the-
stab, opposite'the support. Water was placed inside the ring,
directly in contact with the concrete, before'the beginning of |
the test. The bottom f ace of the slab was' continuously under
visual observation, so that the onset of maj or leaking could
be detected. Figure 6 shows-the-force deflection curve cor-
responding to the= center of the stab.

In a first step,- radial cracks appeared at the bottom
f ace of the ' structure, f ollowed by circumferential cracks i n
the center part, and at the j unction between the conical part-
and the region with smaller uniform thickness. When the slab
reached its ultimate state, a compressive failure could be
observed on the top face of the stab, - opposite the j unction
between its conical part land the region with smaller thick-
ness. Leaking could only be observed at the end of the test,
as shown by the arrow on figure 6. This test shows that maj or
connection of cracks only occurs after the structure has
reached its ultimate mechanical state.

4.2 - Finite Element Analysis

Finite element analysis of the slab was performed using
the mesh represented by figure 7. The reinforcing steels were
represented by cable and shell elements. Full compatibility.

was assumed between steel and concrete displacements.

Figure 6 presents the numerically computed force-deflect-
'

ion curve, the comparison between numerical and experimental,

results leads to the following conclusions:

- the initial elastic compliance is accurately computed.

- The ultimate load bearing capacity of the structure i s
well predicted.

- The crack patterns predicted by the model (radial and
circumferential) agree well with experimental results.

| - The displacements at failure are strongly under-estima-
; ted by the analysis; work is currently performed i n

order to solve this problem.

5 - FUTURE IMPROVEMENTS |
1

From a purely mechanical point of view, several improve-
ments are considered for the present model:

- better representation of steel-concrete interaction:
instead of assuming a purely brittle behaviour for concrete i n
traction, tensile stiffening could be incorporated, by use of

'

a descending branch in the stress-strain curve. Dowel action
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13 coEld.also represented Ltiy-means offa'. residual-shear strength ~
% along; fractures: plan'es'._:

W
If.the'model is to'befapplied to- accidental situations--

in . fast = breeders ' reactors, the-effect of1 temperature on the-
,

'

characteristics of steel and concrete- should also be incorpo-"

- rated.-

The model. should also.be generalized to three dimen - .;,
'

sional situations .in order. t o' investigate penetrations or
defects problems. 'To avoid excessive numerical complications, !

'

1. - the shear. model- should probably be simplified.. However, it
-

y seems possible-to leave.the traction. failure modeL~ unchanged..
~

|! Concerning theJrelation : b'et we en mechanical.Ldamage -and
: . risk of' Leakage,.two different points of. view can be suggested: i

L - if the only concern is the risk of _ maj orEleak' and if an
' - estimation of the leak rate is notJneeded, non-Linear mechani-
; cal analysis is probably sufficient.. Maj or leak can then be

! - assumed to happen when a series of adj acent elements. have

} failed in-tension or shear,.in'such a way that a path is crea-
ted through the containment. In case of bending,- maj or -leak

| probabLy happensEfor loads corresponding to the maximum bear-
ing capacity of the structure. However, this conclusion might

;

t not apply to the case of hoop stresses, because through cracks
can appear while-the reinforcements stilL behave elastically..

! !
4 r

- If a leak rate has to be estimated, a. formal coupling'

has to be established, between mechanical damage and permeabi-
Lity. Tests on simple structures have already.been performed
or planed, in order to give informations about this problem,

3

j in case of tensile fracturing of concrete C153 C163. Expres-

: sions have been proposed, in order to determine the leak rate,

{ as.a function of the mean opening of cracks. However,~in

j order to apply such expressions in conjunction with mechanical
analysis, the number of cracks has to be estimated. This pro-o

bLem is not solved in the general case, and more work isp
needed to overcome this difficulty. On the other-hand, the

} contribution of shear failure to permeability has not been
~

quantified. This problem is even more complicated, since .

!

! shear cracks do not coincide with the principal stress direc-
I tion, as shown by triaxial testing. New tests should be per-

|
formed where permeability could be monitored, simultaneously

i with stresses and strains. Such data could constitute a basis
i

for a model formulation, where induced anisotropic permeabili- 4

'

| ty could'be expressed, as a function of mechanical damage.
i
j 6 - CONCLUSION

A non-linear concrete model applicable to mechanical ana-
I Lysis of concrete containment has been presented. The appli-

j cation to the case of the french 000 MW and 1300 MW contain-

t. ments allowed to obtain first estimation of the_ margins asso- '

i cisted with their actual design. Comparison between experi-
~

|- mental and numerical results obtained in the case of a simple

i
'
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slab representativo one of the cost critical part of the rocl
structure, gave good results concerning crack orientations and
' ultimate load It was also shown that major Leak of structure.

only appeared after its maximum load bearing capacity had been
reached.

It i s suggested that mechanical analysis is probably
sufficient to predict the onset of a major leak. In order to
evaluate leak rates, more work'is however needed. In particu-
Lar, the average spacing of cracks has to be accurately esti-
mated, in the general case of tensite loading. In the case of
shear failure under compressive loading, more Laboratory tests
could be performed, in order to correlate unduced anisotropic

.

permeability with mechanical damage.

b
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Figure 1 - Complete stress strain curve for micro-concrete.
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FULL-SCALE LEAK-RATE TESTS
OF CONCRETE CONTAINMENT WALL ELEMENTS

D. M. Schultz and N. W. Hanson
Construction Technology Laboratories

A Division of the Portland Cement Association'

5420 Old Orchard Road -
Skokie,IL 60077

;

ABSTRACT
.

The tests described in this report are part of an Electric
Power Research Institute (EPRI) program to provide a test-
verified analytical method for estimating' capacities of concrete

,

reactor containment buildings. The three-phase testing program
being performed at Construction Technology Laboratories (CTL)
will determine strength, deformation characteristics, and air.

leak-rates of specimens representing half-thickness and full
scale elements from the walls of reinforced and prestressed
concrete reactor containment buildings. Applied loads are
representative of those occurring during an extreme overpres-
surization beyond a design basis accident. Results .from this
testing program are being used to confirm analytical'models for
predicting strength and deformation of containment walls. This
analytical modeling is being conducted by others in a separate
parallel investigation sponsored by EPRI.

INTRODUCTION
,

To investigate the structural behavior'of reactor contain-
ment buildings subjected to overpressurization, the Electric
Power Research Institute (EPRI) has undertaken ,a three-phase
research program at Construction Technology Laboratories (CTL).
The three phases are identified by the following broad cate-
gories.

,
*

NPhase 1 - Half-Thickness concrete Wall Element Tests and,

Full Thickness Liner Plate Tests
Phase 2 - Concrete Wall Element Tests with Penetration

Sleeves and other Perturbations *

Phase 3 - Tests of Containment Building Segments with
|

Structural Discontinuities
!

! The objective of the EPRI testing program is to provide a
test-verified analytical method for estimating capacities of
concrete reactor containment buildings under internal overpres- I
surization from postulated degraded core accidents. These<

'

estimates - are needed to perform plant-specific probabilistic
risk assessments. Results from this testing program are being
used to confirm analytical models for predicting strength and2

.
deformations of containment walls. This analytical modeling is

1
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being conducted by others in a separate' parallel investigation
sponsored by EPRI-(,l_)..

PHASE 1 - HALF-THICKNESS CONCRETE WALL ELEMENT TESTS

The objective of testing the half-thickness concrete ele-
ments was to determine strength and deformation characteristics
of specimens representing wall elements of reinforced and
prestressed concrete reactor containment buildings (RCB) for
nuclear power plants. Forces applied to the wall elements in
this test program represent those caused primarily by internal
pressure within the containment, as illustrated in Fig. 1. Each
specimen was approximately 60 in. (1525 mm) square and 24 in.
(610 mm) thick and had full-size reinforcing bars. Table 1
lists specimen design variables.

TABLE 1 - PHASE 1 SPECIMEN REINFORCEMENT AND DESIGN VARIABLES

Specimen Name
Specimen Reinforcement
and Design Variables

UAl UA2 UA3 BAl BA2 BA3 PCl LP1

Hoop Reinf. (No. 18)
X X X X X X

(Loaded) Ag/Ag = 0.022*
Meridional Reinf. (No. 14) X
(Unloaded) A /Ag = 0.013s

Meridional Reinf. (No. 11) X X X
(Loaded) As/Ag = 0.013
Diagonal Reinf. (No. 10) X X
(Unloaded)

,

i Diagonal Reinf. (No. 10) 7
(Loaded)

' Preformed Cracks X

Minimum Rein., Both Ways A
(No. 7) A /Ag = 0.0042s
Liner Plate, Each Side X

*As/Aq = Ratio of area of reinforcement to gross cross-
sectional area of concrete.

Six specimens were representative of typical reinforced
concrete containment designs. Hoop reinforcement of typical
size and spacing was the only common feature for the first six
specimens. Although in the full thickness wall element, usually
two mats of rqinforcement are placed in each face, only one mat
was used in' ' each face in the half-thickness test specimens.
Features of the specimen designs were varied systematically to
provide comprehensive data on how these features influence
structural behavior. Reinforcement details for Specimens UA3,
BAl, BA2, and BA3 are shown in Fig. 2.
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.Two specimens represented typical prestressed containment-
designs. Tendon ducts were simulated using thin-walled tubing.
One specimen contained minimum reinforcement used in prestressed
containments to . control stress due to drying shrinkage and ten-
perature differentials in the concrete wall. Minimum orthogonal
reinforcement was located in both faces of this test specimen.4

,

The second prestressed containment -test specimen had liner
plates ' anchored to both faces ' of the concreto. Liner anchorage
consisted of angles welded to both liner plates. Orthogonal .

reinforcement was not provided. Prestress due to post-tensioned
unbonded tendons was not provided.,

In a prestressed RCB, typical post-tensioning precompression
ratio . is 2:1 (hoop: meridional). During an overpressurization,
the precompression of the containment in each direction would
nominally reach zero at about the same pressure. From that
point on, the containment does not know it was precompressed.,

It behaves as a normal under-reinforced concrete section even
though there is additional. stress in the . tendons within the
ducts. Therefore, the testing of PCl and LP1 began at the point
where . there were no prestressing forces on the section. Since
tendons are unbonded.in the duct in a containment, there is no
strain compatibility or any other mechanical interaction between
concrete and the prestressing strand during internal pressuriza-
tion. In addition, no strand was placed within the ducts.
Consequently, the deformations observed in these tests should be !

viewed as those that would take place subsequent to relief of
precompression in a pressurized RCB.

Specimen loading included uniaxial loads, biaxial loads, and
biaxial loads combined with diagonal loads. The biaxial and
biaxial plus diagonal loading systems are shown in Fig. 3. All
specimens were loaded statically beyond yield stress of rein-
forcement or liner plate. This was accomplished by pulling on ,

the reinforcement with hydraulic rams reacting against a con-
,

crete reaction frame. The reaction frame was constructed by CTL
for the U.S. Nuclear Regulatory Commission in a previous program -

where membrane shear behavior during simulated earthquake
loading was investigated.

Different reinforcement configurations and loading arrange- !
ments resulted in data that permit a comparison of the ef fect of
controlled variables on cracking and subsequent interaction
between concrete and reinforcement. The consistent introduction
of variables from specimen to specimen allowed isolation of
effects of each variable on both cracking and overall perfor-
mance of the specimen. Certain specimens such as BA1, BA3, and
PC1 were detailed and loaded nearly identically to that of an
element from a typical concrete containment building. Condi-

|tions at the cylinder wall midheight and near the basemat were
,

modeled in Specimens BA1 and BA3, respectively. To more fully
represent the extreme condition, Specimen BA1 had no diagonal
reinforcement. The remaining specimens were detailed and loaded
to isolate certain effects. These latter specimens were planned
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to develop a data base against which the analytical model
developed by others could be compared. Certain specimens such
as UA2 with crack formers, and UA3 and BA2 with unloaded dia-
gonal bars were included within the test series as rigorous
exercises for the analytical modeling. Unloaded diagonal bars
in Specimens UA3 and BA2 were also used to determine whether
nominal amounts of diagonal reinforcement could alter overall
specimen response.

Specimen behavior was measured using external and internal
instrumentation. Loads, deformations, crack widths. and steel
strains were measured.

The following comments are based on test results from
Specimens UAl through BA3. Where extrapolations are made to a
typical RCB, the RCB has a 150-ft (45.7-m) diameter and a 4-ft I

'

(1.22-m) wall thickness.
l. Applied hoop loads at specimen yield in the hoop

direction were equivalent to an RCB pressurization of i

approximately 80 psi (0.55 MPa). Overall specimen hoop
strain at yield load was approximately 0.3%. This
strain is equivalent to an RCB diameter increase of
approximately 0.42 ft (0.13 m).

2. Maximum applied hoop loads were equivalent to an RCB
pressurization of over 100 psi (0.69 MPa). Overall
specimen hoop strain at maximum load was on the order
of 2%. This strain is equivalent to an RCB diameter
increase of over 3 ft (0.91 m).

3. For uniaxially reinforced Specimens UAl and UA2, under
hoop loading, only through-wall cracks transverse to
the main reinforcement occurred. Spacing of cracks in
Specimens UAl and UA2 due to hoop load was approxi-
mately 18 in. (455 mm). The crack former in Specimen
UA2 delayed subsequent cracking in the remainder of
the specimen as compared to the occurrence of first
cracking in Specimen UA1.

4. For orthogonally reinforced Specimens BAl and BA3,
under biaxial loading, cracking due to hoop loading was
generally independent of meridional reinforcement loca-
tions. Spacing of through-thickness cracks ranged from
18 to 24 in. (457 to 610 mm). It is concluded that in
those specimenc, meridional reinforcement did not
function as crack formers.

5. For orthogonally reinforced Specimens BAl and BA3,

under biaxial loading, cracking due to meridional
loading was dependent on hoop reinforcement locations.
Spacing of through-thickness cracks was equal to the
spacing of hoop reinforcement, 12 in. (305 mm). It is
concluded that in these specimens, hoop reinforcement
functioned as crack formers.
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6. Extrapol'ating the results of (4) and (5) above to a
typical reinforced concrete RCB, it could be concluded |
.that horizontal cracks .in the containment building '

wall may be regularly spaced and may occur at hoop
reinforcement location. Vertical cracks, in the con-

i

tainment wall, however, may occur irregularly and at '

greater spacings, since they are not dependent on ;
'

meridional reinforcement locations.
.

7. The presence of unloaded diagonal reinforcement in=

specimens UA3 (unianially loaded) and BA2 (bianially
'

loaded) was a najor influence on the behavior. Spacing
i and orientation of through-thickness cracks were sig- !

nificantly different or compared to specimens without .

diagonal reinforcement or with loaded diagonal rein->

forcement. These results indicated that small amounts ,

of diagonal reinforcement as compared to orthogonal i
-

reinforcement can alter overall behavior of the speci- |

: men if boundary conditions are not properly modeled, |

) that is, if the diagonals are not loaded as they_would
'

i be in a containment. i

|The percentage of reinforcement used in specimen PC1 was
; typical of that used in prestressed concrete reactor contain- ;

i ment buildings. Although the percentage was low, the nominal
i hoop and meridional reinforcement in specimen PCl transferred
_ sufficient load to the concrete to crack the section at three
} separate locations. However, since the section was under-

,

! r ei nforceit, first cracking dus to hoop load occurred suddenly. !
- It appeared that the tendon duct had little influence on the t

j cracking pattern of the specimen. !

/

In Specimen LP1, the concrete section developed through-'

i cracks at angle anchorages. The cracks propagated from the
angle anchorages of the liner plate on each side of the specimenr

! and joined in the center of the concrete section. It appeared
'

that the tendon duct had little influence on the cracking i
<

~

pattern of the specimen. Propagation of cracking from the angle |;

anchorages in this test can be compared with predictions of
crack propagations by the analytical model.

i ,

! Consistent variation in data from specimen to specimen has i

! indicated a relatively low " error bar" in the test program.
] The data should be useful for benchmarking analytical methods
; that require modeling of material behavior including concrete
; cracking and reinforcement / concrete interaction. i

'

General background material is presented in References 2 |
and 3.'

! PHASE 1 - FULL TilICKNESS LINER PLATE TESTS
f

} The objective of the liner plate tests was to de termine
; strength and deformation characteristics of isolated liner plate
i
1
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9

specimens representing the inner liner of . wall elements of a'
prostressed concrete SCB.* Tests were conducted using combina-

:
tions of forces simulating those that could occur in the liner

- of us11s of an RCB.

Each specimen was 48 in. (1220 ' an) square and 1/4 in.
'

(6.4 mm) thick. Table 2 lists specimen design . Variables.4

: ' Specimen ILP1 was ' a solid liner plate with no special. details.
Specimen ILP2 included meridional angles welded to the liner
plate. Specimen ILP3 contained a T-weld representing the junc-'

tion of three plates in a liner._ Specimen ILP4 contained a I

i 10-in. (254-am) diameter penetration. Details of Specimen ILP4 J

| are given in Figure 4. |
}

i

: TABLE 2 PHASE 1 SPECIMEN DESIGN VARIABLES |
L

.

1 Specimen.Name

|
Specimen Design Detail

]l ILP1 ILP2 ILP3 ILP4
. k

j 48-in. (1220-mm) square ;

j liner plate 1/4 in. X X X X- :

) (6 mm) thick ,

f! Meridional Angles X

f| T-weld X

f 10-in. (25.4-am) Penetration X

l
] Hoop to Meridional Load X X iRatio = 2:1j

) Strain Control Loading X X }

l i

{- i

| All specimens were loaded in blaxial tension. Load was

j applied through an edge bar welded to the perimeter of each
plate specimen. Details of the loading hardware are given ,

in Figs. 5 and 6. All specimens wete loaded statically beyond i

yield stress. Two tests were conducted using approximately 2:1 ;
q ratio of hoop to meridional load. Two tests were conducted with |;

| strain control following relationships calculated ' considering
; the liner plate as part of a prostressed concrete containment

bul.',ing subject to increasing internal pressure. Different
,1

contigurations and loading arrangements resulted in data that !

permit a comparison of the ' e f f ect of controlled variables on !

j strain capability of liner plates, j
1

j Specimen behavior was measured using external instrumenta- |

t tion. Loads, deformations, and stee1 ~ strains were measured. '

i- |
-f

i !

| 'A secondary objective was to establish a bianial loading proco-
| dure which could be used in the full scale Phase 2 specimens. ;

! !
:
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Tests were ended when limits of the loading hardware were
- reached rather than at maximum specimen strength or strain. The

i following comments are based on test results from Specimens ILP1
through ILP4. Where extr.polations are made to a typical pre-
stressed RCB, the building has a 150-ft (45.7-m) diameter and a
4-ft (1.22-m) wall thickness.

. .

1. Applied hoop loads at specimen yield were equivalent to
, a prestressed concrete RCB pressurization of approxi-

mately 115 psi (0.79 MPa). Overall specimen hoop'

strain at yield load was approximately 0.154. This
strain is equivalent to a prestressed concrete RCB
diameter increase of approximately 0.21 ft (46 mm).

_

2. Maximum applied hoop loads were equivalent to a pre-
stressed concrete RCB pressurization of over 144 psi
(0.99 MPa). Overall specimen hoop strain at maximum
load was on the order of 54. This strain is equivalent
to a prestressed concrete RCB diameter increase of over
7.5 ft (2.29 m).

i
3. None of the details of the four biaxial liner plate4

l test specimens precipitated cracking. Hoop direction
; strain up to 5.7% was imposed without local distress.

General background material is presented in Reference 4. i,

:

1 PHASE 2 - FULL SIZE CONCRETE MALL ELEMENT TESTS WITH PENETRA-
; TIONS AND OTHER PERTURBATIONS
}

The objectives of this second phase are (1) to determine,

strength, deformation, and air leak-rate characteristics of full
j scale concrete wall elements and (2) to determine' thermal
; response of liner plate anchored to concrete. Details for
j individual specimens are outlined in Table 3. Four square spec-
; imens (1 through 4)' loaded in biaxial tension represent elements
| located in the containment cylinder wall. One rectangular
j specimen (5) loaded blaxially represents the junction region
i between wall and basemat. Two specimens (6 and 7) represent
j typical liner to wall anchorage for thermal studies.

Certain details of Specimen 1 parallel those of the
; specimens from the Phase 1 test program. Data from testing of
j Specimen 1 will be used to correlate results of Phase 1 with
! results of Phase 2. Specimens 2 through 7 are detailed based on ~

;

the design practice which was employed in existing prestressed
I concrete RCB's. These specimens are full scale and completely
j representative of existing construction.
!

square specimens range from 2 ft (0.6 m) to 3.5 ft (1.1 m)<

thick and from 5 ft (1.5 m) to 11 ft (3.4 m) square. Selected
,f typical details employed in existing containment structures are
| used in the specimens. Details include liner plate welds, ;

i

l

' '
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TABLE 3 - PHASE 2 SPECIMEN DESIGN' VARIABLES'

Specimen No. ;

Specimen Design
Requirements 1 2 3- 4 5 6 7

|

Prestressed Concreta X X' X X X X.
Design

Reinforced Concrete x.
. Design

Biaxial Load X X X X= X

Thermal Buckling X X

Leak-Rate Test X X X X

5 f t (1525 mm) -Square X

7 ft (2135 mm) Square X X X X.

11 ft (3355 mm) Square X

7 ft x20 ft (2.1 m x 6.1 m) X

2.0 f t (610 mm) Thick X-

2.7 f t (823 mm) Thick X X

3.5 ft (1065 mm) Thick X X X X

36-in. (915-am) Diameter
Penetration Sleeve with X
Shear Studs
Controlled Leak X

Wall-Base Discontinuity X

Discontinuous Angles X X
for Anchorage

Continuous Angles X X X X
for Anchorage

Studs for Anchorage X

interrupted angle anchorages, and a large pipe penetr ation.
Biaxial loads on each specimen are applied to ensure uniform
strain across each f ace of the specimen as would occur on a hoop
or meridional plane in a containment. This is accomplished'by
varying the ratio of reinforcement load to liner load during the
test to simulate the load ratio that would be induced by their
structural response as part of a containment wall. The test
specimen with the penetr ation is also subjected to punching
(peripheral) shear loads applied to the penetrations. Details

of Specimen 4 are given in Fig. 7. Air leak-rate characteris-
tics = are ' determined while applying external loads, as well as a
range of surface pressures.

i
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Specimen 5 is rectangular and~ represents the basemat-
junction region. This specimen-is subjected to radial loadingi

.;
in addition to biaxial tension and surface air pressure. 3peci- '

mens 6 and 7 are tested to represent conditions at and behavior
of the liner plate'during aLaudden temperature increase:in the
containment.- Surface . heating and surface pressure are - applied
to - the liner plate to observe any buckling modes. -Leak rate is,

;. not measured in Specimens 5 through 7.
'

The biaxial test frame required for Phase 2 testing is shown
in Fig. 8. The frame is a large prestressed concrete structure
specially designed for the EPRI program at.CTL. It provides the

F reactions for biaxial tension loads applied to the test speci-
mens. The frame has the capacity to test a specimen up to 11 ft
(3.4 m) square and 4 ft (1.1 m) thick. The total triarial
loading capacity is 50 million lb (222 MN).,

.The air leak-rate test fixture consists of two reaction
; slabs, 0-rings, and a pressure * chamber. The test specimen is
: positioned between the reaction slabs and the entire assemblyi

is placed within the large biaxial test frame. The air leak-
,

,

rate test fixture and reaction frame arrangement are shown in
; Fig. 9.
;

1 The thermal heating fixture required for testing Specimens 6
and 7 provides surface heating and air pressure.- The fixture

j has the capacity to test a 7-ft (2.1-m) square specimen.
A

h Results of the test program for Phase 2 should be available
j in 1985.
I

PHASE 3 - TESTS OF CONTAINMENT BUILDING SEGMENTS WITH STRUCTURAL
. DISCONTINUITIES
J

| The objective of the third phase is to determine strength,
} doformation, and air leak-rate characteristics of concrete test
i specimens representative of structural discontinuities in con'

tainment vessels. Examples- of such discontinuities includeconnection of wall and roof to ring beam and the intersection'of,

i the cylinder wall and basemat. Although specific test details
4 have not yet been defined, pneumatic pressurization of large-
j scale, full 360' segments of a containment building are !i envisioned.
!
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L LINER INTEGRITY'IN OVERPRESSURIZED:
POST-TENSIONED CONCRETE CONTAINMENTS.

-

|. C. N. Knshneswamy 'and R. Namporumal
Sargent & Lundy
55 East Monroe

Chicago,IL 60603

ABSTRACT

I
_

This paper discusses the. ultimate internal pressure capacity
and the_ corresponding, liner _ strains of' typical post-tensioned PWRi''
'and BWR Mark-II containments and' concludes that'the leaktight

'

integrity of the liner plate.will not be impaired at the computed

ultimatecapacityoftgepressure. boundary. - 0

The probable modes of failure of the pressure boundary and
= ' conservative failure. criteria for defining ultimate pressure
{ capacity are described. Simple equations based on force ~ equi-
jE librium considerations are presented to manually compute the
j ultimate ~ capacity and the; nonlinear response:of the critical
' membrane section in the concrete pressure boundary. Results of

nonlinear finite element-analyses and field data on containment
wall displacement response measured during overpressure-testing

[ of these containments are used to corroborate the equations
j presented. Nonlinear response plots of internal pressure-versus
; containment wall displacement and versus strains in the liner,
j- reinforcing bars, and post-tensioned tendons at the most stressed

section in the containments are presented.

It is shown that the maximum liner strain at the computed
ultimate pressure is_well within the values allowed in the ASME

i Code to ensure leaktightness of the containment liner. The
effect of strains imposed on the liner by creep and shrinkage of
concrete and by restrained thermal expansion of the liner are
discussed. It is also shown that the strain level in the weldi seams in the liner plate is not critical and is always less than

; its yield.
1 ; -

l. INTRODUCTION'

i
'

The lesson learned from the accident at the Three Mile
Island (TMI) nuclear plant has necessitated the determination.

of the ultimate internal pressure capacity of the containment
structure as a licensing requirement.in the U. S. Analytical,

studies and scale model tests of containment structures con-;-

; firm that the containment pressure boundary is structurally "

; capable of withstanding several times the magnitude of the
lp design accident pressure. Recently, however, increased

attention has been given the structural capacity being
j limited by excessive leakage resulting from rupture of the
f containment liner. !

i

'
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.This paper reports on the de' termination of the ultima'te
-internal pressure capacity.and the corresponding-liner
strains of two typical post-tensioned concrete containments
-shown in Figures 1 and 2.; The design accident internal pres-
-sure for the BWR Mark II containment shown in Figure 1 is 45'

psig and that for.the PWR. containment shown in Figure 2 is 47-

.psig. The principal dimensions of the containments are shown
~in;the figures. Both containments:are lined on the inside
with a 1/4-inch; thick steel plate to ensure leaktightness.
Each containment is-provided-with an equipment. hatch, person-
nel lock, and necessary electrical and piping penetrations

'

through-the wall.
|

The probable modes'of'-failure.and the critical contain-
3 mentt sections are described in Section 2. Conservative

criteria for determining structural failure and ultimate
capacity are defined in Section 3. Equilibrium equations to
manually compute the-ultimate. capacity and nonlinear response
at membrane sections of the concrete'shell are presented in
Section 4. A nonlinear axisymmetric finite element analysis 1 '

performed to'obtain:the response of the entire shell in-
4

! cluding nonmembrane sections and to verify the manually
computed results is described in Section 5. Results of the
analysis and field _ data on. containment-response measured
during' overpressure tests, leaktightness of liner,-and
thermal effects are discussed in Section 6..

2. POSSIBLE FAILURE MODES AND CRITICAL SECTIONS

As the internal pressure builds up beyond the design'
value due to a more. severe postulated accident, failure of
the containment pressure boundary can result from one or more-

! of the following,causes:
\
'

a. failure of concrete in secondary compression
,

b. failure in flexural shear at discontinuities

c. failure in peripheral shear around penetrations

d. failure of steel pressure retaining components by
buckling or by rupture

e. failure of containment liner by rupture
,

f. rupture of post-tensioning tendons

g. separation of the steel drywell head (BWR Mark II) from
the containment wall

The potential critical sections associated with the failure
modes of the pressure boundary backed by concrete are shown
in Figures 1 and 2.

-488-
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4 7 3.- FAILURE: CRITERIA FOR ULTIMATE CAPACITY

Though the' ultimate failure of the containment.may occur
well past. general-yielding of the critical section with'at'-

. tendant large displacements,;the capacityLof the containment''
-

is conservatively defined-liere as the attainmentLof any~one
of the following limits:

'a.- tensileLyielding of post-tensioning tendons (correspond-
ing to'a strain of 0.01 in./in.) resulting~in a state of
genera 11 yielding ofiany'section

li. shear capacity of the containment in flexural shear or
peripheral. shear

.

c. buckling or yielding of. steel pressure retaining com-
.ponents: -'

~

d. rupture of containment-liner-

Thesellimits are conservative. There is'some reserve
capacity beyond the limits defined above.

4. EQUATIONS OF EQUILIBRIUM
:

In general, a containment structure is designed to be
essentially elastic under the design pressure. However, as
the postulated internal overpressure is assumed to build ups

~and reach the ultimate, the containment response will turn,

nonlinear as it sequentially passes through cracking of,

concrete, yielding of liner plate, yielding of reinforcing<

'

steel, and yielding of tendons. For these critical response
stages, the internal pressure capacity at a membrane hoop
section can be predicted by means.of the following equations
based on equilibrium considerations.

!

The internal force P per foot-width of the shell at a
membrane section can be computed as:t

'

Force /ft at the start of-pressurization,
i P, = ' dead load + prestress (1)
,

. Force /ft at concrete cracking,
P =Acr c c*cr- (n-1) (A + A +At ) E *cr + P, (2)+ j s c

,.

!- Force /ft just after concrete cracking,
i 'cr = E c3 cr (Aj s+ A * ^t) + P, .(3)

~

Force /ft at liner yielding,

Pyj=E,(c)-ejr)(A)+A +A)+P I4)y s t er
4

~
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,

-Force /ft atzrebar yielding, ,i
~(_ 5) ;P , = E, (c , - c j) (A, + A ) + P,j

*

y y y t

1 Force /ft at tendon yielding,

yt- s (*yt -- *ys) At + 'ys (6)P "

where:-
'

A = Gross area of-concrete per foot of shell
c

= Area of liner, rebar, and tendon, respectivelyA),A,,At
per foot.of'ohell

*cr = Cracking strain in concrete

= Strain just after concrete crackinge cr
Yield strain in liner, rebar, and tendon,

c l ys ty respectively

E = M dulus of elasticity for concrete
c

E = M dulus of elasticity for steel (liner, rebar,.
s and tendon)

n = Modular ratio

The internal pressure corresponding to any of the
response stages is then obtained as

P = P/R (7)

where

P = Force per foot of shell

R' = Radius of the containment at the section
considered

Also, the radial displacement, a = R.c (8)

Equations (2) through (6) include the liner as a strength
element. If the liner acts as a nonstrength element, A)
should be set equal ~to zero in these equations.
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Using-t e-above< equations'and the. properties listed in-
'

.
4

: Figures:1=and 2, the response and pressure capacity;of the,,

[L
example containments'were computed at the.most stressed
section'under design pressure, which isithe membrane section-4' .'
-near midheight of the containment cylinder.-

,

- 5. FINITE ELEMENT' ANALYSIS-
!.
;L

.
A_ nonlinear.axispmmetric finite element. analysis of

these_ containment, shells under_ incremental internal pressure-_

! .was performed to. verify the' manually computed _results and to
determine,the nonlinear behavior.of;the entire shell,in-
'cluding_nonmembrane. sections.;:The' analysis model. consisted4

of laminated shell.finiteLelements'to represent 1the liner,-.

j concrete, reinforcing steel ~ layers and post-tensioning.
tendons.- Nonlinear stress-strain property of each material
.was considered. Only material nonlinearity was considered;
geometric nonlinearity was ignored because of small-displace-
ments for concrete shell structures.,

L
Since membrane tension controls the response under over-r

! pressure, concrete was idealized _as a linearly elastic and
; perfectly plastic. material in_ compression and linearly
j elastic up . to 6 /T[ in tension. Failure criterion for
; concrete under biaxial. stresses is shoWn in Figure 3.

Material strengths obtained from'uniaxialitest specimens<

; were used. The dead-load of the. structure, the hydrostatic
|- load on the suppression pool boundary-(BWR Mark <II),-post-
i tension loads, and the incremental internal pressure were

applied simultaneously. Incremental internal pressure was
1

applied as the structure passed through the critical response' '

stages of concrete cracking, liner yielding,' rebar yielding, ;
;

i and tendon yielding.
'

'

The computer program, DYNAX, used for.the shell analysis-
I is based on Reference 1. The mechanics of nonlinear analysis !

4 of laminated shells is described in References 2 and 3. The' internal ' pressure due to the postulated accident was. treated
i as quasi-static based on the investigation-reported in '

| Reference 4. ( t

6. DISCUSSION OF RESULTS

6.1 Containment Response and Pressure Capacity )

i Results of the nonlinear finite element analysis con-
i firmed that the most stressed section under design pressure,
i namely the membrane hoop section near midheight of the

cylinder, remained the most stressed section all the way up-

! to failure. This was true for both-the BWR and PWR con-'

tainments. This behavior was anticipated since: (1)'the
; meridional flexural critical section at the containment wall-
| basemat junction is typically designed for discontinuity
i

O -491-,
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bending moments _ based on elastic analyses,.which is conserv-
ative,-and'(2) unlike? membrane tension, the discontinuity
' moment and shear do not increase linearly with internal pres-'

sure since the. wall' stiffness decreases more-than linearly4

with pressure.

| The structural response and pressure-capacity obtained
from the nonlinear finite element analysis and from equi-
librium equations presented in Section 4 were'almost iden-
-tical. |

|

'The response of the concrete pressure boundary of the BWR
containment as it passes through critical stagessof concrete
cracking, liner yielding, rebar yielding and tendon yielding
is shown in Figure 4. The ultimate capacity is 228 psig,
which is about.5 times-the design pressure of_45 psig and-
corresponds to incipient yielding of the hoop tendons in the

j membrane section near midheight of the cylinder. The pres-
sure magnitudes and the corresponding wall displacements and,

i strains in the containment _ liner, reinforcing bars, and post-
tensioning tendons at the most stressed section are presented'

in Table 1.

Table 1

BWR CONTAINMENT RESPONSE TO INTERNAL PRESSURE *

Containment . Internal . Radial Liner
Response = Pressure Displacement Strain
Stage (psig) (inch) (in./in.)

1. Zero internal 0 -0.12 -0.0002

j pressure
i
; 2. Concrete 144 0.06 0.0001

cracking'

fe 3. Personnel 150 0.56 0.0010
| airlock

bulkhead
i yielding **
i
! 4. Liner 162 0.74 0.0014

_ yielding

5. Rebar 192 1.25 0.0023
*

j yielding

6. Tendon 228 3.00 0.0054
,

yielding

!
j' *At the most stressed (hoop) section near midheight of

| suppression pool cylinder.
1 ,

** Pressure boundary not backed by concrete.
-

.
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The response of-the: concrete. pressure boundary of the PWR I.
'

n ' containment is.shownLin Figure 5.. The: ultimate capacity is~
; -134 psig,.which is.2.85. times the design pressure of 4'7

psig. This corresponds to incipient yielding of the hoop
'

tendon in the membrane section near midheight of the cylinder-
wall. The pressure magnitudes, the corresponding wall'

displacements and strains'are. presented in Table 2. |
"

Table 2

PWR CONTAINMENT RESPONSE TO INTERNAL PRESSURE *
e

:

Containment Internal Radial Liner-
Response Pressure Displacement Strain
Stage (psig) (inch) (in./in.)

.

1. Zero internal 0 -0.20 -0.0002
pressure

; 2. Concrete 86 0.09 0.0001
cracking*

*

3. Liner yielding 105 1.44 0.0017

j. 4. Rebar yielding 117 2.00 0.0023

b 5. Equipment hatch
; flange gusset
; and liner

yielding 130 3.80 0.0044
'

6. Tendon
yielding 134 4.43 0.0052

i * At the most stressed (hoop) section near midheight of
) suppression pool cylinder.

! A separate linear elastic analysis was performed to
; determine the ultimate capacity of the pressure boundary not

backed by concrete such as the equipment hatch, personnel
f locks, electrical penetrations, steel drywell head, etc.

Details of the analysis are outside the intended scope of
this paper and therefore only the results are used for this4

discussion. The personnel airlock in the example BWR
. containment has a capacity of about 150 psig and the equip-
! ~ ment hatch in the example PWR containment has a capacity of
I about 130 psig. Typically, the steel pressure boundary
; components of the equipment hatch or personnel lock may
i govern the ultimate pressure capacity of concrete con-

tainments.

1
'

i

!
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Results of theTfinitefelement| analysis'and field data one,
theJcontainment wall radial displacement measured:during-

loverpressure' testing of the BWR Mark.II containment are- .;

. presented in Tablel3.' During the overpressure testing, the-
' containment,was incrementally pressurized'to l'.'15 times the.

- . design pressure. The radial displacements were measuredzat.
six points equally spaced.along-the circumference of the
containment wall.. The maximum of allisix measurements and
their-average at:each pressure level are. listed in:the ;

table. - The measured responses-are'also plotted-in the con-
tainment responsezcurve.shown in, Figure 4.-- The measured

; -
responses are in~ excellent ~ agreement with the predicted ,

responses demonstrating.adequacylof the analysis procedures. |

The ultimate capacitiesireported previously.for? concrete '

pressure . boundaries 'are: lower . bound values because of the-
conservativeJnature of the failure' criteria defined in|
Section 3. : Nonlinear analysis to reall'ze the reserve capa-
city beyond the lower-bound.may be worthwhile only.if thej. .

; attendant.large displacements can be. functionally; tolerated,
and if the pressure boundary not backed by concrete has:-
' higher capacity.;

i

! Table'3

BWR CONTAINMENT OVERPRESSURE PROOF TEST RESPONSE *
~

,

Measured and Predicted Radial Displacements

! Internal Measured Measured Predicted
! Pressure Maximum Average Average
$ (psig) (inch) (inch ) (inch)
,

0.0 0.000 0.000 0.000
.

| 13.9 0.024 0.015 0.017

23.0 0.033 0.024 0.029

f 33.0 0.043 0.033 0.041

43.0 0.052 0.042 0.054'

52.4** 0.061- 0.052 ' O.066
;

At the most stressed (hoop) section near nidheight~of*
;

suppression pool cylinder.'

3 Peak test pressure =-1.15 x design pressure.|~
**

:

} ~. ,e ,

!'
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6.2 Iiner' Leaktightness

The strains imposed on the liner by concrete prestress
and incremental-internal pressure are traced in Figure 4 for
the BWR containment and in Figure 5 for the PWR contain-
ment. Until the concrete starts cracking the strains in the
liner are controlled by concrete. The liner strains are
linear in this range. This is also verified by the field
data obtained from the overpressure' testing of the BWR
containment and plotted on the containment response curve
shown in Figure 4.

Once concrete starts cracking, the strains in the liner
as well as the rebar and the post-tensioned tendon increase
more rapidly under increasing pressure. This is indicated by
progressive flattening of the curve beyond the pressures
corresponding to concrete cracking,-liner yielding, and rebar
yielding. This nonlinear liner strain response was also
evidenced by scaled model testing of a High-Temperature Gas
Cooled Reactot (HTGR) pressure vessel.[5].

The magnitudes of liner strains at critical stages of
containment response are listed in Table 1 for the BWR
containment. The liner strain at 228 psig, the ultimate
capacity of the concrete pressure boundary, is 0.0054
in./in. At 150 psig, the ultimate capacity of the steel
pressure boundary, the liner strain is below its yield limit.

Liner strains in the PWR containment are listed in
Table 2. The maximum tensile strain in the liner at 134
psig, the ultimate capacity of the concrete pressure
boundary, is 0.0052 in./in. At 130 psig, the ultimate
capacity of the steel pressure boundary, the liner strain is
0.0044 in./in.

t

The actual tensile strain level in the liner will be
lower than the values discussed if compressive strains due to
restrained. thermal expansion, creep, and shrinkage discussed
in Section 6.5 are also included. The ASME Code, Section
III, Division 2 on the design of concrete containment liner
defines the allowable strains in the liner to ensure leak-
tightness of the liner plate. With reference to these |

allowables, maximum strains in'the liner corresponding to the '

computed ultimate capacities did not indicate a potential for
degradation of leaktight integrity of the liner. It should
also Le noted that these strain levels exist only at the most
stressed section and are lower at all other points.
Therefore, greater overall leaktightness is inherent.

-495-
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6;3. Strain concentration' Effects Around Penetrations

6.3.lf Large Penetrations:;

1

The actual st' rains in the containment' liner ~ locally
around penetrations may be greater-than the:overall liner,

strain,because of..possible strain concentration. The-<

li, ~ equipment hatch' opening of a typical (PWR) containment
-with-a thickenedLboss1around.the. opening is_shownLin
Figure 6. During the overpressure integrity testing of
the containment, liner strain around :the: hatch opening .
was'obtained-at~12 locationstasishownfin.the figure. The 'l-.

values obtained at the peak test pressure-are listed in. H
-

Table 4.- Also,lthe strainsTmeasured.on the wall liner at
1]points farther away from the equipment; hatch are. listed

'

i- in Table.5. The measured strain.-values indicate that
. there isono strain concentration effect around the;
embossed hatch opening.- ,

i

Table 4- ,

j. PEAK STRAINS NEAR EQUIPMENT HATCH IN A PWR CONTAINMENT'
'

i -

~ Measured at 52.psig During Overpressure-Proof Test

j' Strain Gage- Hoop. Strain Vertical Strain [
,

~

: Location (Micro in./in.) (Micro in./in.) ;

1 -53 10,

' 172 153 -

| 3 0 7
: 4 40 40
;
I 5 -183 -57
1 6 93 -40

f' 7 -197 -130
8 30 -133

i-
!

9 357 223<

| 10 173 253
i 11 427 233 ;

i 12 330 147
.

f 6.3.2 Small Penetrations

|- Tests conducted on a specimen containing four un- -

' reinforced penetration openings [6] measured local strain
! concentrations up to 0.018 in./in. in the liner, which

was almost five times the overall strains in the
specimen. No signs of failure in the liner plate or in ,

.

the welds joining the liner plate and penetration liner
! were found even though the- maximum strain was increased-

" .
. eventually to 0.048 in./in.

.
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. Table 5' I

PEAK LINER STRAINS IN PWR~ CONTAINMENT WALL '

Measured at 52 psig During Overpressure Proof Test *
~

Strain-Gage Hoop- Vertical
.- . Location : Strain . Strain '

(Azimuth) (Micro in./in.) (Micro in./in.)
,

10 433 113
,

i: 610- 313 120

2410
^

283 140,

3010 393 ~ 83
.

*At the same elevation as that of' strain gage 12 of Table 4.

6.4 Seam-Weld. Integrity

! 'The' weld at liner seams has a substantially higher' yield i

strength than the liner plate. Force equilibrium at'the |

liner seam will require that the stress at the seam does not
'

exceed the yield. stress of the liner. Consequently, the
'

strain level in the liner weld is not critical and is always.

: less than its yield value.

l 6.5 Thermal, Shrinkage, and Creep Effects
1

'

I Constraint to liner thermal expansion under accident
; temperature imposes compression in the liner and tension in i
L the restraining containment wall. The combined restrained !

1 strain in the liner due to accident temperature, creep, and
3 shrinkage varies from 0.002 in./in. to 0.003 in./in. This

restraining compression is offset by the tension induced by
; pressure. Therefore, buckling of the liner under tension is ;

I not likely when the high internal pressure tends to brace the '

| liner against concrete. Also, the pressure-induced tensile
! strain in the liner ~is partly compensated by compressive
'

strain induced by creep, shrinkage, and restrained thermal
expansion. The net strain level in the liner is within the

' values allowed by the ASME code to ensure leaktightness of
| the liner.

When general yielding of the post-tensioned steel
i. occurs, loads due to restrained thermal expansion of the
; liner are fully relieved. Therefore, this 13 not a factor

affecting the ultimate pressure capacity of the concrete.

: pressure boundary.

L
'

i
'

|
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7. ' CONCLUSIONS I

|

i - Based on the foregoing' discussion, the following conclu '

.

sions are in-orders

a. At membrane sectionslof-the concrete pressure boundary,
:the nonlinear response and ultimate capacity can be
manually computed using simple.equ'ilibrium equations.

Ib. The hoop membrane section near midheight of the. cylinder, ,

"which was the.most stressed section underfdesign pres-
sure, remained critical all the way up to the~ ultimate

'
d pressure.

Computed liner strains indicate that;the leaktightness ofc.
the. liner will not be impaired at the computed ultimate

,

pressure.
.

1

d .- There is no strain concentration effect around embossed.
~

'

large penetration openings.-
- ''

> . ,

j e. Liner ruptuce is'not likely to occur around small

| penetrations at the computed ultimate pressure.
.

f. Restrained deformation. loads due to thermal expansion,

i
creep, and shrinkage are relieved at ultimate and ch) not

j affect the true ultimate capacity.
4
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Figure 1-BWR Mark 11 Post-Tensioned Concrete Containment
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Figure 3-Fallure Criterion for Concrete Under Blaxlal Stress
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Figure 5-Response of PWR Post-Tensioned Concrete
Containment at the Most Stressed Section
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Figure 6-Strain Instrumentation for PWR Containment Around Equipment Hatch
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STRUCTURAL BEHAVIOR OF PENETRATIONS IN I

REINFORCEDcCONCRETE SECONDARY CONTAINMENT VESSELS !

Richard N. White and Woo'Kim i

Department of Structural Engineering 1

Cornell University
' Ithaca, NY I4853

1

ABSTRACT

The structural behavior of steel penetrations through reinforced
concrete slabs was studied by conducting 22 ' experiments on small scale-

model slab / penetration combinations. In all cases the penetrations were
anchored to the concrete with model shear studs. Three' loading cases on

-

<.

the penetrations were used: torsion alone (12 tests), punching'alone (2
tests), and combined torsion and punching (8 tests). Four values of
concrete strength were used for the torsional loading cases. The results
show thati (a) torsional shering strength of the concrete is considerably

,

higher'than predicted by commonly used expressions, (b) failure in torsion '

shows substantial ductility, and (c) interaction between torsional shear 1

and punching shear ~ is very. weak because the failure modes assocated with '

each action are nearly independent.
-

INTRODUCTION

Punching action on penetrations through the walls of reinforced and
prestressed concrete nuclear containment structures is a common design
loading. Current ASME Code provisions treat this problem on an elastic
principal stress calculation basis that has been shown to be extremely
conservative for situations involving simultaneous in-plane tension forces
(Ref.1), and proposed changes to the Code to reflect actual behavior are
currently in the review and approval processs. -Torsional shearing forces
may also be applied to penetrations in nuclear structures. Again, design
approaches are based strictly on elastic stress calculations with no
confirming experimental evidence to justify this approach. " Allowable"
values of torsional shearing stress acting in the concrete do not reflect
the in-plane confinement effects that are inherent to this situation.

i Finally, some penetrations may be subjected to combined punching shear and
torsional shear. To date, there has been no rational manner for combining
these effects, nor any fundamental understanding of how the two effects
may interact.

The research reported here was directed at studying ' he strength and
deformation characteristics of small-scale concrete slat dth penetrations
loaded in torsion alone, in punching alone, and in various combinations of
punching and torsion. Steel penetrations with two different ratios of
diameter to slab thickness (1.0 and 0.5) were anchored to 1 inch thick

*

model concrete slabs with small-scale shear studs. For the torsion shear ;tests, four strengths of concrete were utilized to better assess the
ipotential for shear distress in the concrete. The effects of in-plane
.

confinement were also studied. {
!

|
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DESIGN OF SPECIMENS 1

A small-scale model approach was selected because it permits maximum -.

investigation of this complex problem with a minimal budget. A flat
specimen was chosen for simplicity, and rei forcing ratios for the slab ' ; n[n

-

steel were selected-to be representative of those in containment walls. ?

The sp'cimen was not intended to be a model of a section of a particular };e
nuclear structure, but rather to have the essential characteristics of some
general section. While the numerical values of strength and deformation ."
measured are certainly of substantial interest, there may be some size
effects present that preclude direct application of the results to !' 1
containment design. However, the greatly improved understanding of how - ]

'

torsicnal failures may occur, and how penetration regions respond to
icombined torsional loads and punching loads, should be of considerable

benefit in assessing full-scale prototype behavior. The influence of
in-plane tension has not been considered in this experimental study. -p1

NSlab Geometry: Twenty of the 22 slabs were 1 in, thick by 8 in.
square, simply supported at the edges and restrained against torsional 6 -

;

movement. They were reinforced with 0.11 in, diameter deformed model .;

reinforcing bars in both faces in both directions, with steel ratios of :-Ji
0.0222 and 0.0194 in the two directions. Reinforcement yield stress was 32 ' N
ksi. The model concrete had fc values ranging from 1700 to 4400 psi;
only a few tests were done with the lower strength concretes. Average
split cylinder strength for the model concrete was 6.7/f'. e

The other two slabs had a reduced central region width (5 in.) in one n

direction and also had lower steel ratios (0.0055 and 0.0166) to reduce the ;i
in-plane strength and confinement capability of the slab. i

Penetrations: Penetrations were either 1 in. or 0.5 in. outside
diameter. Those used for the combined loading series had a flange on the ~1,-

punching load side of the slab, extending 1/4 in, beyond the surface of the _j-

penetration, as shown in Fig.1(b). S
=

Shear Studs: Model shear studs are shown in Figs.1 and 2. i

Commercially available nails (finishing nails), 0.048 in. diameter by 1.0 iy

in. length, were used in all specimens. Yield strength was 110 ksi and the
shear strength was 150 lbs per nail in direct shear. A prototype stud- .

anchored penetration is shown in Fig. 3, and a comparison of model and
'

-,

prototype stud geometries is given in Table 1.

?''Stud Stud Sleeve Slab Steel Ratio
Diameter Length Diameter Thickness at Interface -

x
Prototype 5/8" 8 3/16" 84" 78" 0.002

'

4

1:80 Scaled , ,

.0.008" 0.102" 1.05" 0.975" 0.002
Down Dimension

_,

Model Specimen 0.048" 0.25" 1.0" 1.0" 0.04
"

Table 1 - Comparison of Dimensions Between Prototype and Model
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T- It (is :seen that stud :lengthk' stud / diameter,;: and stud steel percentage . -

S at- the interface are. all' distorted,Eand alliin .the -direction of providing l
'more'shearfcapacity.- This'was done deliberately in order to be able tot

stresvthe concrete as;highlyJ as possible. The stud percentage used in the-
models'was abut 20. times that of the. prototype <shown in Fig.'3.

.
. . .

;0ne design detail;forLthe; studs needs1 explanation here - ,theTspacing; .I
,

~

-arrangement. The liin, penetration had 4 ~. horizontal rows of 16. studs each,-'

terminating Ein the central.. hollow region of the penetration. The :1/2 in.
~

.

Le ' penetration had a staggered spacing-utilizing 13 nails that ran completely v

through the' penetration, giving 26 shearing areas, . as shown in the righti
j side of Fig.' 2. <This unsymmetrkal arrangement in -the. smaller penetration

.

affected -the failure mode, as . vill be explained 'subsequentlyj

Details of stud installation are given in Refs. 2 and 3. These
references"'also describe the:special loading device built to apply

~

4

i simultaneous torsional sheariand punching shear..
^'

TEST-RESULTS -- TORSION ALONE-

;

Typical load-slip curves for the 1 in. penetration specimen and 0.5
t

in. penetration specimen which were subjected to one cycle of loading
applied after maximum' load was reached is shown in Figure 4. From the-,

;- beginning of loading'the curves show nonlinear behavior. :The slip
increased rapidly around the maximum load point. After the maximum load- ~

[ wast reached, the slip increases along with a1very slow decrease of load.
#

Considerable ductility was observed in all specimens.

Failure was initiated by splitting cracks occurring at the= studs,.

|~ closest to the free surfaces of the slab, as shown in Figs. 5(a) and 5(b).
! The splitting crack defined a nearly circular path on the slab surface with

the-1 in. penetrations because there were 16 stud forces equidistant-from
the surface of the slab, but the crack path was quite unsymetrical for the,

1/2 in'. penetration because only 2 studs were close to the surface. *

Concrete Strength Effects:
,

[ The influence of decreasing cWNte strength is shown in Fig. 6 for 1
! in. penetrations and'is sumari# $ YaMe 2 for both penetration sizes'' (in the table, A = 1/2 in, d4 %r 1 B = 1 in. diameter. penetrations).

^

: The load-slip curves shw that e slopes of the curves at every
| loading stage are almost proportional to the corresponding concrete
; strengths. They also show.that maximum load is reached in each case at a'

slip of about 0.02 in , and that the first visible crack was observed at or.

near the peak of the load-slip curve. The decreasing post-peak slope'of.

the load-slip relationship for Specimen ITB is steeper than for the other
r specimens because the. higher strength concrete was strano enough to load-
some _of the central shear studs to failure; in fact, in i.nis specimen,I- s
after it had been deformed to a total twist angle of more than 10*, all 32

4 studs in the' middle two rows were sheared 'off. The average load per stud|.
|~ .at peak-load was 113 lbs in this specimen -- when the outer studs began to

carry less shear as splitting cracks progressed, higher loads were
transferred'to the inner studs, and eventually sufficient redistribution

^
-505-

|

| |
'

'. _ ,. . __ , m.w A .___ -__--- --_ i



.

3.-
.

'
.

'

. ' Maximum Ultimate- v v v Each studtu tu tu
Concrete torsional shear stress resistance'

compressive load, T at interface, f' f' ~/-- (lbs/ stud) j
V (psi) 8 cSp_ecimen strength,f' (in-lbs)u tu j

|

h 1TA 4488 935 2380 0.53 5.3 35- 144

1TB 4488 3602 2294 0.51 5.1 35 113 ,

2TA 3766 781 1990 0.53 4.9 -32 120
4

2TB 3766 3212 2043 0.54 5.0- _32 102

3TA 2640- 715 1820 0.69 5.3 35 110

3TB 2640 2623 1670 0.63 4.9 33 83-

4TA 1878 522 1330 '0.71 4.6 31 80

4TB. 1625' 1512 -963 0.59 3.6 24 48 a

STA 4545 847 2157 0.48 4.8 32 130

STB 4545 2475 1576 0.35 3.5 23 77

. Table 2 - Torsion Test Results

occurred to fail all interior studs. Specimen ITA showed similar behavior,
with 23 of the 26 studs eventually failing. This did not happen with the
weaker concretes, except in specimen 2TA.

In-Plane Confinement Effects:-

Specimens STA and STB had a reduced width of 5 inches in the middle
third of the slab in one direction, and substantially reduced
reinforcement. In Specimen STB, with a 1 inch diameter penetration,
failure was initiated by extensive in-plane cracks that ran completely
through the weakened section of the slab-at a load of 77 lbs per stud (68%
of the strength of the full-width slab ITB). The reinforcement across
these body cracks yielded, and eventually.the splitting cracks common to
the other specimens also developed. Behavior is summarized in Table 2.

The " bursting stresses" generated from the torsional load on the
larger penetration were critical in the behavior of Specimen STB. In the
smaller penatration specimen, STA, the much smaller total torsional forces
were carried successfully by the slab, and it behaved very much like the
full-width, more heavily reinforced Specimen 1TA.

Effects of Flange ~on One Side of Slab:

Two specimens, 6CA and 6CB, had a flange on one side of the slab, as
shown in Fig. 1(b). These specimens are classed as part of the" combined
test series because they were to serve as the base values for constructing
the interaction curves for combined torsional and punching shear loadings.
The presence of a flange on one side had a major influence, however, and
these effects will be presented here'before the combined test series is
described. -

t

^
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' Failure of flanged _ specimens is shown in Fig. 7. The presence of the
flange on the top side of the slab provided sufficient confinement to
prevent the development of a splitting crack, and failure wiis initiated by

I splitting cracks that developed only on the bottom side of the slab. Load-
slip curves were similar to the unflanged specimens except that the peak of
the load-slip curve was reached at a higher value of slip and at a load
level some 20% higher than in the companion specimens 1TA and ITB (no
flanges). After applying a large torsional rotation to the penetrations,
stud failure occurred in the three top layers of studs, with only the
" unloaded" studs at the lower splitting crack surviving.

Strength Summary:

Three non-dimensional values of shear str'ess computed at the interface
between the concrete and the penetration are given in Table 2. In each
case the shear stress is defined as

T
'

uy , .,

tu 2xr t2
'

where vtu is the in-plane shear stress normal to a radius from the center
of the penetration, Tu is the applied peak value of in-plane torsional

. load, r is the radius of the penetration, and t is the slab thickness. The

three concrete strength, trength fip, and the square root of the compressive
parameters are the uniaxial compressive strength

fc, the sp/fc.
lit cylinder s

strength, The ratio of vtu to fs'p provides the most consistent non-
dimensional relationship for torsional strength, which is not surprising
seeing as how the. initiation of failure was governed by tensile splitting
cracks at the outer rows of studs.

A conservative estimate of torsional shear strength for these
specimens is vtu = Sf Note that the strength expressed in terms of
the square root of f'sp.is considerably higher than given in the ASME Code.

Behavior Model for Pure Torsion:

The behavior of torsionally loaded penetrations anchored with shear
studs is shown in Fig. 8. The torsion induces reactive forces in the
concrete that may be idealized as compressive struts that are anchored at
one end by the shear studs and at the other end by the surrounding concrete
in the slab, at a radius defined approximately at the free ends of the

|

studs. The " bursting effect" on the slab is a potential failure mode (as
in Specimen STB), but the predominant mode seen here was splitting from the
dowel force action on the studs closest to the slab surface, as shown in
Fig. 5. After these cracks develop, redistribution of stud forces occurs
and final failure is by stud shear, or potentially by distress in
the concrete struts. Very little evidence of the latter failure mode was

Iobserved'in these tests, however, and it can be concluded that the concrete
!behaved extremely well in this semi-confined state of stress. Confinement I

in the third direction by a flange on the penetration improved strength
even further.

Additional details on the behavior model are given in Ref. 2.
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TEST RESULTS -- COMBINED TORSION AND PUNCHING LOADS

,. .

Twelve specimens with a nominal concrete strength of 4400 psi .were
d' utilized in this series -- two in pure torsion (T), two in-pure punching

-(P), and eight in : combined' torsion and punching (T+P). All specimens had a
flange of the side of the slab loaded in punching shear. For each load j

combination, one 1.0 in. penetration and one 0.5 in. penetration were 1

: tested. Load sequence ~ effects were studied byx. varying the P-T load |
histories. Results are sumarized in Table 3.

The two torsion tests, 6CA and 6CB, were described in the previous -
section.

.

The two punching tests, ICA and ICB, showed the usual brittle punching ,

failure mode, with typical flat . conical-shaped failure surfaces. Failure l

str.gises cal _c_qlated at d/2 from the face of the loaded flange were
10/f6 ant 9/f6 for the two specimens. These values are higher than would
be measured on slabs of prototype thickness, most likely because of the
expected size effect that exists in punching strength of slabs.

A detailed discussion of results is beyond the scope of this paper,
and only the main aspects of behavior will be presented here.

Behavior - Combined Load Specimens

The tests reveal the fact that there is very little interaction
between torsion and punching, with the two failure modes being completely

~

different in both location and behavior -- brittle in punching and
relatively ductile in torsion.

Figure 9 shows the traces of the punching failure modes for the three
1 in. diameter penetration specimens 108, 2CB, and 3CB. These specimens,

carried the following combinations of P and T: 1C8 -- P = 3447 lbs, T = 0;
2CB -- P = 3047 lbs, T = 2426 in-lb; and 3CB -- P = 2819 lbs, T = 3751
in-lb. The two types of load were increased simultaneously in small
increments.

The cone angle for punching becomes steeper with increasing torsion,
but the punching strength decreases only about 20% with T at nearly 0.95To
(To = strength under pure torsion). Load-deflection curves for the three
specimens are given in Fig. 10. Behavior up to a punching load of nearly .

'

0.5 Po was essentially identical for all three specimens. Radial cracks
from the punching load occurred earlier as the torsion level was increased,
which in turn decreased the slab stiffness at higher punching loads.

Specimens 4CA and 4CB were loaded to failure in torsion with a
4

| punching load of 0.3Po applied.first and then torsion applied
incrementally. Failure occurred in both specimens at very close to 1.0 To
by splitting action at the bottom cover, as in the earlier tests on pure
torsion. The lower crack path in Fig. 11 shows this failure. The only
apparent effect of the 0.3Po punching load level was to increase the
. torsional stiffness, most likely because of the additional restraint
afforded to the concrete by the compressive punching stess under the flange
area. |

|
1
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A - ?

.

a

Combined Load State Combined Stress State Normalized'

at Failure at Failure Failure Stress

Punching Torsion at d/2 face at d/2 face at interface at d/2 face at interf,
Specimen

P T v v V ~V V
,

p tl t2 p t2

| (lbs) (in-lbs) (ksi) (ksi) (ksi) ~ N.
1CA 2985 0 671 0 -10.05 0-;

- punching-
108 3447 0 606 0 9.09 .0

2CA 2368 605 533 120 1541 7.92 0.34 '

punching-
2CB 3047 2426 536 294 1545 7.97 0.34

,

h 3CA 2394 1106 539 220 2815 8.03 0.62 e

3CB 2829 3751 498 455 2387 7.42 0.53.

}; 4CA 897 1040 198 206 2640 2.99 0.60
torsion

4CB 1097 3944 190 479 2512 2.88. 0.58

SCA 2640 452 583 90 1152 9.04 0.27 :

SCB 3254 2144 573 260 1366 8.71 0.32

6CA 0 1037 0 2640" 0 0. 64 ':
torsion-

6CB 0 4053 0 2580 0 "0.62;

' Table 3 - Results of Combined Torsion and Punching Tests
.

'

,

'

4 ,

h
'

i !
:
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In Specimen 4CA', with T held constant at'1.0To, the punching; load was-
then increased from 0.3Po to a peak value of 0.8Po, at which timeNthe
punching failure shown by the upper _ crack in Fig.11 occurred. The near '
independence of the two actions was clearly shown in this specimen. i

|

..
Specimens SCA and SCB had an initial increment of 0.6To -applied, with ,

P then increased gradually to failure. Load-deflection behavior and ;
.

strength results were the same as with specimens 2CA and 2CB, where both
loads were incremented together from zero.

Strength and Interaction,

. Punching shear stresses were computed on a section located d/2 from4

the face of the loaded flange, by conventional ACI approaches, and
torsional stresses were computed at two locations:-- d/2 from the flange

and at the interface, as for pure-torsion, to
face to give stress vtl, lues are provided in Table 3.give stress v All vat2

P/Po is plotted versus T/To in Fig._12, where it is seen that
punching strength decreases by about 20% when the applied torsion is at
1.0To . Some interaction exists, but it is weak.

CONCLUSIONS

It is emphasized that the conclusions stated here are based on
experiments conducted on small scale model structures with one type of
shear connection between a steel penetration,through a reinforced concrete
slab.,

1. The most probable mode of initiation of failure for torsionally-
loaded, stud-anchored penetrations is by loss of concrete cover from dowel
splitting effects on the studs. This action is followed by redistribution
of stud shear forces and eventually, after large rotations have taken
place, by shear failure of the studs.

2. Ultimate torsional shear stress capacity, calculated at the face'

of the penetration, is larger than 0.5fy. A conservative lower bound is
where fsp is the concrete split cylinder

best represented by vtu = 5fsp,d shear strength is considerably higher thantensile strength. This measure
values commonly used in design of nuclear structures.

3. The addition of a flange on one side of the slab prevented a
splitting failure on that side and increased the torsional capacity by 20%.

4. The torsional test specimens showed considerable ductility.

5. In specimens subjected to combined punching shear and torsional
shear, the mode of failure associated with punching has little relation to
the mode of failure associated with torsion. There is relatively little
interaction between the two types of loading, and the interaction diagram
is nearly square.

6. As the torsional force level was increased in the combined loading
specimens, the punching load needed to produce radial cracking was reduced,
the deflection at punching failure became smaller, and the conical-shaped
failure surface tended to have a steeper slope.
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8. [ Current design provisions for penetrations loaded in torsion, and .
' ~

~

-^ t in~ combined torsion and punching, are undoubtedly highly conservative.. _
' Additional experiments'on thicker slabs are needed.to arrive at improved,.-

realistic design methods'.
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NONLINEAR FAILURE ANALYSIS OF A REINFORCED CONCRETE
CONTAINMENT UNDER INTERNAL PRESSURE

S. Sharma, Y. K. Wang, and M. Reich
Brookhaven National Laboratory

Structural Analysis Division
Upton, NY 11973

ABSTRACI'

A detailed nonlinear finite element model is used to investigate the
failure response of the Indian Point containment buildity under severe
accident pressures. Refined material models are used to describe the cmplex
stress-strain behavior of the liner and rebar steels, the plain concrete and
the reinforced concrete. Structural gemetry of the containment is idealized
by eight layers of axisynnetric finite elements through the wall thickness in
order to closely model the actual placement of the rebars. Soil stiffness
under the containment base mat is modeled by a series of nonlinear spring
elements. N eerical results presented in the paper describe cracking and
plastic deformation (in cmpression) of the concrete, yielding of the liner
and rebar steels and eventual loss of the load carrying cap city of the
containment. The results are cmpared with available data frcm the previous
studies for this containment.

1. INIPODUCTION

Structural integrity of nuclear containments under severe accidental
pressures due to hydrogen burn following a postulated loss of coolant accident
has received considerable attention in recent years. For reinforced concrete4

containments several detailed analysis results have appeared in the
literature. A comparison of the results, however, shows that different
failure mechanisms and failure pressures have often been predicted for the
same containment. Essentially, the structural failure is either due to shear
failure of the concrete at the cylinder-basemat junction, or frm the failure
of the hoop reinforcement, located below the dme-cylinder junction. We
predicted pressure for shear failure is considerably lower than the pressure
calculated for hoop reinforcement failure.

The different answers can be attributed due to differences in structural
models, especially, in the non-linear nodels used for the concrete. In order
to correctly predict shear failure in concrete, it is necessary to employ a
reliable material model that can represent siginficant plasticity in
cmpression, fracture in both cmpression and tension, and the complex
interactions that occur between the cracked concrete and the robars. In this
paper the failure mechanism of a typical reinforced concrete containment i.e.,
the containment for the Indian Point Unit 3 Reactor, is evaluated using a
detailed finito element model in which the material modeling aspect is
emphasized. Cmparisora with results in the literature are made.

2. CONTAINMENT STRUCIURE

The Indian Point, Unit 3, containment building (Fig. 1) is a
conventionally reinforced concrete structure consisting of three basic parts:
(1) a base nut, (2) a circular cylinder, and (3) a hm ispherical d me. We
base mat is a 9 f t. thick circular slab with a sunp at the center. The outer
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diameter of the slab is 145.8 ft. The 4.5 ft. thick cylindrical wall has an
internal diameter of 135 ft. and a height of'148 f t. as measured frm the top
of the base mat to the dme-cylinder junction (springline) . Above this
junction the containment is capped by the he ispherical dame which has the
same internal diameter (135 ft.) as the cylinder, but a reduced wall which is
equal to 3.5 ft.

The interior surface of the containment is lined with a ductile steel
( Asm A442 Grade 60) liner of varying thickness. Its thickness is 0.25 in. in
the dme section and at the botts 30 f t. section of the cylinder. The
thickness the remaining sections of the cylinder is 0.38 in.

Reinforcing bars (nminal yield stress of 60 ksi) of various sizes,
mainly #18, #14 and #11, are placed in different patterns and spacings to
reinforce the containment building. The primary membrane reinforcement in the
cylindrical wall and dme is divided into two equal groups placed near the
inside and outside faces of the containment wall. Each group consists of two
layers of hoop bars and one layer of meridional bars as depicted in Fig. 2.
In addition, a layer of helical bars at +45* and -45' with the vertical axis
is placed near the outside face to resist in-plane shear forces. These bars
extend frm the top of the base mat to the bottom third of the dme. Further
details pertaining to the reinforcing bar sizes and spacings can be found in
Ref. [1] .

3. MATERIAL MODELS

As mentioned previously, in order to predict the containment failure
mechanism and failure response, nonlinear materials models that can accurately
describe the cmplex stress-strain behavior of the concrete and steels must be

,

used. The material models used in the present finite element analysis are
discussed in this section.

3.1 Steels

A von Mises plasticity model with an isotropic strain hardening rule was
adopted to represent the nonlinear response of the liner and reinforcement
steels. Since this is a well-knom material model, only the major equations
are briefly outlined.

Under the influence of current stresses oi, i = 1, 2, .. 6, the state
of defonnation a steel element is defined by a loading function fs of the
form

=fS g{ _ ,2 = 0 (1)
T

f gg

T denote the stress deviator and its transpose,where Si and S1
respectively, and k is a function of plastic work, Wp:

k= k (Wp) (2)

and

dc{p"[01W (3)

wherec{aretheplasticstraincomponents.
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We incremental' plastic strain omponents given'by the following flow rule' -

'

dc[ = dA . (4)
'

where dA is a plastic parameter. Following the standard procedure used.in
plasticity- theory, an incremental stress-strain relation in matrix form can be'

derived fra Eqs. (1) to.(4) as
v , .a

C,P,{dC}'{do} = E (5),

Ckisanelastic-plasticmatrixofthesteelelement.where * '

3.2 Plain Concrete -
.

, h e nonlinear material behavior of plain concrete is characterized by two
| main features: i) s ee plastic deformation before crushing.under high
| cmpressive stresses, and 11) cracking under relatively low tensile stresses.

W ese features can be represented by an elastic-plastic model cabined with a
fracture criterion for crushing and cracking..

Elastic-plastic Model - An elastic-plastic model origniated by Chen and +
Chen [2] was used for the present analysis. It predicts the' nonlinear
concrete behavior with sufficient accuracy, and is formulated in a manner that
allows for implementation in finite element programs. .his model defines two -

different but similar loading functions to describe the yielding of concrete
in different stress regions.

,

Cmpression-congression stress states

2 + (8/3) Il, 2 (6)g ,

c 1 - (a/3) I
t

Tension-cmpression or tension-tension stress state:

J I 2 + (8/3) I2-6 1 1, 2g g),

c 1 - (n/3) I
t

I

where a and 6.are material constants and t is a strength parameter [2] . J2
is the second invariant of stress deviator, and It is the first invariant of
stress ocuponents. Initial and subsequent loading surfaces defined by Eqs. '

(6) and (7) are shown in Fig. 3. With these loading functions and the flow
rule given by Eq. (4), an incremental stress-strain relationship for the
concrete can be derived as

'2
{da} = Cgp {dc} gg)
ey

where CEP is an elastio-plastic material matrix for the concrete (2).
* Fracture of Concrete - A dual fracture criterion in terms of both

| stresses and strains is used. %e stress-based criterion is obtained simply *

|

|

|

'
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2A *u 2

[{*u\
u

I*} " IT Ig(ci) = J2 (*} + T { 1 (}1 u
|

7

(10)cmax " Et

where J2 (c) is the second invariant of strain deviator; 1 , the first1
invariant of strain cmponents; f'c, uniaxial cmpressive strength of
concrete; Au, a material constant; c , ultimate cmpressive strain;u

- et, ultimate tensile strain and emax, maximum principal strain obtained
frm the analysis. *he fracture surface in a biaxial strain plane is shown in
Fig. 4.

When the concrete fractures in a cmpressive stress state (crushing), its
stiffnets and stresses in all directions are set to zero. In the case of
tensile fracture (cracking), however, only those stiffness and stress terms
that are associated with the normal to the cracked plane arc gradually reduced
to specified minim m values. The gradual reduction of these terms as a
function of the strain normal to the cracked plane is carried out in the
present analysis in order to represent such effects as tension-stiffening and
loss of shear strength in the cracked concrete.

3.3 Reinforced Concrete

Reinforcing bars in the mncrete can be modeled either discretely as
truss or beam elments, or in a distributed sense in which the reinforced
concrete is treated as a cmposite material. We latter approach is
cmputationally more efficient and in addition can model the concrete steel
interaction effects more accurately. In the present analysis, a consistent
smearing procedure [3,4] has been used to idealize the reinforced concrete as
an equivalent nonlinear omposite material. Essentially, the smearing
procedure assumes that specified em ponents of strains and stresses are
uniform in both the concrete and steel. no incremental constitutive matrix
for the reinforced concrete can then be derived as a function of stress,
strain and constitutive matrices for both of its constituents, concrete and
steel. Similarly, once the overall deformation of the smeared reinforced
concrete is obtained, a de-smearing procedure (an inverse process to the
smearing procedure) can be used to calculate stresses and strains in the
concrete and steel. The stresses and strains are then used to assess the
yielding of steel or fracture of concrete. A detailed description of the
smearing approach for elastic-plastic omposites with a derivation of relevant
equations is given in Ref. [4).

4. FINITE ELEMENT MODEL

The containment building is assumed to be axisyninetric for the finite
element idealization. The effect of containment penetrations, which are
non-axisynnetric, is ignored in this analvsis since it is mainly aimed at
determining the global response of the u ntainment. W is simplification with
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respect to the penetrations is justified since the penetrations are small when
cmpared to the containment size. Furthermore, areas around the penetrations
are provided additional reinforcement to prevent any localized failure. All
steel reinforcements, includity vertical and diagonal rebars, are assumed to
be axisymetric in a distributed sense, h is is also a valid approximation in
view of the smearing and de-smearing procedures used for modeling the
reinforced concrete. . q

The finite element model of the containment, shown in Figure 5, was
constructed using a nonlinear finite element code, NFAP, developed at the
Brookhaven National Laboratory. The model consists of 407 eight-noded
axisynnetric elements resulting in a total of 1399 nodes. In addition, a set
of nonlinear spring elements (high stiffness in ompression and zero stiffness
in tension) were used under the base mat in order to model the soil restraint
and to allow uplifting of the base mat. As shown in the figure, the madel has
8 layers of axisynnetric elements in both the cylindrical wall arxl the
hmispherical dme, and 6 layers in nost of the base mat. We element layers
are chosen to represent separately the liner, the plain concrete, and the
reinforced concrete with different reinforcing bars. The spacings and sizes
of the layers are selected to model the actual placement ot the
reinforcements. For the liner and reinforcing steels, Young's nodulus of
elasticity and Poisson's ratio were taken to be 29,000 ksi and 0.3,
respectively. As-built values for the mean yield gtrength, 48.4 ksi for the
liner and 69.7 - 71.0 ksi for various rebars, were used. A bi-linear
stress-strain idealization with a plastic tangent mNulus of 100 ksi was used
for all steels. Material parameters for the plain concrete as required by the
Chen and Chen [2] nodel are given below:

Young's modulus = 3,700 kai
Poisson's ratio = 0.19 ksi
Yield strength in uniaxial tension = 0.216 ksi
Yield strength in uniaxial cmpression = 1.8 ksi
Yield strength in biaxial c:npression = 2.160 ksi
Fracture strength in uniaxial tension = 0.4 ksi '
Fracture strength in uniaxial cmpression = 4.0 ksi
Fracture strain in tension = 0.000125
Fractuare strain in cmpression = 0.003

5. ANALYSIS RESULTS

The loads considered in the analysis were the dead weight or gravity
loads and internal pressure. The entire gravity loads were applied to the
containment in the first load step at the beginning of the analysis. The
internal pressure was, however, incrementally applied. The pressure
increments were 1 psig following the onset of nonlinear response. In the
nonlinear range, a Newton-Raphson procedure with stiffness refomation for
each equilibrium iteration was used to obtain convenjent solutions. -

5.1 Defomation Response

Undeformed and deformed (before failure) shapes ot the containment are
depicted in Fig. 6. For clarity, the displacements for the deformed shape are
nultiplied by a factor of 50. The figure shows large bending deformations at

-
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the cylinder - base mat junction, and cmparatively large radial displacements
in the middle of the cylindrical wall. The deformations of the base mat
indicate that up-lifting occurs below the cylindrical wall at the' junction. ;

The growth of the deformation field is illustrated in Fig. 7 where radial
displacements at mid-cylinder and vertical displacements at the top of the
dme are plotted versus internal pressure. As can be seen, the displacements
are small until tension cracks develop in the concrete at, internal pressure
between 25-33 psig (see below). The displacements then grow more rapidly as
the concrete loses its load carrying capacity. The rates at which these
displacements increase are then controlled by the stiffnesses of the steel
members and by the tension-stiffening effect of the cracked concrete.

5.2 Cracking and shear Failure of Concrete

Vertical cracks due to hoop stresses first appear in the middle of the
cylindrical wall at 25 psig. The cracks spread quickly with increasing
pressure covering alnest the entire length of the cylinder at 26 psig. Only a
small section above the cylinder - mat intersection remain uncracked. The
hoop strains are very low in this region due to the radial constraints
provided by the base' mat. As the pressure increases to 29 psig, perpendicular
cracks due to both hoop and meridional stresses are initiated in the entire
section of the dme.

The next set of cracks appear at the cylinder - mat intersection when the
pressure reaches 33 psig. These cracks are due to high tensile meridional
stresses and shear stresses in the elements at the inside of cylinder wall
which arise as a result of large bending deformations at the intersection.
The cracks are formed at sme small angles frm the horizontal plane because
of the cmbined effect of tensile and shear stresses. The cracking progresses
through the intersection with increasing pressure reaching the middle of the
intersection (i.e., the cylindrical wall thickness) at 48 psig. At this
pressure, horizontal cracks due to meridional stresses also in the entire
cylindrical wall except in the outside of the wall near the intersection. The
concrete in the region is under ompression because of the bending
deformations. As the internal pressure is increased further frm 48 to 77
psig, the cracked regions expand slowly but essentially with the same crack
configurations. Above 77 psig, high shear stresses at the cylinder - mat
intersection introduce another set of cracks perpendicular (approximately) to
the original cracks in this region. When this occurs, the concrete is assumed
to fail in shear and its shear stiffness is greatly reduced. In the present

analysis, ten percent of the uncracked shear stiffness is retained in order to
approximately represent the cumulative effect of interface shear transfer,
dowel mechanism and the stif fness contributions frm the reinforcement ties
and stirrups.

Shear failure of the concrete progresses through the wall with increasing
pressure. At 110 psig, 50 percent of the intersection has failed in shear.
The extensive cracking relieves sme of the bending nonent and shear force in
this region. The depth of shear failure, however, keeps increasing, reaching
the outside face meridional bars (72 percent of the wall thickness) at 125
psig. Above this pressure (i.e., at 126 psig), a convergent numerical
solution could not be obtained. This indicates that the cylinder - mat
intersection cannot carry any turther increase in the load.
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Plasticity of concrete in ompression is initiated at 110 psig in same
elements at'the cylinder base on the outer surface. The plastic zone spreads-
to neighboring elements with' increasing pressure. However, the effective
stress in all these elements remains considerably below the fracture strength
of the concrete in ompression (4 ksi) even at the peak pressure of 125 psig.

5.3 Liner and Rebar Stresses at Cylinder-Mat Intersection

Meridional stresses in both the liner and inside vertical rebars at the
cylinder-mat intersection are depicted in Fig. 8. These stresses grow
linearly at a slow rate until the concrete begins to crack at 29 psig. The
stresses then grow rapidly with pressure to 84 psig as the cracks progress
through the wall and the concrete meridional loads are transferred to the

steel members. At 84 psig, 7 psig above the pressure at which a second set of
cracks develop at the intersection-(77 psig), the liner became fully plastic.
Additional meridional stresses above 84 psig presssure are carried mainly by
the inside vertical rebars, and to sme extent by the mall section of intact
concrete. As shown in the figure, the rebar stresses grow at an even higher
rate after the liner has becme plastic. Finally, the rebars becme plastic
at 120 psig. This is soon followed by the shear failure at the intersection
at 126 psig as discussed previously. 6

5.4 Liner and Rebar Stresses at Cylinder Mid-Height

floop stresses in the containment are greatest at the cylinder mid-height,
at an elevation of 114 ft. For a section at this elevation, hoop stress
versus internal pressure curves for the liner, hoop rebars and diagonal rebars
are plotted in Fig. 9. The stresses in all the steel members are low until

| the onset of cracks due to hoop stresses at 25 psig. Above this pressure and
'

up to 104 psig, the stresses grow almost linearly with increasing pressure.
| Note that the hoop stress in the liner, because of the miti-axial stress
'

state, is higher than that in the hoop rebars in ,this pressure range. Also,
the hoop stress in the diagonal rebars is m ch lower (approximately 25

! percent) since they are inclined 45' to the horizontal axis.

The liner becmes plastic at 104 psig under cmbined hoop and meridional|

| stresses. Additional hoop stresses are then transferred to the hoop and
diagonal rebars as shown in the figuru by the higher growth rates of hoop
stress versus pressure. Both the hoop and diagonal rebars, however, remain
elastic up to 125 psig internal pressure. Analysis results could not be

| obtained above this pressure because of the shear failure at the cylinder-mat
intersection.

5.5 Cmparison with Results in the Literature

Finito element analysis results for the failure of Indian Point
| containment building have been presented previously by Von Riseseman, et al
| [51, Fardis, et al [6), and Butler and Fugelso [7). In the first two studies,

the containment failure is predicted to result frm the yielding of steel
members due to large hoop stresses near the cylinder mid-height. References
(5) and [6] do not provide any details for the cracking and post-cracking
behavior of the concrete. Also, the results presented do not discuss any
shear failure of the concrete at the cylinders-mat junction. This may be due
to the reason that very simple mterials models are used in [5] and [6] to |
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represent the nonlinear stress-strain response of the concrete. Wese models
may not, therefore, be able to adequately describe the cmplex plasticity and
cracking behavior at the intersection.

'

Numerical results in [7] were obtained with a cmputer code ADINA [8]
which has a more realistic concrete model. This nonlinear model allows for
cracking in tension, crushing in cmpression and strain-sof tening. We
overall containment failure response described in [7] is in reasonably good
agreement with the results described in this paper. Se shear failure at the
cylinder-mat intersection is predicted at 118 psig as cmpared with 126 psig
in the present analysis. There are, however, two notable differences in the
two analyses: (1) only large plastic deformations of concrete on the outside
of the wall near the cylinder base are obtained in this study in contrast with
significant cmpression crushing (and corresponding stress increase in rebars)
predicted in [7], and (2) the calculated base mat uplif t from the present
analysis is 1.8 in, at 118 psig which is considerably less than 4.4 in
obtained in [7] .

6. CONCLUSIONS

Analysis results based on a detailed nonlinear finite element nodel have
been presented in the paper for the failure behavior of the Indian Point
containment buildity. The results show that the cracking of concrete begins
in the cylindrical wall due to hoop stresses, and at the cylinder-mat junction
due to meridional and shear stresses at 25 and 33 psig, respectively.
Secondary cracks on the inside of the intersection develops at 77 psig
initiatiry a loss of concrete shear strength. The transfer of concrete
stresses to the steel members in this region leads to the yielding of the
liner at 84 psig, and subsequently that of the inside vertical rebars at 120
psig. Further increase in the internal pressure to 125 psig propagates the
shear failure at the intersection up to the outside reinforcement bars (72
percent of the wall thickness). The intersection is then unable to carry any
further increase in the loads. At the cylinder mid-height, the liner yields
at 104 psig, but both the hoop and diagonal rebars remain clastic even at the
peak pressure of 125 psig.
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RECENT RESULTS ON THE CVALUATION
OF THE OVERPRESSURE RESPONSE

OF CONCRETE AND STEEL CONTAINMENTS
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La Jolla, CA 92037

Y. K. Tang
Electric Power Research Institute

3412 Hillview Avenue
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ABSTRACT

Several analytical studies have been carried out over the
past two years as part of EPRI's program for the development of a
verified methodology for the ultimate load analysis of concrete
containment structures. In addition, analyses of steel contain-
ment models have been completed for EPRI in support of the NRC/
Sandia ~ program to validate computer codes for the analysis of
steel containment structures. This paper reports on some of the
results of these analyses, dealing first with the global ultimate
load behavior of typical prestressed and reinforced concrete
containment structures. The results of these analyses are
described with particular attention given to the definition of

'

local effects and failure mechanisms of concrete containment
structures. On the basis of the global analysis results, local
effects analyses were carried out. These clearly demonstrate
large liner strain concentrations. The utility of the ABAQUS-
EPGEN code is also tested for Sandia's three pressurized steel
containment models: a thin cylindrical clean shell clamped at
the base with a hemispherical dome; the same geomet ry stiffened
with rectangular ring stiffeners in the cylinder; and a cylin-
drical shell geometry with penetrations, but without ring stif-
feners. The results of these calculations are presented.

1. INTRODUCTION

The purpose of this paper is to provide additional analytical
information on the ultimate load behavior of concrete containment
structures and the overpressure response of steel containment
models. The development of a realistic constitutive model for
concrete and its implementation in the ABAQUS-EPGEN code were
presented in a recent paper [1]. Calculational results using
this code were compared to measurements on near-full-sized
reinforced concrete structural specimens, designed and tested by
the Construction Technology Laboratory of PCA, which simulate the
behavior of a cylindrical wall section of a containment struc-
ture. Reasonably good agreement between measurements and calcu-
lations were obtained, which demonstrates that the concrete
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constitutive model and the code can be used for the prediction of ,

the ultimate pressure capacity of concrete containment struc-
tures. It should be stated, however, that the model 's consti-

tutive and numerical representation of concrete cracking and
rebar-concrete bond, both of which follow the standard litera-
ture, lead to a s t r u c't u r al response characteristic of smeared
cracking and smooth deformations which are at variance with the
discrete cracking and dislocation behavior of concrete struc-
tures. Consequently, the ultimate pressure capacity predicted
using such a global model is generally higher than the antici-
puted leakage pressure. This is borne out by a number of experi-
ments on prestressed concrete pressure vessel models [2] where it
was consistently found that the experimental leakage pressure is
significantly smaller (almost by a factor of two in some cases)
than the global ultimate as determined by analysis [3]. Although

containment structures differ in many respects from pressure
vessels (for example, pressure vessels are thick structures and
designed for much higher pressures), both types of structures
exhibit similar local failure mechanisms induced by the liner-
concrete interaction at major crack locations. Whether the wide
separation between the leakage failure mode and the burst failure
mode observed in prestressed concrete pressure vessels exists
also in concrete containment structures is one of the important
objectives of the EPRI containment programs currently underway.
It might be of interest to point out, in this regard, that the
evolution of the local effects which lead to liner ruptu re is a
strong function of the global stiffness of the structure and, as
such, are more likely to appear earlier in the much stiffer
pressure vessel structures than in containment structures because
of the larger capacity of the latter to develop uniform defor-
mations. From an analytical point of view, however, the predic-
tion of the local failure mode remains elusive to general purpose
computer codes with standard concrete / reinforcement models
currently known in the literature. Such models are suited to
global analyses and are, therefore, capable of predicting global
(burst) failure modes only.

In an attempt' to circumvent the present limitations in the
analytical capabilities, the concrete containment analyses
reported upon in, this paper follow a two-step process. The first
step is to calculate the global response of typical reinforced
and prestressed concrete containment structures subjected to
internal pressure until failure. The primary value of the global
analyses. in addition to defining the burst pressure, is to

identify the local effects regions with strain / stress concentra-
tions such as the cylinder wall / dome and wall / base mat junctures
and the mid-wall of the cylinder. The second step in the analy-
sis process deals with local effects calculations. Two local
effects models are analyzed to assess the potenticl for liner
rupture as a result of cracking and combined cracking and stiff-
ness discontinuity. The first model deals with a radial crack to
demonstrate the significance of local strain concentrations in
the liner as a result of the' breathing mode. However, this would
not be the lowest failure mode and would probably occur at or
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|near'the pressure. to cause rebari y i_ e l d . - JA potentially . earlier
;

f ailure mode is: treated in the second -model, which deals with .a --

meridional-crack / dislocation that ' results. .f rom :sti f f ness discon-
tinuity. , In !this _ model , the ' . liner sustains ; higher _- localized ~ !

v biaxial,| strains, which further enhance. ~ li ner ruptu re_ ~ because Lof -
.

reduced. -1_ i ner -ductili ty - under bi axi al tension.' These' analyses-

arenpresentedtin SectionJ3 of the paper. j
IThe ' calculations . performed ' for Sandia 's 'threeL pressurized

Tsteellcontainment structuralt models-use the new large-strain thin
idhell . element ' capability offthe'ABAQUS-EPGEN code. The behavior-

of the. Shells wi1.1 be evaluated through: the pressure / hoop _ strain -
. response. 'These.results are presented in Section_4 of the: paper...

2. GLOBAL ANALYSISf0F CONCRETE CONTAINMENT STRUCTURES

Space- limitation prevents a detailed' presentation in this
,

paper of _ the geometric- details and complete analysis _results. -

For these, the reader is referred to Reference .[4].- Only selec -
~,

t i'v e results relevant to the - present. discussion are included
hero.

2.1 Prestressed Concrete Structure.
,

The . geometry and finite element grid are shown in Figure 1.-
The primary ' steel consists of- a three-way tendon system in the 3
dome amounting to.1.'3% steel / concrete . area ratio, and. meridional

,

and hoop tendons amounting to 0.5% and 0.7.5% steel / concrete. area _ ;
ratio, respectively. The hoop reinforcement' in the cylinder |
consists of two layers of #8 bars at 40" spacing on the.-inside

-
l;and- #11 bars at 10" spacing on the outside. The. meridional

reinforcement in the wall and the hoop reinforcement in the dome
consist of two layers of #11 bars at 10" spacing. -The base mat
contains #18 bars placed in two layers at 8" spacing in ' both

.'

radial - and' hoop direction. The ski rt and ' transition section
between the base mat and the wall contain #18 and #11 bars at 10"
spacing. . The liner thickness is 0.375 inches. The prestress
load is based on 175 ksi -tendon stress which is about-70% of the
tendon's ultimate' stress of 250 ksi.

The wall- and dome are constructed from concrete having a-
,

minimum compressive strength of 5000 psi at 28 days. The 28-day J

minimum compressive strength of the base mat concrete is 3000
psi. . Liner material conforms to ASME SA516, Grade 55. Rein- |
forcement bars conform to ASTM A615, Grade 60. Prestressing |tendon strands conf orm to ASTM- A416, Grade 270.

The concrete is modeled with 4-node a xi symmet ri c continuum-
elements .~ integrated at the 2 x 2 Gauss points. The liner is

: mo'd e l ed with 2-node thin a xi symmet ri c shell elements integrated
at two points along the length and three points through ~ the
thickness. Rebars and hoop tendons are modeled with the *REBAR '

sub-element modeling ._c a p a b i l i ty of ABAQUS-EPGEN. Meridional ~
. tendons a nd .- s ti r ru ps are modeled with 2-node axisymmetric truss,

|'
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elements.. Four layers at concrete elements are used through the
thickness of the cont ai nme nt except as shown in the haunch
region. The 2 ft. thick base slab is modeled with one layer of
concrete elements. The anchors for the meridional tendons are
modeled with 4-node axisymmetric continuum elements using steel
material properties. A total of 657 elements and 591 nodes are
used. The model assumes' full symmet ry boundary conditions along
the centerline of the containment and vertical displacement
constraints across the base mat where it is in contact with the
bedrock. There are.no constraints under the tendon gallery. The
liner is assumed to be bonded to the concrete containment inner
surface.

The loading of the containment consists of a single load step
of two load increments to apply the prestress -to the tendons i

followed by a series of load steps and load increments to apply
the internal pressure. The prestress is applied as a negative
thermal strain for only the tendon elements.

2.1.1 Analysis Results

The uniform hoop strain hi s t o ry at wall midheight and the
deformed shape at the highest pressure achieved are shown in
Figure 2. The plot- is for the strain at a typical concrete
element integration point; however, since the hoop strain distri-
bution is nearly constant across the wall, the strains in the
liner and rebar are virtually the same. The hoop strain is

_

initially compressive due to the prestress load and becomes
tensile at about 120 psi. As shown on Figure 2, the containment
loses the concrete stiffness at approximately 130 psi following
extensive cracking. The liner has yielded but the hoop rebars
and hoop tendons have not. At 150 psi the wall steel is fully
plastic and cannot resist further pressurization.

Prior to the onset of extensive cracking at 130 psi, there
was only nominal cracking in the haunch and skirt regions. These
local cracks are associated with the stiffness discontinuity
which is clearly illustrated in the deformed shape of Figure 2.

These displacements have been magnified by a factor of 10 so as
to better illustrate the benavior. Note the near total loss of
stiffness in the midheight region while tne haunch and skirt
regions remain almost rigid. The crown region shows a downward
displacement, apparently caused by the prestress.

As can be deduced from Figure 2, the three local effects
regions are the lower ski rt, the wall-dome juncture and the belt
line. The hoop strains are highest for the latter; however, the
meridional strains are highest for the other two locations.
-These are illustrated in Figures 3 and 4. These figures show the
final cracking patterns and strain contours in the skirt and
wall-dome regions, respectively, for cracks whose normal lies in
the r-z' plane. In the figures, a "P" indicates an integration
point that is in a state of tension yield but has not reached
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failure.- .The crosses indicate points ' which have cracked in two
orthogonal directions.

Of ' primary importance to the local -ef fect modeling is the
distribution of strain and strain concentration in the-skirt and
haunch regions as shown in the strain . contour plots; these
contour lines exclude strains below the cracking strain. . The
radial cracks caused by the hoop strains do not extend much below
the knee or above the haunch, the result of which is large
stiffness discontinuities between the cylindrical wall and the
base mat and dome.

'

Figure 5 shows profile plots of the liner strains at pres-
sures of 130 and 150 psi.The solid li nes - a re meridional strains
and the dashed lines are hoop strains. The origin of the plots
(x = 0) is at the cylinder / base mat intersection. .The springline
between the cylinder and dome is at 1884" (157 ft), and the top
of the dome (crown) is at approximately 2800". As can be seen in
this figure, the liner strains are largest in the dome prior . to
130 ~ psi pressure and largest in the cylindrical midwall after
concrete cracking and liner yield. It is important to note also
that there are substantial strain concentrations in the dome near
the springline.

2.2 Reinforced Concrete Structure

The geometry and finite element grid are shown in Figure 6.
The main wall reinforcement includes an inner and outer layer,
each of which consists of #18 meridional rebars at a 12" spacing
sandwiched by two layers of #18 hoop rebars at a 14" spacing. In
the mid-plane of the wall there is a layer of #18 diagonal rebars
oriented at i45 with respect to the hoop rebars. The spacing of
the diagonal bars is 21"' f or the lower half of the wall and 42"
for the upper half. The dome also has inner and outer layers of
reinforcement. Each layer consists of #18 meridional and hoop
rebars, each at a 12" spacing. The reinforcement ratio for the
wall is 2.1% in the hoop direction and 1.2% in the me ri di o na l
direction. . Stirrups and reinforcing steel in the base mat is
similar to the prestressed containment model.

The modeling of concrete and reinforcement is similar to the
prestressed structure except for the fact that only two layers of
concrete elements were used to model the wall through the thick-
ness. This was done in the interest of economy. A total of 106
elements and 112 nodes were used. The purpose of this rather

- coarse model is to confirm the general characteristics of the
global behavior exhibited in the more accurate model of the
prestressed structure.

2.2.1 Analysis Results

Concrete strains vs. pressure are shown in Figure 7. Figure
7a shows the calculated concrete hoop strain history for a

*

. typical point in the cylindrical mid-wall region. Again, this

.
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figure represents the strain in the steel as well. Concrete hoop
cracking began at about.30 psi. The liner reached yield at about
60 psi. Neither of these events are evident in Figure 7a which
does not indicate inelastic behavior until first hoop rebar yield
it . reached at about 105 psi. Final rebar yield is reached at
about 115 psi after which all structural stiffness is virtually
lost. The calculation was> continued to 125 psi where the mid-
Wall hoop strain exceeded 6%. Figures 7b and 7c show the con-
crete maximum principal (solid lines) and hoop (dashed lines)
strains in the wall-dome and wall-base mat regions, respective-
ly. As in the case of prestressed structure, the three regions
of local - ef f ects are the wall-base mat juncture, the springline
and the belt line. Detailed contour plots for these regions
repeat the previous plots and, therefore, are not included here.

3. LOCAL EFFECTS ANALYSES

The global analyses of containment structures presented
above help to identify potential local failure locations. These
are: the midwell under large hoop strain, and the wall-base mat
and wall-dome junctures under large meridional strains. The
fi rst . can be represented as a radi al crack in a segment of the
mid-wall of the cylinder; the latter two can be represented as a
meridional crack in the wall / dome juncture region. Because of
the stiffness discontinuity, the latter is expected to produce
more severe local effects. The hoop crack was selected because
hoop cracks can be expected to occur at low pressure and over
extensive portions of typical reinforced containments. Both
local effects models were chosen from the reinforced containment
geometry for convenience and to avoid complications in handling
the prestressing tendons.

3.1 Radial Crack Model

The ge omet ry and finite element grid of the radial crack
model are shown in Figure 8. The width of the model of 18" is
based on experimental observations. The concrete is assumed to
have a 0.2" through-the-thickness crack in the center of the
section. The 0.2" crack width corresponds to approximately the
maximum crack opening displacement measured by PCA [5]. It

should be noted, however, that the 0.2" crack width represents
the final deformation state rather than the initial as assumed
here. The evolution of the liner's local strain is the result of
a concrete crack opening due to the rebar partial debonding.
Therefore, an accurate local effects analysis requires a bond
slip model which is not presently available. As a substitute,

parametric analyses for several crack widths can be conducted
from which the liner local strains can be inferred. The analysis
described here represents one case corresponding to one crack
width.

The grid consists of 8-node bi-quadratic quadrilateral
elements, 30 for the concrete and 16 for the liner, and 14 3-node !

quadratic truss elements for the hoop rebar. A total of 60- |
1
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~ i 17 3 . n od e's ~were used. :The . liner- elements Lwere
~

fel ement s : : a nd .
.

.
~

>

i ntegrated: ~using the 3 .x; 31 Gaus,st rule,- whereas :the concrete._

elements were integrated.using.the,2'x|2:Gausss rule.,

-One J of ' the . important f e'a tu'res' 'of ' thi s J l'oca l H geomet ry i s othe
~

[
h load transfer:' mechanism' between the- liner and; the concrete.-

-

. .~

1 iAqcurate modeling 'of ~ this ~ interf ace . requi_res' a l bond-s li p E m'odel ,;.

'ase di scus sed above~,iwhi ch; -is. not._; p resently avail abl e. _ 'Si nce the
: main contribution 1of the concrete is- to provide- the -~1_oad t ra ns f e r .-
mechanism .from the -liner to the rebar, the' concrete'_ and L concrete /:
liner 'interf ace f was. mo' deled as- an el astic 'orthot ropi c . conc rete

'

- with the. ; hoop. modul us 1 reduced to 1%' of. the: normal _value and .the
radial and-shear moduli were held ' at. thei r usual ' elastic values.
Poisson's: ratio was'taken-as?'zero.,

- 3.'1.1 Analy's'i s .Resul t s
_

F.igure 9a;sh'ow^s the'-1iner h'oop strain as function of pressure~

t for the outer integration points near. the center- (solid lines)
and crack edges.(dashed lines).- Figure 9b.shows the. history - of

"

-

. the rebar strain for_the inner (solid Llines) 'and outer- (dashed!- lines) . rebar. layers. It can be~ seen ! f rom these _ f.i gures that the.
maximum ' liner. hoop' strain was appr.oximately 3% when the inner,

rebar reached yield. After. the outer rebar l ayer. ' yi el ded . the -
i liner strain increased rapidly._ _ The analysis was terminated at
i 110 psi with a maximum- computed ' liner. hoop ~ strain of approxi-
; mately 9%.

,

The global -analysis at 110 psi shows that the li ner| L(andi concrete) hoop strain is approximately 0.4% (see Figure 7);
whereas, in the local model the maximum liner hoop. strain- is 9%,
which represents a substantial strain concentration. It .is- -

i interesting to note, however, that the global and local models,p show loss of resistance at about the same pressure _(110 to 115
psi), which verifies the significant fact that the burst pressure

: capacity of the structure is not affected by local concentrations
I and vice versa.

3.2 Meridional Crack Model4

The second local effects model chosen _ for detailed analysis
is Lan a x i symmet ri c - section taken at the cylinder wall-dome

i juncture. It.is not possible to use symmetry boundary conditions
i at the edges of'the local model; therefore, the local model was
'

included'in a coarse grid of the entire containment as shown in
; Figure'10._

'
,

As before, the concrete was modeled as an elastic orthotropic
m a t e' r i a l . <Again. the orthotropic properties. were chosen to

p reflect the extensive hoop cracking in the global model. . The'

ihoop modulus was reduced to 1% of the normal value. and the
'

radial, meridional and shear moduli were kept at their usual,

1 elastic values.. The properties of the liner and rebar-are the
same as for the radial crack local effects model.'

e
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3'.'2.1 JAnalysisfResults.

. !F i gure -11ai sh'ow's E the .lineri ef f ecti ve strai n :and L reba rlst rai n '
~

E histori es. . The' liner 1 st rai ns Tare shown - f or ithe z three (i ntegration-

ipoints1 nearithe' outer ? surf ace. Figure 'llb .shows , thel meridional~

rebar; ; st rai n hi s t o ry . for' the . inner _ (solid ; lines) Land- outer--
'( das hed ; yl i n e s )1_ reba r|| "l ay ers'. As |noted;learlier, jthis model-

: reflects.= more1seyere ccnditionsH than the' previous ra' dial ~ crack -~

,

_ imodel. i beca'use .of s the sti f fness Ldiscontinuity. - As seen$in-the~

t

| figu re ithe E liner effective? strain, -prior to rebar- yield. .is' 5% |
*

:(compared Lto : 3% ~ for~ the radial crack : mode 1) at a: pressure ofzl00 )
t

_ psi. i,

,

n
.

. CONTAINMENT 1MODELS.4. STEELS .
~ .

.

B

: Calcul ations - were perf ormed' f or ; three presstiri zed': steel-_ contain-
. ment- structural -models: a : clean shell '(radius-to-thickness 2 !

- '

.

ratioi'R/t = ' 486) clamped' at the base with a hemispherical .. dome--
;

t the-same geomet ry 1sti f f en_ed. wi th re'ct|angul a r ring stif feners 'in
the .cyl i nd e r ; and the same ge omet ry ' with _ pe n et ra t i o n's , but: '

.

without ring- stiffeners. The.. axisymmetrici geometries of thel'

stiffened shell and the penetration are shown in Figure 12. Due1
i to lack of space, selected material only_. is presentedJ here. Th'e.

reader. is = referred to Reference '[6]. for geometric and. modeling
details'and more complete-analy' sis results.

4

i
4.1 Finite Element Models

The ABAQUS-EPGEN code -has two axisymmetric thin shell ' elements-
~

that can be used to model these shell st ructu res ,- L namely , the

..
SAX 1 and S AX2. elements [7]. As described in the theory' manual-,

' '

} these elements are formulated using the reduced-integration
'

! penalty method [7,8]. This method permits the _ ' development ' of .
E efficient low-order shell elements by replacing pointwise compa-

tibility with the classical thin shell approximations. with4

reduced integration and penalty functions. The SAX 1 element uses
linear interpolation' (straight) and has 2 corner' nodes;'the SAX 2-

!.
.

element- uses quadratic interpolation and has 3 nodes, 2- corner

| and 1 mid-side. .The SAX 2 element was used to model the dome and _'
cylindrical sections because it is curved and gives a better

,,

.! r.epresentation of the dome geometry and because its quadratic '' interpolation gives more-accurate resu'lts.

4.1.1 Clean Shel-1:

I A total of 31 axisymmetric 3-node (quadratic) shell elements.
;, (SAX 2) and 63 nodal points are used. There are 13 elements in-
;. the . dome ,. 10 spaced a t . 8.1* from the crown and 3 spaced at 3

near the-springline. There are 18 elements in the cylinder. .The
' thickness of the dome varies from the crown as follows: 2 : ele- +

ments.at 0.0705"; 4 at 0.0645"; 4 at 0.0544"; and 3 at 0.0426" at'

|" :the springline. Symmet ry ~ bou n da ry conditions are used at the
!. crown, -and the base. i s ' clamped. Three Gauss points are ~ used :

'

through 7the thickness, 'and the stiffness matrix for the SAX 2-'

4

~ '
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. element 1's? integrate'dl u' sing 2; - Gauss , points along. -i ts length;
7

'^

twhereas, the consistento nodal -point f orce ' integration- f or- ' pres- .
sure JisidoneTwith. 3 Gau'ss points. These integration formulas
.gi_ve ;an accurate representation 4 of- .the ; s ti f f ness . and _ nodal _ poi nt - '

.

forces.- There are '184 active Jdegrees-of-f reedom for the clean.
shell:model.

4.1 d StiffenedlShell'
~

The - fi nite.1 element model used f o r, t h e stif f ened ' shell i s-
similar to.the clean shell. Starting-at the crown of therdome,c

there:are 10 3-node SAX 2-elements: spaced at 8*, 2 at~ a: thickness
.

of.: 0.0705", 4 /at' 0;0645" and 4. at 0.0544"; near the springline.
there' are 2, elements spaced at: 5 wi th ; a'. thi ckne'ss1 of 0.0426" .-

.(This is virtuallyJthe same as4the cleanishell'.)~ In the cylinder
there are 21 elements, one.between.the springlin_ 'and the closest-e
stiffener, an'd two between each pair of; stiffeners. Thus, there.

.

are 33 elements and 67 nodes in - th'e: shell. Five integration
: points are used through'the thickness. The-stiffeners are.modeled-
iwith SAX 1 elements < thus adding .10 Lnodes and elements. . The' SAX 1-

~

linear 1 interpolation elemer.ts are used-because the stiffeners are
expected. to provide only. hoop membrane resistance.. For the

'

entire stiffened shell, there are ' 77 nodes ' and 226 degrees-of--
freedom.

The stiffeners are 0.260" wide by 0.125" thick- however.-
'

double-sided brazing adds considerable material to the stiffeners
[9] estimated at 50%.- This is accounted for by increasing the
thickness of the stiffener elements by $ 0% .t o . 0.187 5" in the
finite element model.

,

4.1.3 Shell with Penetrations

A complete model of the shell with - penet rations requires- a~

general doubly-curved three-dimensional shell element. The cost
of such a three-dimensional model would be 'large. Furthermore,
at the time this work was done, ABAQUS-EPGEN.did not have large
strain capability' f or a. general shel1 element. Therefore,. an
axisymmetric model of the larger penetration was selected for
detailed study.. A _ simil ar model - was --used by _ Sandi a - [10] .

The penetration model consists of 11 SAX 2 elements in the
spherical cap, 4-SAX 2 elements in the sleeve and 5-SAX 2 elements
.insthe cylinder. A total of 20 SAX 2 elements and 59 nodes areL
.used'.. _ Symmetry conditions are imposed on the axis and at the
edge of the grid in the ' cylinder, approximately 5" -from the
sleeve. In order to correctly model the cylindrical hoop stress
in a spherical geometry, the radius of the " cylinder" is. doubled
to 43.172" in the model.

|

4.2 Material Propert;es

-All-the material properties used in the analyses are based on
tensilescoupon specimen _ data measured by - Sandi a [10,9]. For all
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steels , Young's modulus is 30.5 x 106 psi and Poisson's ratio )~

is 0.32. The following table gives the piece-wise linear plastic ]
properties for the three steels: the stress at zero equivalent
plastic strain (cp)_is the yield stress.

PIECE-WISE LINEAR REPRESENTATION OF
STRESS VS. EQUIVALENT PLASTIC STRAIN FOR ALL STEELS

Cylinder Steel Dome Steel Stiffener & Sleeve Steel

a(ksi) , Ep o(ksi) Ep o(ksi) , Ep

40.0 0.0 45.0 0.0 40.0 0.0
41.3 .01 50.0 .01 46.0 .02
45.6 .03 61.5 .21 55.0 .06

60.0 .1050.6 .06 61.5 =

55.7 .12 65.0 .16
65.4 .27 65.0 =

65.4 =

Isotropic hardening is assumed for all steels. Since one of
the objectives of this effort is to predict extreme overpressure
behavior, the maximum elongation, especially for the cylinder
steel, is an important property. The uniaxial ductility for the
cylinder steel varies from 29% to 33%. equivalent plastic strain.
The ductility of the stiffener steel is considerably less and~
varies from 17% to 21%. The ductility of the dome steel is not a
significant factor.

4.3 Analysis Results ,

The clean shell strain histories are presented in Figure 13.
This figure shows the meridional (solid line) and hoop (dashed
line) strain histories for the most highly strained element which
is located near the mid-height of the cylinder. At 128 psig the
largest hoop strain is 23% and the meridional strain at this
point is 3%. As the hoop strain continued 't o increase, the

pressure that the cylinder could support fell because of thinning
of the cylinder. At 128 psig, the shell thinning is approxi-
mately 26%. In the final configuration, which is beyond the
ductility limit (<30%) of the cylinder steel, the shell supported
approximately 122 psig at 34% strain.

The strain histories for the stiffened shell are shown in
Figure 14 The general behavior is similar to that of the clean
shell except for the increased pressure capacity (147 ps19 vs.
128 psig) due to the stiffeners. The analysis was discontinued
at a strain of 30%. In this final configuration the shell
supported 134 psig and the wall thinning is approximately 25%.
The deformed shapes at maximum pressures are shown for the two
shells, for easy comparison, in Figure 15. The displacements in
these plots are unmagnified.

Similar c omp a ri s o n in Figure 16 shows profile plots of the
averaged meridional (solid line) and hoop (dashed line) strains
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at < the ' maximum 1pressu res f or-- the ~ two -. shell s .- The-zero position3

:isfat the: apex, the springline is. at 34", and the base.is_at 7.7".

The 'results f or the' spherical cap are shown nin Fi gu re ,17.
Thef spherical- cap experienced ..a snap-through type instability at-
approximately ' 78 psig, which. is well1 elow - the pressure . to ~. yield- b,

the cyli nde r. - Fi gu re 17_a - s hows the' ve rti cal _ di s pl acement .of the
apex..as_a functionsof the pre'ssure.. Following the -initiation-;of
the snap-through instability, the pressure drops to'approximately'

.15 psig Eaf ter ' the apex-displaces about 0.6".+ Beyond this point-
the- loading path 'becomes - stable agai n. - Figure 1 7 b . s h o w s :.t h e
unmagnified . displaced ' configuration of. the entire axisymmetric
penetration model at the end of the' computation. ' Considerable.

bending has occurred in the . knuckle region of the cap. Figure:
.

117c shows the history of. meridional strain on the outside surface-
near the knuckle region.

4.4 Conclusions
,

? In the absence of experimental data comparisons,'the analyses
: of the steel _ containment models provide a, qualitative' validation

of the computational models in ABAQUS-EPGEN code; _ the- computa-
tional results ~are consistent with expected _ behavior. The
following f ailure pressures .are estimated for the various models.

CLEAN SHELL: Based on the assumption that the b'i axi al effec-
tive strain ductility limit is 25% less than the measured
uniaxial ductility _and that the minimum thickness ~in the mid-
cylinder region is 0.0435"., we anticipate the clean shell to
fail at 122 psig_and 17% hoop strain.

'

STIFFENED SHELL: Based on a du c ti l i ty limit of 17% for the
j stiffeners (which is the same as the hoop strain ductility

for the clean shell) and a minimum thickness of 0.0435", we.
anticipate the stiffened shell to fail at 14 2 _ ps i g and 17%
hoop strain.

SHELL WITH PENETRATIONS: The large reverse-curvature spheri-
cal cap penetration is predicted to experience a severe snap-
through instability at 78 psig. This instability could cause
failure in the knuckle or weld and result in a blowout.

REFERENCES

- 1. Nuclear Engineering and Design, Special EPRI Edition, Vol. 75
(1983) No. 1, October 1983. R. S. Dunham, et al.. "Evalua-
tion of Calculational and Material Models for Concrrete Con-
tainment Structures" and _J. T. Julien, et al., " Tension
Tests of Concrete Containment Wall Elements."

i

2. Conference on Prestressed Concrete Pressure Vessels at Church
House, Westminster, S.W.I., March 13-17, 1967, The Institu-

_

tion of_ Civil Engineers, London, 1968.

-543-- .

- - -. ~- -. .-. -.____- - - .--- - - - . - .



.

~. Y. R. Rashid, " Ultimate Strength Analysis of Prestressed~

3
Concrete Pressure Vessel," Nuclear Engineering and Design,

,

Vol. 7, 1968.
..

' 4. R. S. Dunham, et al., " Methods for Ultimate Load Analysis of
Concrete Containments," ANATECH, ANA-83-013. Final Report to
EPRI, RP2172-1, December 1983.

5. J. T. Julien, et al., " Concrete Containment Structural Ele-
_

ment Tests - Phase 1," Construction Technology Laboratories,
Final Report to EPRI, RP2172-2, April 1983.

6. R. S. Dunham, et al.. " Evaluation of Overpressure Response of
'

_

Steel Containment Structures," ANATECH, ANA-83-014. Final

: Report to EPRI, TPS82-661-2, February 1984. ..

7. H. D. Hibbitt, et al., "ABAQUS-EPGEN Version 4-4 Volume 1
<

User's Manual and Volume II Theoretical Manual " EPRI Report
NT-2709-CCM, October 1982.

: 8. T. J. R. Hughes, et al., " A Simple and Efficient Element for
Plate Bending," Int. J. Num. Meth. Eng., 11, No. 10.. 1977,,

- pp. 1529-1543.

9. D. S. Horschel and T. E. Blejwas, " Analytical Investigation
--

of the Responses of Steel Containment Models to Internal
1
' P res su ri zat i on ," Trans. SMiRT 7 Paper J 6/4, Chicago, August
- 1983.

I 10. T. E. Blejwas, et al., " Containment Integrity Program FY82

7 Annual Report,* NUREG/CR-3131/1 and SAND 83-0417, March 1983.
i
- .,

-

W

b

b . ,

b
-

-

p .

E
'I
1

1
-

h
t
:

E
C- ..

_

.
-544-

h ..

=
_ _



i

L

s a=

pausne

sta= -u s. um io o-
to s a :::::rg:sperna te f

- en.

tors a

sie* u m H - ist e-

weas - '' 8"

5.E'!
/s'o*

' ""''' '," sic um j;7re,
_

'
' {ws* M.

'~

Figure 1. Geometry and Finite Element Grid of Prestressed
Containment

-545-

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



z .so --
.

? . :
o 2.00 -

: ,g
-

g 1.so -
't :
m .

g 1.co --

h 2

E .so i
:

.co k
-*=--- -

-

.so ,,,,,,,,,,,,,,,,,,,,
o so too iso too

INTERNAL PRESSUREEPSIl

(a) MID-WALL CONCRETE STRAIN

~~~~,g.-:..

'

\.,,~'
.,

,

' , . . . ,,
!

,

. , .
,,

4 ''
.

t ''
t ''

||

*: '... ,. ,-...'

. .. . *. . ,

** *
,.

*. *.,,

?f

-J

(b) DEFORMED SHAPE AT 151 PSI

Figure 2. Strain and Deformed Shape for Prestressed
Containment

-546-

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



_ . . . _ __ _ m . _ _ _ _ . . . . . _ . _ _ --

I

a

. . . . ..

* * * ' ' ' ' ' ga e r.33 ga .

3RR e 1.174 E.2.+e+....
14 e 1.43 f.3

. . . . . - . . ,
-
.

5. . . . . . . .

\
. . . . . . . .

. . . . _ - . . ,'s,,

1. ..-;: g,\.\.
. . . . . . . .; ., ,,

,,_ _ _ . . . . .

., w,. . . . .

. . . . . . . .; , . , ,
, . . _ , . . .

....po, .~.; -
,....p., ,. .., ...e

. . . . ,e. . . . .u,, p.
y ...p

. . _ .,

...p
. . . .

. . . .

. . . .

. . . .

. . . . . p
. . . . . p

,...p9,
.. ,g..

.. . e r p- -
g,

i . ..pp p. .

,t i ;s s,, ,,

.

Figure 3. In-Plane Cracking Patterns and Maximum Strain Contours
,

Near Skirt for Prestressed Containment'



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

*
.-

'L-

_

N' ,# I,s
'

e ,/ ~~i
;- -s

* ~|*
-

'g* ,9,
ff |

#s
P

* E5 e 2.330 E-4
Nh5 e 2 293 (-2
IRC e 2.030 E-3

| '

'
un
a -

En -

'.P...-'
,

, ...s
...s,

-

.7 ,,s.. . . . . * P p.
.

jy.. . . .
a
|J;, ,}......e..-

,
. . . . ,

,
. ., e, o s s

4 s, so o
....esoe F** /

,,.**,e*o
....e-ee *

-_.,

....e0 e

.... ease

........

........

........

Figure 4. In-Plane Cracking Patterns and Maximum Strain Contours
Near Haunch for Prestressed Containment'

- - _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _



4.00 -
: 1,

? - l
~

o 3.00 - <

5
. I

g 2.00 -- i

) '

|
M .

, . . . . '
i

l 08 -
,I.,

*
;

E - ./ g..... ...........; ,,,,

:

1.00 i
.

2.00 ,,,,,,,,,g,,,,,,,,,y,,,,g,,,,,

O soo 1000 1500 2 coo 2500 3000

POSITION R.ONO PROFILE! INCHES 3

(a) 130 PSI PRESSURE ;

s.00 -
- , . * . ,

* - / '.
o . ./ '.-

.* 4.00 - ,/ '.
.

z ~
' *

M . /
*
.

k | '.
M

.
, .

y E .00 - ! *
.

M - / '. )! . / \ ,...
= -

. .-
k

' ' '

0.00 - ' -

.

.

.

E.00 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

e soo 1000 150o 200o 2500 sooO

POSITION MLONG PROFILE (INCHE3J

|

(b) 150 PSI PRESSURE I

*
|
1

Figure 5. Liner Strain Profiles for Prestressed
Containment

,

-549-

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



._. .m

CtNftAList
I

3. 9 *g

1/t* Lt

4 ---2

,

'

of.l's M.I' ,

,

4

t ur u e H -
i t.

s. ,. neI f tsaar |

M .. * l i : : : :

|

4

Figure 6. ' Geometry and Finite Element Grid '

for Reinforced Containment
i

5

t

-550-

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



_

o .Co - 8.co -
.

N a
o - 'a

.

.

s.co - f E
.

!= s.co --
. -

-

A A - .s s
~

N '

|y 1.o0 -

@ -

g 1.oo - |
M . ,e

E-
. 3 ~

,a
.

-
a .

,

I.oo - 2.oo -
'

..*** /
-

.

.

..*
. j . ,.,

o.co o.co, ,,, g ,, ii ... i , ,..g ,,g ig., ..i

a so too tsa o so too tso

INTERNAL PRESSUAftPSIl INTERNAL PhE55UREtPSIl

(a) MIDWALL (b) WALL-DOME JUNCTURE

r .so --

a :

2 a.ca -
M -

-
-

A
'

-

} t .so -
M

'

I :
M .

i t .co -
E -

.so .
.

.

~

o.co ....,....,..-..i
o so too tso

INTERNAL PRE 55UREtPSII

|

(c) WALL-BASE MAT JUNCTURE

|

Figure 7. Concrete Strains in Reinforced Containment

-551-

. __ . --
!



A J _m _ _

l
1

!

-|

|
|

.i,. ,.
= -

.

| |, i

/
[ e , m., i"''"

e a r e

_.- .t 1i t-
- ,.

[ O ***
T

P *

" iU .
ee 3/s

Lin.e

/

e |e's

e

Figure 8. Radial Crack Local Effects Geometry
and Finite Element Grid

|^

-552-
|



8
-

*!. ,4 ,

c

1.co -

. . F

|'
O. .50 -
M -

-

*
|

| .x . -
'

L- g .50 -
. , . , .

E ~

\w- . -'

E .4o -
'

-

.

.

.20 - '
.

I
-

o

. ....,,....=*
o.co ,,,,,,,,,,,,,,,,,,,,,,,,

o 20 to Go 90 loo 12o

INTERNAL PRE 55UREtPSIl

(a) LINER STRAIN

s co --
.

? : F

o. 5.00 ..

M -

: |-
,

g 1.0c -- ;
1 :

'
'. ,y s .co -- |

M

I
.

f,
-

G 2.00 2
. ,I
. ..
,

1.co ..
.

o.co .
[,:
.

,,,,,,,,,,,,,,,,,,,,,,,,
o no ,o so so loo two

INTERNRL PREstuREtPSIl

(b) REBAR STRAIN

Figure 9. Radial Crack Local Strins j

-553-

, . .- - - - - - , . . .



__ _ _ _ _ _ _ _ _ - _ _

.

8
0

.

[{{:
-e+ -

,

_

_

.

_

_._

+- ,,,,,,

>(a) C0 ARSE GRID (b) FINE GRID REGION

Figure 10. Meridional Crack Local Effects Model.

/

-SE4-

_



..

5 . 0 0 -- Center
.

ev .

S 1.00 - , Lowr'

n -

|
-

-

|
5 : |

} 3.00 - |
M : |
1 - |w .

'
,

[ s.00 - upp.,e- - o
,

ee -
, *

- *
,

1.00 - ,#
- o

*.
,

*-
.

. _..-
0.00 .. , ,,, ..,...,...g

0 20 40 80 00 100

INTERNAL PRESSUREtPSI)

(a) EFFECTIVE STRAIN IN LINER
:

a.co -
'

-

9
'

.-
O, . ,'*
" 1.50 - ,/
~ . ,o
x *

J M -
-
.

) -

* , '*,~ -

1 1 00 ~ *,
*

.n - ,*

[ - ,o
,

E : *',
,

''.so - ,,
*- ,..

.
*

,*.

*
. ,*

o.co .. ,.. ,.. ,,,,,...,
o no 4a so so too

INTERNAL PRESSUREtPSIl

(b) REBAR STRAINS

Figure 11. Meridional Crack Local Strains

-555-.

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



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

'iY '

O.0705"

+0.0426*

f21.5es*

7.50"1I >
10 STIFFEN (R$,

0.26* s 0.12P
0.104* - - 7.50*> :

. ( 0.0444* g.

ch [ I 0.70* 2.5"A*
8 43.41'

'

: i
b0.023* '

0.0444'
|

,,

##
.

(a) STIFFENED SHELL (b) DETAILS' 0F THE LARGE PENETRATION

!

1

i

Figure 12. Axisymmetric Shell Geometry



i

' 4 . 0 0 --

-

* -

.a
. .

.. ~ 3.00 - ' HOOP
"" .

N
. t-

- I')
- ,:n

y E .00 - |
n . ,

E - |
E

-

,!
t .00 - .!.

,/ MER10!0NAL.

. ,o
*.

,-
0.00 , , , ,'g, , , , , ,,,

0 -50 100 150

PRESSUREEPSI)~

t .20 -

: H 0,0 P

, e
o 1.00 - e
- . *
u . |
- . j

g . a a -- |

} . /
n . /
y .s0 - /

'

"E
: *

,

.-
E .40 - ,'*

,.
,

. ,.

. ,.

.30 .
*

*,
,.

,' MERIDIONAL
"

'

__A
o.0o ,,,,, ,,,,,,,,,,,,,, ,

S'l 90 100 110 120

PRESSUREtPSI)

EXPANDED SCALE

Figure 13. Clean Shell Mid-Cylinder Strain liistories
'

-557-



.
- . .

.
.

.
. . .

.

i.

I
i

3.00 - .
*: ,

' H0OP7
'

'.'o 2.s0 -
'

E : .

: ;
-

g 2.00 - |
s . ,

M
. .a
. e

y 1.30 -- |
*m . I| -

' ~

[E t .00 -''

.

: /
| 1.s0 -- * MERIDIONAL

*
.

0.00 ,,,,,,g g, , , ,, , ,

0 50 100 150

PM SSURELPSI3

9

S . 0 0 --

m

1.20 -
M -

: /-

N |

g S.10 7 ,/H00P
-n ~

*
*

E -
*
,

n -

.-
'g s.oo - '

E : j
.

.

*
'

'
1.50 - . ',.: *

- / MERIDIONAL
~

, - , - , -| ~ , ' ,
-

0.00 , , ,, , , , , ,,

100 110 120 130 190

PMSSUREt PSI 3

EXPANDED SCALE

Figure 14. Stiffened Shell Mid-Cylinder Strain Histories

-558-

b - . m. .. ..mn- . .

-

I



y - . . .- . . . ..

|
'

I

l
,

.

..

.-
's
''
..

''

\
.i

ORIGINAL POSITION -! DEFORMED POSITION
jitspst,

,

|
|

a'
F

;

: .

(a) CLEAN SHELL DEFORMATION AT 128 PSI

.

'.
.

'.
\
t '..

OR GtNAL I otFORato
CONFIGURATION | CONFIGURATION

:
|
.
I

,'
, ,

J

(b) STIFFENED SHELL DEFORMATION AT 147 PSI-

2

Figure 15. Deformed Shapes of Steel. Containment
; Models

.

-559-

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



,

w

-

2.so 5 HOOP
*''.

_-
,'

j 'g-

3 2.o0 ,' '
'

u -

| '.
'~~

- *

5 - / '.
'g 1.so - |-

-

"
. ; ,

I -

* .
'.e

-n .

,I. I$ 1.o0 -

E : ! t,
- |
- ,

.so - | t
-

a MER10! anal j

| \o.co ,,,g .g ,.y ig -), , , , e

a 20 to GO 80 ]

POSITIDM INCHES 3

(a) CLEAN SHELL STRAIN PROFILE AT 128 PSIG

r.so -
.

M

"2 a.co 2 j'~~' ,yao,
*

: / '.~
- ,/ '.

.m .

/ '.,g t .so -
"

- / '.
1 - * *
" - | ',
E t .co - | ;
- -

, ."
: j ntRIntonat i

,
. , .

.so - / ;
: | \._ f

*-
.

o.oo ,,,,,,,,..,,, .i
o no go s0 so

POSITIoM INCHES 3

(b) STIFFENED SHELL STRAIN PROFILE AT 147 PSIG

Figure 16. Strain Profiles for Steel Containment
Modols

-560-



. m,

0.00 -

~

= 1

-

! 4.00 - I

t
t
:
*

s.co -

0.53 7 , , a i.

e so 9e so so

PSEssuaEt M II

(a) SPHERICAL CAP APEX DISPLACEMENT

.
I DEFORMED CONFIGURATION
r- _.

~~~ ..,'-,, .-.

- -
~~',

*,

~~.,'' ..,
, , , ,

, __ _ ORIGINAL CONFIGURATION
* -

! s.oo -
(b) FINAL DEFORMED SHAPE AT 15 PSIG-

:
2

3.00 -
a
.

1.00 -

0.M ig s- i-

e no w so a

PetstuaEt PSII

(c) OUTSIDE SURFACE MERIDIONAL STRAIN NEAR KNUCKLE;

i
.

Figure 17. Strains and Deformations in Steel
Containment Model Penetration

-561/562-

.. . . _



" .__ L. ' ' " '"

.. -

,

THERMAL STRESSES IN PWR-CONTAINMENTS
UNDER LOSS OF COOLANT ACCIDENTS

8. G511er. G. Hallfinger, R. Krieg
Kernforschungszentrum Karlsruhe GmbH

Institut fur Reaktorentwicklung
f Projekt Nukleare Sicherheit,

Postfach 3640
D-7500 Karlsruhe, FRG
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ABSTRACK

A local circular temperature increase is assumed in a slice,
a cylindrical shell and a spherical shell and the resulting
stresses are calculated. For the slice and the cylindrical shell
the maximum membrane stresses are relatively high, but for the
spherical shell the membrane stresses are small. The reason for
this difference is discussed in some detail and the conclusion is
made, that investigations of thermal stresses in cylindrical
shells can hardly be extrapolated to spherical PWR-containments.

1. Description of the Problem

Considerable temperature variations over PWR-containment
shells are expected during a loss of coolant accident. They may '

cause high thermal stresses in the containment shell as measured
during some HDR-experiments /1/. However, these stresses are
self-equilibrated and thus the resulting strains remain in the
order of the thermal expansion which is far away from the ulti-
mate strain of the material. Moreover a loss of coolant accident
will occur not more than once during the life time of a reactor.
Therefore the thermal stresses have almost no influence on the
structural integrity of the containment shell.

Nevertheless in the German design rules /2/, limits are
given for the thermal stresses in containment shells in case of a
loss of cooJant accident. Therefore thermal stresses caused by a
local temperature increase, which is expected for a loss of coo-
lant accident, are investigated here.

Two different spatial temperature distributions are assumed,
a discontinous-type and a cosinus-type. They are shown in
Fig. 1. The heated region has the radius a. The maximum temper-

0ature increase is T = 100 C The coefficient of the thermal
10-51/ C.0expansion is a e 1.2 *

In order to study the influence of different geometries,
thermal stresses are calculated for a slice, a cylindrice.1 shell

and a spherical shell. The material is qssumed to be linear ela-
stic with a Youngs Modulus of E = 2.1 10 N/m . The boundaries
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of the slice and shells are' free;to move. Hechanical-lo.'ds are
not applied. ,

c
I

b')( y a a

T=100*C T=100*C
~

- -

,\
, . . ~

r

q-) ry

6scontinous-type cosinus- type
tempemture dstribution temperature distribution

Fig. 1: Types of' local temperature increase

2. Thermal Stresses in a Slice

The thermal stresses in an infinite slice can easily be
calculated'using Airy's stress function /3/.

Discontinous-type-temperature distribution
At a distance r from the center-of the temperature increase

the radial stress o and the tangential stresses.o arer t

2
,_ eat a i i i

g g ,

r 2 7 r
1 1 eat l r<ar>a -

, ,, 2
1 \ \

eta,
g ,c =

t 2 7 ti i

r

Withthequantitiesgivenabovetheresultingstressesaresgown
in Fig. 2. The maximum stress is |a l max = 1/2 eat = 125 N/mm .
Cosinus-type-temperature-distribution

In this case the shapes of the stress distributions are more
difficult to describe. They can be approximated by superposition
of stress distributions for discontinous-type-temperature dis-
tributions. The maximum stress occurs at the center of the tem-

perature' increase and assumgs the'same value as before, namely
| o | max = 1/2 eat = 125 N/mm ..
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Fig. 2: Stress distribution in an infinite slice with a discon-
tinuous type of temperature distribution

3. Thermal Stresses in a Cylindrical Shell

If bending stresses are neglected, the membrane stresses in
tangential direction are proportional to the pressure loading ac-
ting in normal direction. However, for the thermal stress problem
investigated here, the pressure loading vanishes. Consequently,
if shell bending stresses are neglected, the membrane stresses in
tangential direction vanish, too.

If furthermore the shell deformations are assumed to be
small, also 'the membrane stresses in axial direction and the
shear stresses can easily be determined from the conditions of
equilibrium /4/. Again, for the th.rsal stress problem without
external loading, the membrane stresses in axial direction and
the shear stresses vanish.

On the other hand, from simple considerations it is evident
that in cylindrical shells without external loading but with
nonuniform temperature distributions, membrane stresses may oc-
cur. Consider, for instance, a cylindrical shell, where a small
axial strip is heated. Therefore it can be concluded that the
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neglect of bending _ and at the same time'-the assumption of small l

shell deformations may be not acceptable."

Thus, in order to solve the thermal' stress problem, bending
is included. The calculations are carried out by the: finite ele-
ment' program STRUDL /5/. The model used is shown in Fig.-3.

shell thickness h=0.03m -~,-

,#
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Fig. 3: Finite element model of the cylindrical shell
.

M In order to check the adequateness of the finite element
#
#discretization, besides the model in ~ Pig. 3, two additional mo-,,

dels with different elemerit sizes have been used. Comparison'of
'I the results showed that in the region of the increased temper-

l
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ature'and in the close neighbourhood the element size should not
exceed.the. decay length of s = 0.778 /R*h. For the cylinder radius

,

r= 10 -m and the shell thickness h = 0.03 m the decay length is
' s = 0.4 2 m. The model in Fig. 3 meets this requirement.

Discontinous-type-temperature distribution
Fig. 4 shows the resulting displacements 50-times enlarged.

Fig. Sa and b confirms that,the membrane stresses in circumferen-
tial direction vanish as predicted in the previous' paragraph.
Only in the transition region, where the temperature step occurs,
the membrar.e stresses in the circumferential direction have narrow
peaks. In contrast to-this Fig. 5c and'd show that the membrane
stresses in. axial direction do not vanish. Their maximum value is
125 N/r.m , which is the same number as obtained for the slice.
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Fig. 4: Displacements (enlarged scale)
Discontinous type of temperature distribution
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.Cosinus-type-temperature distribution
Fig. .6._shows the resulting displacements again 50-time en-

.larged..Now the gradients are much smaller than those obtained-
for the discontinous-type-temperature distribution. Fig. 7a and
b confirm very clearly that the membrane stresses in circumferen-

tial direction vanish, while the membrane sgresses in axial-
direction assume a maxim.um value of 21 N/mm . (Please note the
different scales in Figs. 5 and 7.)
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4. Thermal Stresses'in a Spherical Shell

If shell bending stresses are neglected and the shell defor-
mations are assumed to be small, local temperature increases do
not~cause membrane stresses.

This can be seen using the following model: Assume that in a
ring region of a sphere, shown in Fig. 8a, the temperature has
been increased by AT. If stresses are omitted, the width b and
the diameter d of the ring will 'be increased to b-(1+a AT) and
d-(1+aAT), respectively. This is equivalent with the statement'

.

that the radius R will be increased to R-(1+aAT), while the angle 6
remains constant. Now, any circular temperature distribution on a
spherical shell can be approximated by concentric rings shown in
Fig. 8b. The resulting deformations can be approximated by in-
creased ring radii R . Since the angels 61 remain unchanged, the4rings fit together without additional strains and stresses. The
compatibility conditions are fulfilled automatically. If the do-
formations are assumed to be small, the transition from o e ring
to the other does .only cause bending stresses, but no me 'rane
stresses. If the restriction of small deformations is no longer
applied, the transition . from one ring to the other (inclination
of the ring surfaces) also causes certain membrane stresses
which, however, are small in comparison to the stresses discussed
in chapter 2 and 3. This means, the above restrictions of no

*

bending stresses and small deformations are realistic.
For the cylindrical shell the statement of vanishing mem-

brane stresses was the same. However, both together, the neglect
of the bending stresses and the assumption of small shell defor-
mations was not allowed.

For the spherical shell the statement of vanishing or small
membrane stresses has been confirmed by calculations with the
program ROTHEM /7/. The radius of the sphere was 28 m, the wall3

thickness 0.038 m and the radius of the circular region with the
increased temperature was again a = 5 m. Neglecting shell bending
stresses (which is certainly reasonable for this very thin
shell), but allowing for large shell deformations, the cosinus-

type-tempergture distribution yielded a maximum membrane stress
of 2+4 N/mm . The unsharpness of this result is caused by the
fact, that for largo deformations a superimposed inside pressure
does not only add an additional type of stress, but also does
influence the thermal stresses.

;

i

|

|
<
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5. Conclusions

The main results are shown in Fig. 9. It says, that a local
temperature in a slice causes large membrane stresses, in a
cylindrical shell it may cause smaller membrane stresses (depen-
ding on the spatial temperature gradients) and in a spherical
shell it causes almost no membrane stresses. This means, thermal
stress investigations carried out for a cylindrical shell may
hardly be used to draw conclusions for thermal stresses in sphe-
rical PWR containments.

Furthermore, it has been found, that care must be taken for
calculation of thermal stresses in cylindrical shells. The neg-
lect of bending stresses and at the same time the assumption of
small shell deformations is not allowed. This is due to the f act ,
that in axial direction the behavior of a cylindrical shell.is
similar to that of a slice, where the compatibility conditions
cause high thermal stresses, but in circumferential direction it
is similar to that of a curved shell (spherical shell), where
compatibility is'obtained almost automatically.

# 125 - ----- y
b N2 discontinous -type

! 100 - temperature distribution

E
% y cosinus- type-
= 75- temperature distribution

N
E50-
%
15
a 25 -
!
4

>
E O

slice cylindrical spherical
shell shell

Fig. 9: Comparison of membrane stresses caused by local temper-
ature increase in a slice, a cylindrical shell and a
spherical shell

|
|

!
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BEHAVIOR OF SPHERICAL PWR-CONTAINMENTS
CLOSE TO REINFORCED SECTIONS UNDER

EXCESSIVE' INTERNAL PRESSURE

.

B. G5ller, R. Krieg, G. Messemer
Kernforschungszentrum Karlsruhe GmbH

Institut fur Reaktorentwicklung
Projekt Nukleare Sicherheit

Postfach 3640
D-7500 Karlsruhe, FRG

ABSTRACT

It is assumed that the pressure inside the containment is
growing monotonically. The response, including the failure of the
containment shell at zones located close to reinforced sections
must be investigated. For this purpose a computer program has
been developed and checked with several membrane experiments. It
turns out that membrane failure is controlled by plastic instabi-
lity. Some shortcomings in modelling the necking regions which'

occur around reinforced sections still need to be resolved.

1. Introduction

In case of a hypothetical core melt accident the pressure
inside the containment is expected to grow beyond the design
limit up to containment failure which then will occur at the
weakest containment part. This could be the containment shell
close to reinforced sections which surround nozzles, locks and
other penetrations.

Since the strains in the reinforced sections are rather low,
the circumferential strains and consequently the circumferential
stresses around the reinforced sections must be low, too. Then,
in order to satisfy equilibrium with the internal pressure, the
stresses in the meridional direction must be rather high
(Fig. 1).

In comparison to this, the corresponding stress components
far away from reinforced sections assume equal values which are
right between the above ones. However, since the equivalent
strain is largely influenced by the maximum strain' component, the
equivalent strain close to reinforced sections is higher than the
corresponding value in a larger distance. In other words, the
containment shell close to reinforced sections represents a weak
containment part.

Therefore, the failure pressure and the failure mode of the
containment shell close to reinforced sections must be investi-
gated.The work done so far is presented in this paper. It belongs
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to.a more comprehensive-program, where other. weak parts.of sphe-
~

rical. PWR-containments are considered, ' too /1/.

-

- .

reinforced
section

x : TI$
g'l'|

-
A, stress in

circumferential drection

% stress in '
meridional direction -

stress components
fw omsy from
the reinforced section

Fig. 1: Stresses in the neighbourhood of reinforced sections

2. Computational Model

The investigation of the mechanical behavior of the contain-
ment shell in the neighborhood of reinforced sections will be
based on computational models. Therefore the program ROTMEM has
been developed /2/. It allows for calculation of. the membrane
stresses and strains of an axisymmetric shell under axisymmetric
pressure loading. Any elasti'c-plastic material behavior (in the
present version without unloading) can be considered. The two-
axial state ' of stresses is treated according to the theory of
HenckyL(nonlinear relations between stresses and strains) or ac-
cording to Prandtl-Reuss (nonlinear relations between stress in-
crements and strain increments). Large deformations including
changes of shell thickness are considered, i.e. the equilibrium
conditions are satisfied at the deformed shell. However, bending
and shear stresses are neglected. Whether this is acceptable will
be checked by appropriate experiments.

For application of ROTMEM the axes of the reinforced circu-
lar sections are used as axes of symmetry. That means, mutual
interactions between different nozzles are not considered. This
is allowed, since the stress pe'turbations due to the reinforced
sections have a rather local character.
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Due to the above simplifications and neglects high computa-
tional effort may be spent to the spatial resolution around the
reinforced sections, where strong strain gradients are expected.
Furthermore many load steps are allowed which is necessary for
ferritic steel with a sharp elastic-plastic transition region.

3. Experimental Investigations

Experiments are required to ascertain reliable equations of
state (relations between stresses and strains) for the contain-
ment material under two-axial stress conditions. Another goal is
to get information about the mode of failure, e.g. occurrence of
leakages, propagation of cracks, etc. The third goal is to check
the computer program ROTHEM.

!!owever , tests on containment models with excessive internal
pressures have been found to be unsuitable, since manufacture of
several models in correct scale (thin spherical shells) would be
very expensive and miniatur weldings with the same quality as the
real containment welding would even be impossible.

Instead tests with plane circular membranes loaded by unila-
teral pressure up to failure have been done. The plates used to
manufacture the membranes are the same as those used for PWR-
containments (15MnNi63-sheets with a thickness of 38 mm). The
manufacture proceus for the membranes (facing the plates with a
lathe) is relatively simple (Fig. 2) and the material properties

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

.-( ( . >y,
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d Q, ff 5-
,

'
j

e'

|r
!

\,

.

..

Fig. 2: Manufacture process for the membranes :

(facing the plates with a lathe)

:
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obtained in this way can be expected to be realistic. The diame-
ter of the membranes used is 800 mm, the thickness is 2 mm with a

2 04 mm. Some membranes are smooth, others0tolerance of
contain reinforced sections with a circular or a rectangular
shape. For the later case a direct computational model does not
exist. But comparing the results with those from the other expe-
riments it can be found out, how to approximate rectangular rein-
forced sections by circular sections.

The unilateral pressure is applied by an oil-hydraulic
system. During the test the pressure is increased in steps ,

of about 5 bar until failure. After each step the displacements |
of a large number of control points marked on the membrane
are measured using a three-coordinate measuring machine (Fig. 3).
For the same points also the decreasing thickness of the membrane
is determined using an ultrasonic sensor.
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Based on these~ data strains can be calculated using simple I
geometr'ic relations. The. meridian stresses.can be obtained using
the1 equilibrium condition in axial direction for a cap of:'the
membrane (Fig.E-4a) and'the circumferentialfstresses'can be'ob'-
'tained using.thefequilibrium' condition in normal direction of the
.'membraneielements (Fig. 4b)..From these data the stress-strain-
-relation under two-axial loading conditions can be derived. The'
fa'ilure mode in the' experiment mayLalso be. extrapolated _to the-
" conditions.of a containment.1If in'the_ experiment where oil is
used.for_ pressurization a crack propagates' rapidly, then in-the.
containment filledLwith_ compressible gases-the failure'will pro--
-pagate even faster. Finally, ' the measured ' displacements can be
compared with-the calculated values to assess.the efficiency of

,the. program ROTMEM .

a membrane cap-

resultant force from a
the internal pressure

_

.g

/f, \ \|''

meridional stresses

b membrane element

resultant force from
-the internal pressure

\
-circumferential stresses

Fig. 4: Equilibrium condition at membrane caps and membrane
elements
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_4. First Results

Membranes with smooth surfaces:
______________________________

Untill now two smooth circular. membranes have been tested |

land a large number of- points describing the stress-strain rela-
tion under two-axial conditions have been obtained. In order to
compare-these results with those from one-axial tensile tests,
equivalent stresses and strains are calculated using the v. Mises
stress hypothesis. The-results show that the stress-strain rela-
tions obtained from the two-axial membrane tests differ noticeab-
ly from the relation obtained from one-axial tensile tests
(Fig. 5). However, it should be mentioned that the membrane tests
took hours, and each set of measurement was made some time after
the oil supply had been stopped, while the tensile tests were
carried out within minutes. A first tensile test,- run also over
hours, indicates that the different time scales _is one reason for
the deviations of the stress-strain diagrams. The difference bet-
ween two -and one-axial loading and the~ application of the

Mises stress hypothesis may be other reasons for these devia-v.

tions.
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|
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G
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so se
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Equivo!ent Strair' t Equivalent Strain e
.

Fig. 5: True stress - true strain relation obtained by membrane
tests and tensile tests

It is also interesting to note that for strains in the one-
percent-region so-called LUder-lines could be seen on the surf ace
of the membranes (Fig. 6). This corresponds with the sharp
elastic-plastic transition region (different upper and lower
yield point) found in the stress-strain diagram.

.
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Failure of the membranes occured for rather high equivalent
strains in the order of 50 % (in-plane strain components in the
order of 25 %). The arising cracks had rather large extensions
(Fig. 7). In comparison to this, necking in the tensile tests
started with a strain of about 15 % and failure occured for an
ultimate strain of about 25 % (Fig. 8).

These results are very interesting, especially if one con-
siders that for pressurized cylindrical and spherical shells

usually failure occurs for,gtrains which are much lower than the
uniform elongation strains and the ultimate strains obtained
for tensile tests. The key to understand this is the phenomenon
of plastic instability. It means, that a critical state of defor-
mations has been reached, when the load decrease due to contrac-
tion of the cross section exceeds the load increase due to strain
hardening. Then under a given constant load, strains start to
grow rapidly and rupture occurs immediately. Often these strains '

will be concentrated in small regions which then become necking
regions, flowever , the failure is controlled by the critical de- '

formations marking the beginning of plastic instability. Th e
strains occurring in these necking regions are of minor interest.
On the other hand it is well known that plastic instability de-
pends strongly on the geometry of the given problem /3/. In some

*) strain before necking
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| cases the critical strains marking the beginning of plastic in-
| stability are higher, in other cases these strains are much lower
i than the uniform elongation strains and ultimate strains for

|
tensile tests. This explaines, why for pressurized membranes the
strains before failure may be higher and for pressurized cylin-'

drical and

|
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Fig. 7: Failure of the membranes with smooth surfaces
i

;

spherical shells these strains may be lower than the values ob-'

tained for tensile tests.
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Fig. 8: Necking during a tensile test

That the failure of the tested membranes was indeed con-
trolled by plastic instability has been confirmed by applying the
computer program ROTMEM. Here, plastic instability is reached,
when the decrease in wall thickness divided by the increase in
loading approaches infini ty. Considering the measured initial
membrane thickness which varies slightly along the membrane
radius, the decrease of this thickness as a function of the mem-
brane pressure has been calculated (Fig. 9). Plastic instability
has been obtained for a pressure of 45.2 bar (first test) and
45.8 bar (second test). In the experiments failure occured at a
pressure of 4 2.8 bar (both tests).

Two other facts also indicate that failure of the membranesis controlled by plastic instability. Before rupture of the mem-
brane the load increase versus strain increase vanished. After
rupture there seemed to be a small necking zone along each side
of the crack.

Other data calculated and measured for the deforming mem-
branes are also compared (Figs. 10-12). Since the stress-strain
relation from the one-axial tensile tests where the material was
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harder than-in the membrane tests has been-used for the calcula-
i-

.tions,- the-displacements-have been'a little bit underestimated
and the stresses overestimated.
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Fig. 9:. Decrease of the membrane thickness at the pole as a
function of the pressure (membranes with smooth sur-
faces)
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Fig. 10: Vertical displacement of the membrane pole as a func-
tion of the pressure (membranes with smooth' surfaces)
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Membranes with a reinforced circular section:_____________________________________________

Two membranes with a reinforced circular section have been
also tested so far. The dimensions were the same as for the mem-
branes with smooth surfaces, except the central region with a
diameter of 132 mm, where the thickness had been increased from
2 mm to 3.2 mm. Of course, sharp notches between the regions of
different thicknesses had been avoided.

The stress-strain relation obtained from these tests are
almost the same as those from the previous tests. Again, the
arising cracks had large extensions. They did not arise directly
in the transition region to the reinforced section rather they
propagated in a 2 to 3 mm' distance around the reinforced sections
(Fig. 13). In one case the crack left this circular path and
propagated about 80 mm in straight direction.
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Pig. 13: Failure of a membrane with reinforced circular section

However, the f ailure pressures were only 28.0 bar and
31.7 bar which is considerably lower than the value of 42.3 bar
for the previous tests. This can be explained by the plastic
strains which in case of a reinforced sectian are concentrated in
a ring region around this section. In case of a smooth membrane
the plastic strains are distributed more uniformly. Consequently
in the case of a reinforced section the rosulting vertical mem-
brane displacements, the membrane curvatures and therefore also
the pressure causing a given maximum membrane stress are smaller
than in the case of a smooth membrane.

For the membranes with reinforced sections failure is also
con trolled by plastic instability. But now the computational
description with the program ROTHEM caused difficulties. Up to a
certain loading measurements and calculations were in good agree-
ment. But when the pressure exceeded a value of about 19 bar, the
decrease of the membrane thickness started to grow rapidly. At
the same time the convergence of the numerical calculations be-
came worse. Then for a pressure approaching a value of 20.3 bar
f ailure by plastic instability could be assumed (Fig. 14). The
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Fig. 14: Decrease of the membrane thickness close to the rein-
forced section as a function of the pressure

maximum equivalent strain was about 15 5 The same conclusions
could be drawn using the simplified graphic technique (Fig. 15)
described in /3/. flere the plastic instability was assumed to be
a local effect mainly influenced by the meridional stress. There-
fore the condition of one-axial tension was assumed to be appro-
priate. The theoretical results, however, differ considerably
from the experimental finding. Similar problems have been des-
cribed some years ago by Salmon /4/.

We suppose that the reason for this discrepancy may be the
neglect of the shear stresses perpendicular to the membrane
plane. In the computational model the decrease of the wall thick-
ness within a mesh cell is not influenced by the shear stresses
between this cell and the neighbouring cells (Fig. 16). In reali-
ty, however, such an influence exists. It smoothes and extends
the necking region such, that the overall plastic deformations
including the membrane curvature will be increased. Consequently
the failure pressure will be also increased in comparison to
models where the shear stresses are not considered.
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Therefore, ~ work has been started to include .the shear' stress
~

effects into the theoretical model. On the othe'r hand it should
be mentioned that for the spherical. containment'shell-the geome-
tric relations are quite different and~therefore the influence of
the shear stresses can be expected to be smaller.
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FAILURE INTERNAL PRESSURE OF SPHERICAL STEEL CONTAINMENTS

G. Sanchez Sarmiento
Empresa Nuclear Argentina de Centrales Electricas S.A.

Av. L.N. Alem 712 (1001) Buenos Aires, Argentina

S. R. Idelsohn, A. Cardona y V. Sonzogni
Instituto de Desarrollo Technologico para la Industria Quimica

(INTEC). Casilla de Correo N' 91 (3000) Santa Fe, Argentina

ABSTRACT

An application of the British CEGB's R-6 Failure Assessment
Approach to the determination of failure internal pressure of nu-
clear power plant spherical steel containments, is presented in
this paper. The presence of hypothetical cracks both in the base
metal and in the welding material of the containment, with geome-
trical idealizations according to the ASME Boiler and Pressure
Vessel Code (Section XI), was taken into account in order to ana-
lyse the sensitivityor the failure assessment with the values of
the material fracture properties. The knowledge of this sensitivity
is of prime importance in a probabilistic risk assessment of this
containment under overpressurization conditions.

Calculations of the elastoplastic collapse load have been per
formed by means of the Finite Element System SAMCEF. The clean
axisymmetric shell (neglecting the influence of nozzles and minor
irregularities) and two major penetrations (personnel and emergen
cy locks) have been taken separately into account. Large-strain
elastoplastic behaviour of the material was considered in the Co-
de, using lower bounds of true stress-true strain relations obtai
ned by testing a collection of tensile specimens.

For an internal pressure which produce general membrane
stress of the entire spherical shell greater than the yield point,
it was observed that the clamp and the nozzles have very little
influence on the calculated displacement. That means, the elasto-
plastic collapse pressure does not essentially depend on the men-
tioned geometrical irregularities.

Assuming the presence of cracks in non perturbed regions, the
reserve factor for test pressure and the failure internal pressu-
re have been determined in function of the flaw depth.
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Stress, analysis.of~ nuclear: power' plant steel containment un-
; der design basis 7 accident ~.(mainly'the typical loss of coolant'ac- .i
)cident), and other'designiand test load conditions,.has reached ~ !

'

noyadays [1-7] a'high degreeiof sophistication.and4 reliability; |

since the. development of general structural analysis programs run
ning in.large-sizeJcomputers.LNature and origin'of loads,.and thel
probability of :their occurrence both11ndividually and _ in .combina-
-tion,qare'aufficient'ly known"[8]/for any given? kind of contain-
ment.

Core me'ltdown accidents of the- types considered in probabilis-
~

: tic risk assessment (PRA)i[9] notwithstanding,.haveLbeen predic-
:tedLto lead to environments that are:much-more severe than'those
. considered J forithe' designf basis ,' and may challenge : the tintegrity-
of containment" structures:[10]~.;As stated by.Corradini.et-al-[ll],

~

the Reactor. Safety Studyc(WASH-1400)1[12] " demonstrated, basedLon-
PRA,:that core meltdown accidents are,the' dominant risk contribu -
tors;to.the public. frow-Light. Water Reactor (LWR). One reason for:
this conclusion ^ aas that containment failure and subsequent ra-,

dioactivity release was possible given th'e occurrence of any of;a
number of physical' processes; such as hydrogen combustion, steam

_

explosion, overpressurization of containment,-or melt through tha
containment base-mat".

The quantification of the probability.of containment failure
i due to internal'overpressurization'is thus of basic importance in

any PRA [10]. In order to establish the internal pressure at which
the structure will. fail, it:is necessary to define one:or more fai
lure criteria for the structure [9]: a.11miting' stress, strain,~or
some other condition. Given to the. geometrical complexity of.the
containments,'the definition of failure criteria and the associa-
ted failures pressures is far from straightforward. Also, because
of-uncertainties in the conditions leading to failure, a specific
failure pressure cannot be determined. What is needed for a.PRA
is a density function describing the probability of failure.as ai

function of loading (pressure). The shape of such a-density func-
tion will vary with the containment. design, level of analysis,
and knowledge of the details of the actual containment. Tsai-and
Orr.[13] give a general route for performing such a probabilistic

'' failure assessment.

A number.of studies to determine the failure pressure of steel
containments both in a deterministic or in a probabilistic manner

. M,r_
have been published in the available literature- [13-17]. For the
penetrations in this containments,-are'also applicable the conclu'

sions arrived in analysis of nozzles of pressure vessels [18-21]T
? J'" None'of the papers cited above have considered the influence

- 'of; hypothetical cracks preexistent in the structure, in spite that
.T' for? spherical' pressure _ vessels this problem has been extensively

treated [22-23]..Because of the exhaustive examination of the ma-t

.
J:g .terial, cracks are'very unlikely to be present in nuclear steel

containment. Notwithstanding,.for a reliable determination of its

M ,

m
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failure pressure, the effects that cracks there produce cannot be
disregarded. Such an assessment can be performed by means of the
British CEGB's R-6 Failure Assessment Diagram approach [24], brief
ly described below. This procedure can provide a sensitivity ana-
lysis of the failure pressure on the values of.the strength and
fracture properties both of the bane material and of welding me-
tal. Conversely, knowing fixed values of this material parameters,
one can determine by means of this approach the reserve factor
(both on internal pressure and on the flaw depth) for a given in-
ternal pressure, and then, bounds for the failure load.

In this paper, an application of the R-6 -approach is presented
for the failure assessment of spherical steel containment of cha-
racteristics shown in figure 1, commonly used for PWR or PHWR nu-
clear power plants.

2.- THE CEGB's R-6 FAILURE ASSESSMENT DIAGRAM APPROACH

Steels used in the type of containments as the analysed in
this work have in general a great ductility, then plasticity ef-
fects play an important role in the failure of such ntructures
when they have preexistent cracks.

After the development of several approaches for dealing elas-
toplasticity in crack behaviour, Downling and Townley [25] sugges
ted that metal structures containing a flaw could only operate
within limits imposed by linear elastic fracture mechanics and
plastic limit theory ("two-criteria approach"). Between these li-
mits, some interpolation is necessary to be done for structures
coerating near the failure condition. This interpolation is pro-
viuad by the " strip yield model" of Bilby, Cottrell and Swinden
[26], and their work was then taken in a form modified by Heald,
Spink and Worthington [27]. From this model the resulting expres-
sion for failures of finite geometries can be written as -[28]:

2 2
7alnsec(j ) (1)K ,

y

where K is the plain strain fracture toughness; Y is the linear1celastic compliance factor; a is the flaw depth; o is the applied
stress at failure; and a is the flow stress in thb plastic zone.l
The use of eq. (1) for predicting elastic-plastic failure in a va
riety of geometries has been validated by a large number of expe-
rimental and analytical results presented by Down11ng and Townley
[25], by Chell and Milne [29], by Chell [30] and by Milne [31]. ,

|

Harrison, Loosemore and Milne [24] reformulated the two-crite
ria approach of Downling and Townley stating the failure procedu!
re known in the literature as the CEGB's R-6 failure assessment
diagram. The coordinates (S K ) of an assessment point of this

|diagram (see figure 2) are Ea,lc61ated by:
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Stress (load) applied o (L)
S

,=

Plastic collapse stress (load) of cracked "l(b (8)#'
~

l

structure

Stress (load) applied 1("'b) (2)K ,,

T LEFM failure stress-(load) Kg

~Here, K is the applied stress intensity factor; L is the ap-
3

plied load End L (a) is the failure load.y
Rearranging eq. (1), it is clear that at failure the pointsp

(K,S[)mustverifytheexpression:p ,

Kf=Sf lnsec(jS) ,-1/2 (3)f
,

that is plotted as the failure assessment line in figure 2. Points
and,K ) inside this curve indicate that the structure is safe,tfie position of these points relative to such a line defines(S

how safe the structure is. The locus of this failure point as e
function of load is a straight line through the origin (zero load)
to the failure assessment line, so that the reserve factor on
load, F , is easily evaluated as shown in figure 2. Alternatively,

p
F may be calculated from the following formulae [32]:

p
I 28

2 -1 n (4)F = cos exp i --

p uS
r ( 8 K2 /

Other loci, as a function of K r fl w stress o, are also
lc

straight lines parallel to the S and K axes respectively,
while the locus as a function of flaw size,is in general curvedp

[31], as indicated in the same figure. These properties facilita-
te a sensitivity analysis of the input data on the failure condi-
tion. Valuable discussions of the advantageous characteristics of i

this procedure can be seen in refs. 31, 33-37
Milne [38-39] and Bloom [40-42] have shown that the R-6 failu

re assessment approach can be extended to account for stable
crack growth (ductile tearing) beyond initiation.

Combined thermal and pressure loads have been also taken into
account by Milne in ref. 43

Bloom has proposed [40] also an extension of the R-6.procedu-
re for the assessment of structural integrity of nuclear pressure
vessels, combining this approach with deformation plasticity solu
tions [44-46] obtained in the U.S. General Electric Company.

3.- CALCULATION OF THE ELASTOPLASTIC COLLAPSE LOAD
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The simulation of the elastoplastic behaviour of the structu-
re until its collapse is reached, has been performed taken separa
tely into account the clean axisymmetric shell (neglecting the in
fluence or nozzles and minor irregularities) and two major pene-
trations (personnel and emergency locks).

The Finite Element System SAMCEF [47-49] was employed, in a
version' running in the Instituto de Desarrollo Tecnologico para
la Industria Qufmjca [50].

3 1 Analysis of the clean sphere

The clean axisymmetric shell (figure 3) was idealised by axi-
symmetric thin shell elements, obtained by degenerating an isopa-
rametric volume element of axisymmetric geometry and quadrangular
cross section. The displacement field is linear through its thick
ness, and of second order along its longitudinal coordinate 4. A
great densification of the elements was taken in the clamping zo-
ne.

The bedding material at the clamping zone (figure 4) was re-
presented by axisymmetric isoparametric volume elements with a
quadratic displacement field. A total number of 33 elements of
both classes was taken for this modelling.

The following boundary conditions was imposed:

i ) Between 4 = 0 and 4 = 50.72 , the component of the displace
ment in the radial direction was constrained, leaving free

its meridional component (it is a conservative assumption in the
absence of trusty data about the contact friction between the
steel shell and the concrete structare).
11 ) Between 4 = 50 72 and 4 = 52.76o, equal radial displace-

ments of the steel shell and of the elastic bedding was impo
sed. The second one was assumed fixed to the concrete bed.
iii) At the upper and bottom pole, null radial displacement was

assumed.

Minimum true stress- c ue strain relationship of the sphere ma
terial from a collection of tensile specimens was used (figure 5T.
Elastic isotropy and the Huber-von Mises elascoplasticity theory
with isotropic strain-hardening were considered, taking also into
account geometrical nonlinearities (large deformations). On the
other hand, the elastic bedding material was assumed having the
bilinear elasto-plastic behaviour shown in figure 5. Rupture in
the circumferential direction (appearance of radial cracks) is
assumed to occur when its equivalent strain exceed 10%.

The physical and geometrical data for the calculations are in
dicated in Table 1. With these data, a non-linear static analysis
of the sphere subjected only to internal pressure was performed.
The load was increased from zero by several discrete steps. The
three former increments was of 0 3 N/mm2; the fourth is of 0.2
N/mm2; and then four increments each one of 0.05 N/mm2 was ap-
plied until the elastoplastic collapse be reached.
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Material-properties Symbol Value

5 2
Young modulus E 2.10x10 N/mm

Poisson ratiio v 0.3
2

Yield point o 544 N/mmy
Fracture toughness of base

3metal K 5.6 KN/mm /2
Fracture toughness of welding K 3.6 KN/mm /2-3

1c
metal

Geometrical parameters Symbol "}

Spherical shell:

- InternEl radius R 28000y
- Thickness t 30

,

Personnel lock:

- Equivalent internal radius r 1787y
- Longitude L 2375

- Thickness d 80

- Pad external radius r 2833p
- Pad thickness S 50A
Emergency lock:

- Equivalent internal radius r 7651
- Longitude L 1350

- Thickness d 50

- Pad external radius r 1515p
- Pad thickness S 50

A

i

TABLE 1: Geometrical and material data.
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Dimensionless_ meridional _and hoop stresses at the outside and.
inside bounding surfaces calculated at the clamping zone and its
neighbourhood are shown in figure 6. Both stresses are divided
by the asymptotic membrane stress far from irregularities, of va-

sphebe/2t, where Pmeanradiushandtistheshellthickness.
lue o"- =PR is.the internal relative pressure; R is
the

,

'The quasi-coincidence of the dimensionless stress for P =
g10.9 and 1.1 N/mm2, as shown in figure 6, indicate that the beha-

viour of the shell is almost linear elastic up to the second va-
- lue of P . On the other hand, the relaxation of the stress concen
tration knd of the' bending stress by the plastic behaviour at the
clamN/mmging.zonearemanifestintheseplotsforP1 greater than 1.1

.

For the determination of the plastic analysis-collapse load
(internal pressure that produce elasto-plastic collapse), we fo-
llow here a procedure discussed by Berman [51] and based on rules
of the ASME Boiler and Pressure Vessel Code, Section III, Appen-
dix II [52] for tests for the determination of collapse loads.
The load must be plotted against the maximum principal strain or
displacement as shown in figure 7 herein. The collapse load is
then. determined by the intersection of the calculated curve with
a line making an angle with the load axis whose tangent is twice
the tangent of the angle that makes the linear stage line
with the load axis. For the global containment (clean sphere) re-
sults in this manner a collapse pressure of P = 1.171 N/mm2,

1

3.2 Analysis of the personnel lock

The nozzle of the~ personnel lock (see basic dimensions in Ta-
ble 1) has been modell'ed by the finite element discretization
shown in figure 8.'Axisymmetric, isoparametric volume elements
with a quadratic displacement field have been used for the nozzle
and for the pad. From the weld of the pad with the spherical
shell, up to an angle of 30 with the nozzle axis, this shell was
idealized by axisymmetric thin shell elements as used in the
clean sphere.

Boundary conditions of spherical symmetry have been imposed
at the edge of the spherical cap: null meridional component of
the displacement; rotation constrained; and free radial displace-
ment. The structure was subjected to the same discrete steps of
internal pressure as done in the former analysis, and the total
force coming from the enclosure of the lock has been circumferen-
tially distributed along the bottom boundary in axial direction.

The calculated equivalent (von Mises) stresses at the outside
and inside bounding surfaces of pad and neighbouring spherical
shell, are plotted in figure 9 for four values of the internal
pressure. Up to Py = 1.1 N/mm2, the behaviour is practically li-
near elastic, but for greater values of this load, large plasti-
city effects are there appreciated.

At the inside a~nd outside bounding surfaces at the nozzle,
the calculated equivalent stresses are as plotted in figure 10,
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for the same values of P as in figure 9. An (r,Z)-map of the
1 = 1.1equivalent stress in the welding zone, corresponding to P1

N/mm2, can be observed in figure 11.
An interesting conclusion can be drawn for the results shown

in figures 9,10 and 11, as follows: In spite of the fact that in
the elastic range the maximum equivalent stress appears at the -

2nozzle internal surface, at the plastic range (P 1 1.05 N/mm )1
the equivalent stress in the entire nozzle is not greater than
the asymptotic membrane stress in the spherical cap cas= P R/2t.m
At P =1 2 as is 584 N/mm2,
in tbe noz.25 N/mm , the value of o$t stress is of 555 N/mm2 (hile

w
zle the maximum equivale see

figure 11). The greatest stress concentration appears at the wel-
ding between the pad and the spherical shell.

Plotting the displacement of a point in the welding between

thenozzleandthepad{seefigure7),itresultsacollapsepres --

sure of P = 1.162 N/mm ,only a little lower than the value co-
3rrespondiHg to the clean sphere. This fact is in agreement with

the conclusions obtained in studies of limit pressure of nozzles
performed by other authors, such as the refs. 14,15,18-21.

3 3 Analysis of the emergency nozzle

For the nozzle of the emergence lock, the analysis was very
similar than that of the former nozzle. In figure 12 a map of the
equivalent stress in the welding between this nozzle and the pad
is shown, corresponding to an internal pressure of 1 35 N/mm2

In figure 7 tne determination of the collapse pressure for
this nozzle is also indicated. The resulting value is almost the
same as in the former case.

4.- FAILURE ASSESSMENT OF CRACKED SPHERICAL SHELL FAR FROM IRRE-
GULARITIES

From the last analysis we can infer that the limit pressure
of the containment in the complete absence of cracks is P = 1.16

i2N/mm ,

The CEGB's R-6 Failure Assessment approach, as described in
Section 2, is now applied to the containment analysed with cracks

'

located in regions far from irregularities and not interacting
between them. A semielliptical model for the crack has been con-
sidered, as indicated in fig. 13, in order to follow the recom-
mendations of the ASME Code, Section XI, Appendix A [53]. We will
consider two different ratios of the flaw depth a to the flaw
length 1: a/l = 0.3 and 0.1. The ratio a/t will be increased from
zero by steps of 0.1. Two values of the internal pressure will be

takenintoaccoung.a)thetestpressureofP = 0.6 N/mm2; and
b) P = 0.85 N/mm1

4.1 Material properties of the base and welding metals
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From.a= collection-of test; data, the following lower bounds re-
K- = 5.6 -KN/mm3/2

~
~

for-
sult'for:the material.. fracture. toughness:ie:=-3.6KN/mm_/2.fortd8we1dingmetal.,We

_ :the'basefmetal.and'.K
- :adoptLfor the flow stress the value of the. pure membrane stress

~ = 12171; N/mm2 calculatedcorresponding:to_~the collapse-load:Pi
.for-the clean.shell:-

28015 x ~ 1.170' N/mm2 = 547-N/mm2i
- -(5 ) :p =' =.

'

.o- =544i'T'his ' value -is slightly greater: than - the yield point :
2

- Y8 .value-[N/mm .,We suppose that the" welding material has the.same
: o f : o .~ -

~ 4i,2.Calculat' ion of S
p

For a near. uniform stress field'the~ collapse. stress oy(a/t)'-

can be.taken [28,31] as J .(1J-;c/w), where 7 is the flow stress
adopted in Section 4.1, and the factor.(1 ;c/w) corrects.'for the

. .

uncracked ligamentLan'd contains a-flaw ellipticity. The' values.of?
c/w were-obtained from Milne [28]''in-terms of.a/w and are indica-
ted in Table-2. Thus, for-a'given internal. pressure:

o* ' P R/2t P

= 0.854 (6)Sp= ir (1-c/w 1-c w-
=

4.3 Calculation of Kp

The ASME Code, Section XI [53]~provides the expression of K
for semielliptical flaws in shells or plates subjected to ten

y

sion and bending. For the present purpose the following expres-.

sion applies:

= o M 6 /a/Q (7)Ky g g g

where Q (a/1) is the flaw shape parameter'regardless plasticity
effects given by-[28]:

1 + 4.593 (a/1)1.65; (8)Q =
g

and Mg (a/1;a/t) is a correction factor for. membrane stress, gi- '~
ven by Figure A-3300-3 of ref. 53

4.4 Failure-analysis

Table 2 contains the data and results of the failure analysis
corresponding to the internal pressure test, obtained by expres--
sions-(2),-(6-8). The. points (Sp,K ) determine the loci indicated
.in figure 13 corresponding to thE increment of flaw depth in-
the welding metal as well as in the base metal for this internal
pressure. The loci for any other internal pressure, such as 0.85 .

N/mm2 in the diagrams, is directly obtained scaling the former
ones..

By means of expression.(4) each value of the reserve factor

^ ~
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Welding metal' Base metal-
Ea/1 Q a/t- M c/w S P Pg g m] m r K F crit K F critr PP p

[N/mm2] -[N/mm2]
_

0.1 3- 1.12 0.052 0.540 0.255 1.85 1.11 0.164 1.85 1.11

0.2 6 1.20 0.131 0.589 0 386 1.64 0 982 0.248 1 70 1.02

0.1 1.103 0.3 9 1.32 0.224 0.660 0.520 1.38 0.829 0.334 1 51 0 904
0.4 12 1 51 0 325 0.758 0.687 1.13 0.678 0.441 1 30 0~.778

0.5 15 1.77 0.422 0.886 '0.900 0.908 0.545 0 579 1.09 0.653;l

,

0.1 3 1.10 0.029 0 527 0.206 1 90 1.14 0.132 1 90 1.14

h 0.2 6 1.105 0.077 0.555 0.292 1 79 1.07 0.188 1.80 l'.08
o 03 9 1.13 0.151 0.603 0 366 1.62 0 973 0.235 1.66 0 995

03 1.630 0.4 12 1.16 0.232. 0.667 0.434 1.45- 0.868 0.279 1 50 0.899'
O.5 15 1.22 0.317 0.750 0.510 1.27 0 765 0.328 1 33 0.799
0.6 18 1.27 0.406 0.862 0.582 1.11 0.666 0 374 1.16 0.695
07 21 1 36 0.507 1.039 c.673 0.930 0 558 0.433 0 962 0 577

TABLE 2: Failure analysis' data and results for the internal pressure test
(0.6 N/mm2),

!
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Fo (on load) included in Table 2 is obtained= F x0'6 N/mm$)as well as the cri-
-

tical internal pressure (P . They are plotted.
eritin figure 14,.in terms of p flaw depth, for both the base

and welding metal and for both ratios a/l considered.
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EXPERIMENTAL AhD ANALYTICAL RESULTS
OF STEEL CONTAINMENT' TESTS *

1

Daniel S. Horschel .
Sandia Natlanal Laboratorbs

Albuquerque, NM 87185

3 ABSTRACT
' u

'1 The ' Containment' InteErity Division .t. .Sandia National
Laboratories is conducting tests on models of nuclear containment
buildings. The-tests currently being con' ducted are on steel con-
tainment vessels subjected to quasi-static internal
overpressurization. Four 1/32 scale models have been tested by
incrementally pressurizing the mode' until failure or leakageoccurs." The testing of the containment models provides both in-
sight- and data on the response of containment ~ ves'sels to
overpressurization. The data are used to answer important tech-
nical questions t h a t- have arisen and-to assess the adequacy of
analytical methods) in predicting containment behavior to.acci--
dents 'more severe than design basis accidents. Some of the
details about the tests and the results of the experiments as
well as'the results of the finite element analyses are presented
in t h i s , ps;p e r . Op t i cin s selected for the analyses o f_ the contain-
ment models *; counted for finite strain, ciastic-plastic and non-c'
linear geometric behavior of the containment models. The dataobtained [during the testing of the models are compared to'the
analytical (results for selected areas.

i ,,

INTRO UCTION

,

As 'part of the Containment Integrity Program [1] various
types nuclear containment models are being tested by subjecting
the containment models to different loadings. The current phase
of the program is concerned with the response of steel contain-
ments subjected to internal overpressurization. Future plans and
other interrelated NRC sponsored programs are discussed in

. Reference [1]. The models are tested to gather fundamental in-
' sight and a data base on the response of the models to internal

~

pressurization. The data are used to assess and qualify dif-ferenti analytical predictive methods. Several organizations, as'

'well as Sandia, are analyzing the containment models. When theI '

. organizations send the results of their analyses to Sandia a
' d ra f t data report is supplied to them allowing them to assess,

their predictive analytical capabilities.
i

,

*This wc,K is supported by the U.S. Nuclear Regulatory Commission !

and performed at Sandia National Laboratories which is operated )for the U.S. Department of Energy under contract number DE-AC04- I
76DP00789.

-
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Four 1/32' . scale steel modelslof-three configurations were
bui l t- and testedEat'Sandia-National' Laboratories. -The first con-

, : figuration, of 'which there:were two models, was termed 1a_ clean-

shell. . G e om'e' t r i c a l l y ;the clean; shell ,is' a right. . circular-

: cylinder with 'one- end welded'.to a hemispherical' steel dome'and-

the . opposite.end is' welded 3to a: thick, base ring which-in turn is
. bolted to afrigid? testing fixtu're'. The diameter _of-the cy1'inder

he i gh t . of 65 rinche s-is about 43 -inches -(1.1 meters) and?has
.

a

(1.65 meters) including the dome. ;The thickness:of the cylinder
fand dome material i s a bou t . 0.045 -i nch '(1.15 nm) . A basemat was
not modeled. .The.second configuration is termed-a. ring-stiffened-

-containment which'used thefclean shell geometry wi.th-the addition
of . ten _ stiffeningfringsEbrazed to the. cylinder wall. -The third
con f_i g u r a t i on . is: a' penetration model-which is also based'onsthe
clean shell' geometry. Three- ~ penetr'ations are included in the
penetration model, 'which represent two. personnel' locks and-an
' equipment hatch.

Data Acquisition

The. containment models were pressurized-incrementally with
nitrogen' gas. Strain >and displacement data were recorded at each'
pressure increment. Due -to the inherent dangers of pneumatic
pressurization, testing was performed remotely in an-isolated
area on' Kirtland Air Force Base, Albuquerque, New Mexico. The
steel containment models were instrumented with high elongation
strain- gages [2,3], several displacement gages, pressure
transducers and thermocouples to acquire data during the testing
of the models. A coordinate determination system, which uses
theodolites and the principle of triangulation, was also-used to
measure large displacements.

Analytical Technique

NMRC [4], a general purpose finite element program, was
chosen to analyze the containment models. Since the c o n t a i mme n t
models were expected to strain and deform significantly before
the model failed, an option which accounts for-plastic finite
strain and large deformations; i.e., updated Lagrangian formula-
tion, was invoked. The von Mises yield criterion and a full

'

Newton-Raphson iteration technique were used in the analyses of
the containment models.

' A maximum _ equivalent plastic strain criterion was used to

|
determine the maximum pressure carrying capability of the models.
During an analysis, failure of the-model was' assumed to occur if

j the' equivalent plastic strain anywhere in the finite element

| -model exceeded the maximum uniaxial strain of the material.
! The materials used to fabricate the 1/32 scale steel models

are not prototypical of materials used in actual containment
i

|- construction. The material used is more typical in a draw form-
ing or stamping industry, characterized by its low yield point
and carbon content, high ductility and mild strain hardening
rate.
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CLEAN SilELL EXPER1 MENT

Two clean shell models were tested. The first test was used to
assess the testing procedures and to provide a check of the en-
tire testing system; i.e., personnel, hardware, and software and
the interfacing of these areas. This model was only sparsely
instrumented. Problems arose during this test, which did not
allow the data taken during the test to be properly saved or
accessed.

The first clean shell model at a pressure of 130 psig (896
kPa) is shown in Figure 1. The entire model was painted white
prior to testing. As soon as the cylinder began to yield the
paint began to peel off the cylindrical portion of the model. As
can be seen in Figure I nearly the entire cylindrical portion of
the model is void of paint and there is significant bulging of
the cylinder wall. It is estimated that the strain in the cir-
cumferential direction is about 20%. This model failed shortly
after the pressure was increased to 135 psig (930 kPa).

The second clean shell model was fully instrumented.
Significant yielding of the cylinder was observed when the pres-
sure in the model was increased from 80 to 90 psig (550 to 620
kPa). This model was pressurized incrementally until a small
meridional tear at the mid-height of the cylinder occurred at a
pressure of 110 psig (760 kPa). Details of the 'est are reported.

in Ref. [5]. The maximum residual strain in the model after
depressurization was about 6%. The maximum residual radial dis-
placement was about 1.3 inch (33 mm). The second clean shell
model was not repaired or tested again.

CLEAN SHELL ANALYSIS

Fifty-nine cubic dispiacement axiaymmetric shell elements
were used to model the majority of the cylinder and the hemis-
pherical dome. A group of 16 axisymmetric continuum ele ants
were used to model the cylinder at the attachment of the cylinder
to the base ring. The use of continuum elements was necessary
due to high shear strains in this area. This axisymmetric finite
alement model had 336 degrees of freedom. Only the geometry of
the second clean shell model was specifically used in the
analysis, although the differences between the two clean shell
models were slight.

The majority of the cylinder wall was predicted to yield at
95 psig (655 kPa). Failure of the clean shell model was
predicted to occur at 132 psig (910 kPa) due to the mid-height
portion of the cylinder wall exceeding its strain capabilities.

CLEAN SilELL CG1PARISON

Displacements and strains obtained during the experiment as a
function of pressure were compared, at several locations on the
second clean shell model, to the analytical results. A typical
plot is shown in Figure 2. The markers on the plot represent the
strain gage data for gages that were located circumferentially

s
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around the cylinder mid-height of the model. The solid line rep-

resents the analytical results. The experimental strain data

.were converted to true (log) strain before plotting to allow a
direct comparison with the analytically predicted strain.

Although the yield pressure predicted is higher than the pressure
that the model actually began to yield, the analytical results
are quite similar in overall response to.the actual behavior of
the model. Figure 3 is the predicted deformed shape of the clean
shell model at 130 psig (896 kPa) superimposed over the original
shape. The dome apex was both observed and predicted to displace

' downward. In comparing the- predicted shape and actual shape

(Figure 1) the correlation is judged to be quite good.
" RING STIFFENED MODEL EXPERIMENT

The ring stiffened model was tested to determine the effect that"

- the stiffening rings had on the containment response. The

cylinder and stiffening rings began to yield as the internal

pressure was increased from 106 to 109 psig (730 to 750 kPa).
There was no noticeable difference between the pressure at which
the rings and the cylinder wall began to yield. The pressure was

.
incrementally increased to 120 psig (830 kPa), when a small leak
was detected. By attempting to apply a slightly higher pressure,
the model was able to structurally stabilize at 120 psig (930

,

_

kPa). A picture of the model at 120 psig is shown in Figure 4.
-

Upon depressurization and inspection, two very small tears were
- found in the cylinder material adjacent to the dome near a weld
i repair in an area that had been thinned when a defective weld was

ground away. These areas were repaired in situ along with some
other areas that appeared to have been thinned or inadequately'

welded.
With the model repaired the model was again pressurized.

=
- The elapsed time between pressurization was nearly three weeks.
y The pressure .of the model was increased incrementally past 120

; psig (830 kPa) with no signs of re-yielding of the model. When

; the final pressure step, from 135 to 140 psig (930 to 965 kPa),
was applied the model began to expand unstably until failure'

- occurred. Before the last pressure increment the model appeared
! to be responding linearly to the pressure increase; no plastic

[ straining was observed. This was thought to be due to strain

g aging of the cylinder material.
- The material used to fabricate the cylinder was tested for

the possibility and extent of the material to strain age. The"

.
material was strained past the Luder's band region (the ap-

$ proximate amount of strain that was achieved in the cylinder

[ wall) of ti e stress-strain curve and allowed to age at 212
=
_- Fahrenheit (100 C) for one hour. The temperature and time vere

selected to accelerate the strain aging process, and still ap-*

proximate the ambient conditions and time that the containment
E_ was subjected to. Upon reloading the test specimens, the yield,

stress increased by more than 10% and was within 5% of the ul-g
timate tensile strength of the material. Hall [6] suggests that

L
-
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; it.is;possible for the yield -s t reng th to-exceed the ultimate ten-
'

slie strength of the material due to strain, aging.

ANALYSIS OF THE Rlh3 STIFFENED MODEL

The ring-stiffened _model .was analyzed using 89 cubic dis-
placement _axisymmetric shell elements to model the dome, stiff-
ening rings and the majority of the cylinder. The remaining por-
tion' -of the- c y l i n d e r ', wh i c h wa s attached to the base ring, was
modeled_ with 16 'axisymmetric continuum elements. The braze-
material used~to join the rings to the cylinder wall was not in-
'cluded in the finite' element model. The resulting model had 490
degrees of freedom.

The analysis predicted .that ooth the rings and the cylinder
would yield at about the same pressure. Although there were some
meridional' bending strains in the cylinder wall, the bending.
strains did not increase significantly after the cylinder wall
yielded. General yielding of the cylinder was predicted to occur
at 110 psig'(760 kPa)'. The ~ analysis was continued until the max-
imum equivalent strain in the stiffening rings was reached.
Failure of the model was predicted to-occur at 138 psig (950 kPa)
initiated by the failure of the' stiffening rings.

RING STIFFENED COMPARISON

A comparison of analytical results to some strain data
gathered during the test of the model are shown in Figure 5. The
strains gathered during testing of the model were converted to
true (log) strain. The solid line represents the analytical
results while the markers represent several gages located circum-
ferentially around the mid-height of the cylinder. The gages are
located both (meridionally) in between stiffeners and radially
behind the stiffeners. The differences between the
strains / displacements measured at a pressure level either between
or adjacent to stiffeners is indistinguishable in the experimen-
tal scatter. Although there was almost a three week break in the
test and welding was performed on the model the test was treated
as a single test; i.e., the instrumentation was not re-zeroed
when the second pressurization of the model began. Note that one
gage showed quite a bit of change from the end of the first test
to the start of the second test. The predicted deformed shape of
the ring stiffened model at 120 psig (827 kPa) plotted with the
original shape is shown in Figure 6. The analysis very closely
depicted the deformations of the ring stiffened model at this
-pressure level.

During the second loading of the model there was no plastic
flow observed until just prior to failure; therefore, the strains
predicted analytically for pressures beyond 120 psig (827 kPa)
are more than what was observed due to unanticipated strain aging
of the cylinder wall material.

l
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PENETRAT1ON-MODEL EXPERIMENT

The penetration- model was tested to determine the effect
-that simplified major penetrations can have- on containment
capability. The penetration model had three penetrations that
intersected the cylindev wall. Due to the small scale, there
were no gaskets or scals of-any type; all of the penetrations
were of welded constcuction. The shell wali was not thickened
due to the presence of the penetration as is dictated by the ASME
area replacement rule. Two penetrations were simple personnel
locks. Each personnel lock consisted of a cylindrical sleeve -|
that passed through end was welded to the cylinder wall. The
diameter of this sleeve is about 3.1 inches ( 80 nm) wi t h heighta

(sleeve length) of 1.1 inches (28 mm). The personnel lock doors
were represented by a flat circular plate welded to each end of
the cylindrical sleeve.

The third penetration was a model of an equipment hatch.
Tne equipment hatch sleeve was about 7.5 inches (190 mm) in
diameter with a height of 1.3 inches (33 mm). The sleeve passed
through and was welded to the cylinder wall. The equipment hatch
door was a spherical cap with a radius of 7.5 inches (190 mm).
The door was fitted into the sleeve and welded in place concave
inward.

A snap through buckle of the equipment hatch door was an-
ticipated early during the pressurization of the model. Within
seconds after the pressure in the model was increased from 40 to
50 psig (275 to 345 kPa) the equipment hatch door buckled;
however, the model did not leak. The majority of the model was
determined to be responding linear-clastically.

It was decided to depressurize the model, push the equipment
hatch door back to its original position, drill a small hole
through the door, and weld a flat circular plate to the equipment
hatch sleeve to allow further testing of the other penetrations,
the modified equipment hatch and the contaimment shell. With
this accomplished the model was again pressurized. Noticeable
plastic straining began to occur at a pressure increase from 80
to 85 psig (550 to 586 kPa). While waiting for the model to sta-
bilize at 120 psig (830 kPa), the model failed suddenly. A pic-
ture of the model at 120 psig (830 kPa) is shown in Figure 7.

The large circular unpainted area is the metal plate welded to
the equipment hatch sleeve. Tc the right of the equipment hatch
the personnel lock can be seen. The maximum st ain in the model
at this pressure level is over 14.5%. Shortly after this picture
was taken the model failed suddenly.

PENETRATION MODEL ANALYSIS

Three-dimensional analyses, using t h e MARC: [4] code were used to
analyze the penetration model. A series of analyses were per-
formed to analyze the personnel lock [7]. It was concluded from
the analyses, that the personnel lock did not decrease the
capacity of the containment. The equipment hatch was modeled in
two separate analyses, one to determine the buckling of the equ-
ipment hatch, the second to analyze the model with the addition
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=Both;.?of7:th.ese<| analyses.=were# performed.priorytocthefcontainmenp
~

'

~

l _ ._ .
.- |models-beingstested. ..

fused :to-determinewthe?bucklingz
_ . .

.'

.The: finite element- model*

- : p r e s s u r e i 1o f ; ' t h e -- ' equipment:. hatch |doorVi n c l ud e d i.a : t h i.r ty:Ld e g r e e. - ~ _

' ! segment--of; theimodel. iThebsegmentiincludedEthe ent' ire cylinder.

J h'e i g h t:'a rid it h eld ome t( F1 g u r e 8),.with?symmetiyfboundary? conditions:*

_

~

1ontthe meridional-houndaries. Th ed s !'e e v e( a rou nd', t h e(e qu- .-J | imposed c

f Lipment jh a bih L.be g i n si t o 3 y i e l d ? a t t a _ p r e s s'u r e fo f ?26 -_p s'i gi ( 180f kPa )---

_

id u ct ~ t o'- the th'igh;! bending { : s t r a'i n s -''i n ; t h e s l e eve ' and t h e is t e eve . .,

imaterial's!.lowerifyieldistrength.-.The analysisEwas continuedjtoi
~

~

75 9 .p s i g - ( 517 ? LPa ) ' wh e r efai bu ck t i ng s c_a l cu l a t i on'~wa sf pe r f o rmed . .A<
'

buckling p r e s s u r e ; _ :of : ~76: 1psigt '(5241 kPa),_ using ;thecupdatedi
, ,

elast_ic. plastic stiffness-matrix, was~ predicted. .

.
-

EA new' :fini tel e I emen t ; me s h wa ssc r e a t ed.f t o f r e f I e c t 'theK add i E
tion .of: .the fiat; ' circulari plat.enwelded to-the.~ equipment' hatch

~

sleeve. For'_this a'n'a l y s i s f a -larger - 451 degree:segmentLof.='the':

model;'was'used. Th e | me s h ;u's e d - i s: .- s h ow'n l i n F i g u r e r 9. . The sleeve'r

fagain- . began :to.stra_in_plastically very early on>in the analysi_s
-(22 'psig11152 kPa). LSome yieldi~ngjof=the cylinder.wal1 occurred.

.

from 80,to 8 5 p s'i g' (550 .to'_5907Jas. the -pressure- was _ increased
. kPa ) ,' while mostLof s ome l p l a s t i cf s t. r a i n- ' :

;95 psigi(6551kPa-).the1 cylinder _ accumulated' . Failure of.the'model was predicted'tosoc-a t- .

cur- .a t 122 psig- (840 kPa) due: to a.sma11-area ~on the^ sleeve
reaching itsLmaximum plastic strain in the outers fibers; caused _by-
high bending strains.

' PENETRATION MODEL CCMPA'R1 SON

The results.-of'the analysis?are compared to.the results ofL
the experiment in Figure 10. The strain-gage data were:again~
converted _ ~ to.true'(log) strain. The lines on the g r.aph :ind i ca t e
the' major and minor strain at two points in'the model.' No.t e .. t h a t
there are four lines representing the minor.' strains (two ex-
perimental _' a n d . two analytical) .and there are-four ~ 1 i n e s _ r e p r e --'

-

senting .the major strains (the two analytical curves overlay one
a'n o t h e r ) . The strains produced by the finite element analysis
were converted to their principal components in.the ~ plane'of the
shell surface. The point chosen for comparison _in_ Figure 10'is
about three inches from the three.o' clock position of the equ-
ipment hatch sleeve in the'shell.wa'll. A similar plot, Figure
1 1 ', : is also shown for an area in the shell wall-just below (6
o', clock) the equipment hatch sleeve. There are two lines.repre-
:; en t i ng - ex pe r imen t a l ~ r e s ul t s , one major and one minor _ strain, and
four lines representing analytical results, two major and.two

.

minor (which -overlay one another). A dis' laced shape.of.the.p
model at 120'psig is shown in Figure 12.

.

LCONCLUSIONS

Fo r. the geometries investigated... stiffening rings attached
:to the containment wall _ increase the pressure 'at which'the
. ma j o r i't y of the wall yields and the ultimate strength of the
vessel'. . Treating the stiffening rings implicitly by~ increasing

'
.

'
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.the 'th'ickness of'the cylinder, wall',by a volume equal'to'the'in--

crease Ei n -vo_lume' ; represented: .by '. t h e stiffening r i n g s ;- i'. e . ,

smearing;of.the rings is':a reasonable. analytical procedure.
~

The penetrations- .~i n ' the penetration modelLdid not have a
(thickened shell area around'the pene'tration. sleeves and no-gas---

'k e t s - or- 's c a l s ' we r e'~ . included .in' the' penetrations. For these. ]
isimplistic~ . penetration. geometries,ithe-penetrations dofnot sig-- ;

.

~

nificantly decrease the.' capability of the containment'. 'TheEten-
- dency ,of ducti.le; steels to? flow'plastically mitigates the.effect
of discontinuities;such'as'. penetrations,

in the absence of,; severe. flaws, estimating, failure pressure .

; using-~an' equivalent / plastic st' rain; criterion _does aniadequate job-
for the simple geometries:in'vestigated with these analyses.
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ANALYSIS OF A 1:8 SCALE STEEL CONTAINMENT MODEL
=

. SUBJECT TO INTERNAL STATIC PRESSURIZATION"

David B. Clauss
; Sandia National Laboratories

Albuquerque, NM 87185
i

ABSTRACT

. The Containment Integrity Division at Sandia National
Laboratories is investigating the response of nuclear contain-

-

ments subjected to loads that could arise during severe acci-
dents. As part of this program, a 1:8 scale steel containment
model has been built and will be *ested to determine the response

- due to overpressurization. This experimental model containsI
several prototypical penetrations including personnel lock repre-
sentations, operable equipment hatches, a constrained pipe pene-g

-

tration, and other pipe penetrations. Pretest predictions of the
response of the experimental model to static overpressurization
have been obtained using finite element methods. Analyses of a'

ring stiffened shell with (1) no penetrations, (2) a personnel
- lock, (3) an equipment hatch, and (4) a constrained pipe penetra-

tion are discussed. Each of the models represents a different
; circumferential s'egment of the experimental model. The responseof the ring stiffened shell with no penetrations is compared to,
-

the response of the ring stiffened shell with penetrations, and=

conclusions are made regarding the effect of penetrations on
containment behavio,r. Leakage around the 'O' ring seal in the

. equipment hatch assembly is discussed.
s

INTRODUCTION
-

The structural response of nuclear containments during-

postulated severe accidents has an important effect on the risks
_ and consequences associated with these accidents. The Contain-I

ment Integrity Division at Sandia National Laboratories is c n-
ducting a combined experimental and analytical program to deter-mine the structural capability of LWR containments. As part of

,

S this p r og ram, a static pressurination test of a 1:8 scale steel; containment model will be conducted in the near future.:

The response of the model to internal pressurization beyond
, the design basis has been predicted using finite element methods."

Data from the test will be compared to the pretest predictions in
order to assess the adequacy of the analytical method. The

, analytical effort will provide a basis for predicting containmenti failure (excessive leakage) due to static overpressurization in
[ * This work is supported by the U.S. Nuclear Regulatory Commis-'

sion and performed at Sandia National Laboratories which is
- operated for the U.S. Department of Energy under contract number
a Dii-AC04-76DP00789.

-635-s

i
s

--



'
,

f

,

conjunction with the experimental effort. Co n t a i mne n t failure is
associated either with ~ a1 gross structural failure, which would
result- in a sudden venting of the containment, or with large
deformations :near seals and gaskets, which would result in rela-
tively slow leakage.

The model was designed and constructed-by Chicago Bridge
and Iron. The design _ pressure is 40 psig (276 kPa). -The model |
consists of a right circular cylinder which is welded to'a ;

hemispherical dome along its top edge and an ellipsoidal base !

along its bottom ; edge, as shown in Fig. 1. Twelve stiffening

. rings are welded to the cylinder wall at equal intervals along-

the _ meridian. The ellipsoidal base is much thicker than the
cylinder and dome since it is used.for fixturing. The model
includes operable equipment hatches,. personnel lock

representations, a constrained 1 pipe penetration, and other pipe
penetrations. In general, the penetrations are comprised of
cylindrical sleeves that pass through the cylinder and are closed
by flat- circular- plates. The spherical' equipment hatch covers
are the lone exceptions. The containment wall is reinforced at
all intersections with penetration sleeves by plates that are
twice the nominal thickness of the cylinder.

The experimental model will be pressurized incrementally
with nitrogen gas. High elongation strain gages, displacement
gages, pressure transducers and thermocouples will be used to
acquire data at each pressure increment. A coordinate determina-
tion system which uses theodolites and the principles of trian-
gulation will also be used to determine displacements. In addi-
tion, an acoustic emission system and flow meter will be in-
stalled to aid in leak detection. The model and test plan are
described in detail in [1].

ANALYTICAL METHOD

The J2 version of the MARC finite element code, [4], was

used as the primary analysis tool. Finite strain, large dis-
placement, follower force, and nonlinear material behavior capa-
bilities in MWRC were invoked. MARC element 72, which is a
bilinear, thin shell element, was used almost exclusively. Pre-
liminary stress-strain curves for the cylinder and dome materials
are simple bilinear approximations based on the yield and ul-
timate properties (A516 steel) given in Table 1. The models

Yield Ultimate Ultimate

Material Stress Strain Stress

(True Stress-True Strain) ksi (MPa) kni (MPa)

llemispherical Dome 57.5 (396) 0.212 96.4 (664)
Cylinder and Penetrations 59.1 (407) 0.205 98.2 (677)
El_lipsoidal Base 46.1 (320) 0.243 98.3 (67.7)

Table 1 Preliminary Material Properties
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Lthe measured material properties [become-- w i l l? ' b e:= upda t ed ' -a s

.

- Structural failure ;was assumed to occurJwhent the maximumL
: predicted- e f f e c t i.ve _ . s t r a i n '. a t ' a point.in;the mode 1< exceeded'the-
ultimate'< strain = obtained- from un'iaxial-tensileutests. No dis-
tinction :was made,-between , membrane- and? bending strains with

_ . rega rd :to 5the impplica tion of: this ; f ailure - cri terion. ? Containment-
^ f a i, l u r e due'jto leakage. was ;more difficultntotinfer.from-the
analysis ~ _since presently-no.: general methodology relating ~'defor--,

mations- of s c a l s' -and gaskets. 1t o ~ leakage rates is7available-.

However, . when the calculated deformations.became sufficiently_
large- leakage was anticipated.,

Much of the analysis-effort was'. directed towards pred'icting
'

the response of and .around penetrations. It was assumed that-
.the penetrations could'be analyzed _ individually with little loss;
of; accuracy due to Estructural interactions. Four .three-
dimensional finite element analyses . o f' the" containment.were
conducted: one without penetrations,-one with.a personnelilock,_
one with- an- equipment hatch, and one with the constrained pipe
penetration. -The response of thel containment .with no
penetrations: served as a- useful- reference- in evaluating the
effect of penetrations.

The ring stiffeners were modeled explicitly only for the
analysis of the containment shell without penetrations ~. Blejwas
and Horschel showed that the effect of the ring stiffeners is
similar 'to that of increasing the thickness'of the cylinder' wall
by_an amount which accounted for the material volume of the rings
in (2). The ring stiffeners were modeled implicitly for all the
analyses involving penetrations using this approach. This in-
volved increasing the cylinder wall thickness from its true value
of 0.197" (5.0 mm) to 0.229" ( 5. 8 nun) .

ANALYSIS OF THE CONTAlbMENT SHELL WITHOUT PENETRATIONS

The response predicted for the containment without penetra-
tions was qualitatively similar to that for the small steel model
reported by Horschel and.Blejwas in [3]. First yield occurred at
the intersection of the cylinder and the ellipsoidal base at ~123
psig (847 kPa). General membrane yielding' of the cylinder
occurred near 185 psig '(1275 kPa) at which point the
characteristic bulging of the cylinder began to be noticeable.
Ultimate strain was exceeded at- 255 psig'(1756 kPa) near the

- midheight of the ' cylinder, and is associated primarily with
circumferential membrane stretching.

ANALYSIS OF A PERSONNEL LOCK REPRESENTATION

Personnel lock representations intersect the cylindrical 1

-containment wall at two locations: one personnel lock is about
two and one-half feet above the intersection of the cylinder with
the ellipsoidal base, and the other is near midheight of the.

-637-

i



?

cylinder. Each- personnel lock consists of a cylindrical sleeve
that is capped by flat, circular plates as shown in Fig. 2. The

containment wall 1,s stiffened by a reinforcing plate around the
penetration. The- construction is- all welded, so there are no

potential leakage paths associated with these penetrations.

The personnel lock representation near midheight of the
cylinder was .modeled because;the displacement and strain of the
containment wall is greatest at this point. A thirty six degree |

circumferential segment of the containment was included in the
'

finite element model, with one boundary cutting through the i

center of the penetration. Symmetry conditions (no tangential
displacement) were imposed on the edges. Enforcing symmetry on
the edge coinciding with the centerline of the penetration is

justified solely on geometrical arguments. The perturbation in
the axisymmetric state of stress for the containment shell caused
by the personnel lock representations is localized. No sig-
nificant tangential displacement arises at the other edge because
it is far enough away so as not to be affected by the penetra-
tion.

First yield occurred at 106 psig (730 kPa) in the personnel
lock sleeve near its intersection with the reinforcing plate, and
was associated primarily with the bending response due to the
geometric discontinuity at this point. The maximum effective
plastic strain in the model was negligible (less than 0.2%) until
the onset of general membrane yielding in the containment
cylinder wall, which occurred between 180 and 185 psig (1240 to
1275 kPa). Above 185 psig (1275 kPa), the radial displacement
and the midsurface effective plastic strain of the cylinder wall
increased rapidly with increasing pressure. The deformation of
the model at 230 psig (1585 kPa) is shown in Fig. 3. At 230 psig
(1585 kPa) the characteristic bulging shape of the cylinder can
be seen clearly. Because the reinforcing plate is thicker than
the cylinder, it did not stretch circumferentially as easily.
Tangential displacements arose in the cylinder adjacent to the
reinforcing plate to compensate for the absence of significant
stretching in the reinforcing plate, which resulted in a strain
concentration. The midsurface plastic strain contours for the
cylinder, reinforcing plate, and personnel lock sleeve at 230 }
psig (1585 kPa) plotted in Fig. 4 clearly show the strain
concentration in the cylinder adjacent to the reinforcing plate.
The midsurface plastic strain in the reinforcing plate and
cylinder at the elevation of the axis of the personnel lock is
plotted as a function of the circumferential angle for several
pressure levels in Fig. 5. The ultimate strain was exceeded in
the cylinder adjacent to the reinforcing plate at about 226 psig
(1557 kPa). The strain in the cylinder approached a constant
value a: all pressure levels asymptotically with increasing
distance from the personnel lock. At 225 psig (1550 kPa), the
maximum strain was about 1.75 times the asymptotic value, which
represented the strain for the containment without penetrations.
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degree circumferential segment of the containment. Tangential
displacements are set to zero along both edges.

First- yield occurred in the cylinder at its intersection
with the ellipsoidal base at a pressure of 118 psig (813 kPa).
The deformed shape at 250 psig (1723 kPa) is shown in Fig. 13.
The dashed line represents an undeformed outline of the
cylinder. As expected, the containment wall was essentially
fixed at its intersection with the thru pipe. The pipe
restricted the bulging of the cylinder even at points well away
from the penetration, as can be seen from Fig. 14. A strain
concentration arose in the cylinder adjacent to the reinforcing
plate similar to that predicted for the personnel lock model,
although it was not as severe. Ultimate strain was exceeded at
this point at 250 psig (1723 kPa), which is only a slight
reduction in the capacity predicted for the containment without
penetrations. In -fact, the strain and displacement at a given
pressure for most points on the containment wall were less for
the containment with a constrained penetration than for the
containment without penetrations.

It is evident from Fig. 14 that the effect of the thru pipe
penetration was not localized. Therefore, the possibility of
interaction between the thru pipe and other penetrations should
be considered. A model including both the constrained pipe
penetration and the equipment hatch is planned, since the equip-
ment hatch appears to be the most critical penetration.
CONCLUSIONS

Preliminary analyses of the 1:8 scale steel containmentmodel due to overpressurization have been completed. Based on amaximum strain criterion, the results indicated that major pene-
trations do reduce the strinctural capacity of the containment.
Reinforcing plates can lead to a strain concentration in thecylinder wall if the penetration sleeve is sufficiently stiff.
This was the case for the personnel lock representations in the
1:8 scale model, which resulted in a decrease in the capacity of
the containment from 255 psig (1757 kPa) without penetrations to
226 psig (1557 kPa). Bending strains in the penetration sleeves
at their intersections with the containment wall depended largelyon the radius to thickness ratio of the sleeve. If this ratiowas large, relatively high bending strains were predicted in the
sleeve. The maximum strain in the 1:8 scale model occurred in
the equipment hatch sleeve and was due primarily to bending. Theultimate strain was exceeded at 186 psig (1282 kPa) in the sleeve
ccmpared to 255 psig (1757 kPa) for the containment withoutpenetrations.

Leakage near seals and gaskets can also result in a con-
tainment failure. In the 1:8 scale model, the only potential

,leakage path not associated with a structural failure is around
the 'O' rings in the equipment hatch assembly. Large deforma-
tions of the sealing surface occurred because the seals do not
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-ANALYSIS OFFAN_EQU1PMENT HATCH- (See Note),
:

.

1The_ two equipment hatches in'the large7 steel model are both
Llocated near: midheight of_the cylinder and are approximately 90 ,

.

; degrees apart. 'A schematic 7 representation of an egaipment hatch i

E-
L in the largefsteel~model is'shown in Fig. 6. The diamett'r.of the

'

equipment -hatch ~ sleeve is nearly 2.5 times that of.thefpessonnel-.

lock - sleeve, which is the1next largest penetration. An 'O' ring

is used to provide a seal.between the sleeve and the supporting
!- ring. Therefore, the possibility offsignificant-leakage prior to

a structural failure must.be addressed. The spherical cover and

|
the supporting ring were considered to-be' structurally uncoupled
from the' sleeve because it was assumed that.the 'O' ring trans-'

mits only loads parallel to the sleeve's axis of revolution.
Therefore, the response of the spherictl cover and the supporting

|
ring, and the response of the sleeve and its interaction with the

j . containment shell were considered in separate analyses.

The cover was modeled as a ring supported, shallow spherical
shell subject to external pressure. Assuming that1the seal can
transmit only normal loads, the ring is free-to slide radially
and to rotate. The threaded rod used to close the hatch was not
modeled. Axisymmetric stress and buckling solutions were carried

| out with AMRC. ~ Linear, elastic behavior of the s ph e r.i c a l cover

; and supporting ring is expected at least up to the pressure

l' predicted to cause containment failure. The radial displacement
and rotation of the ring were negligible compared to the deforma-
tion of the sleeve. The cover in the large steel model is much
thicker than. normal practice dictates because of the method of
attachment. Consequently, the response is probably not repre-
sentative of that for equipment hatch covers in real contt.in-
ments.

The finite element model used to analyze the interaction of
the equipment hatch sleeve and the containment shell included a
forty eight degree circumferential segment of the containment.
Symmetry boundary conditions were imposed on each edge for rea-
sons similar to those described for the model with the personnel
lock representation. The inside edge of the sleeve, where the
'O' ring is found, was not constrained. A uniform line load

a net force equal to that transmitted by the-equipmenthaving
hatch cover due to pressurization was applied to this edge.

First yield occurred in the sleeve near its intersection
(.

| with the reinforcing plate at a pressure of 41.2 psig (284 kPa).
| Deformation of the model is shown at 185 psig (1275 kPa) in Fig.
| 7. The sleeve ovalized in a manner suggestive of an

inextensional deformation. Inextensional behavior can be

l' expected to occur when an unrestrained shell is loaded in a non-
uniform manner. The classic example is that of an unrestrained
cylinder to pinch loads. The equipment hatch sleeve is'

unrestrained' at its ends, and is subject to a non-uniform line

i load due to its interaction with the containment wall. Large

deformations and low strain energies are associated with'
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inextensional behavior- The change in the sleeve diameter at the !.

|sealing surface from 12 to 6 o' clock, and from 3 to 9 o' clock is
plotted against pressere in Fig. 8. At approximately 185 psig
(1275 kPa), the change in the diameter of the sleeve was twice
the thickness of the sleeve at the sealing surface. This would
certainly result in excessive leakage, since the displacement of
the supporting ring was negligible. In a real containment the
cover assembly may be more flexible, and the displacement of the
supporting ring could more closely match that of the sleeve.
However, the supporting ring displacements were axisymmetric and
the sleeve ovalized, which precludes any close matching of the
two.

Localized bending deformations arose in the sleeve at its
intersection with the reinforcing plate and are naturally as-
sociated with large bending strains. Strain contours on the
midsurface and for an outer fiber are plotted at 192.5 psig (1326
kPa) in Figs. 9 and 10, respectively. The maximum plastic strain
was due to bending in the sleeve at 12 and 6 o' clock near its
intersection with the reinforcing plate. Large bending strains
were also observed in the personnel lock sleeve, but at
considerably higher pressures. The plastic strain vs. pressure
curve predicted for a point on the equipment hatch sleeve is
compared in Fig 11. to that predicted for a similar location on
two other penetrations that have different sleeve radius to
thickness (r/t) ratios. A sleeve penetration with r/tm95 was
analyzed although it is not physically present in the 1:8 scale
containment model. The ultimate strain was exceeded at 186 psig
(1282 kPa) in the equipment hatch sleeve. The different
penetration sleeves exhibited qualitatively similar response.
The radius to thickness ratio of the sleeve affected the pressure
at which the deformation and strain in the sleeve began to
increase rapidly. A high ratio resulted in a low pressure at
this point. Decreasing the radius to thickness ratio of a
penetration sleeve required a proportional increase in the
pressure required to produce a given amount of strain.

As can be seen from Fig. 9, there were strain concentrations
in the containment wall immediately above and below the equipment
hatch. This behavior is analagous to the elastic stress con-
centration that arises in a flat plate with a hole for a similar
loading condition. It is interesting to contrast this behavior
with the response of the cylinder near the personnel locks, which
was similar to the response near a rigid inclusion.

ANALYSIS OF A CONSTRAINED PIPE PENETRATION

The cylindrical containment wall is intersected by a thru-
pipe at two diametrically opposed points just below midheight of
the cylinder, as shown in Fig. 12. This pipe constrains the
radial displacement of the wall at its intersection with the pipe
to essentially zero. Because of the geometric s ynne t r y , the

. behavior can be predicted with a model representing a ninety
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1 couple- the structural response of the sleeve and cover. It is
difficult, - if not impossible, to design the cover assembly to
-match the sleeve deformations without structural coupling because
~the sleeve 'does not deform axisymmetrically. Some: seal designs
do provide some structural. coupling, for instance, a tongue and
groove _ seal design. Although no formal. method of correlating
deformations to leakage rates is presently available, excessive
Isakage is expected to occur at around 185 psig (1275.kPa) in the
1:8 scale model because the deformations were so large near the
'O' ring sealing surface.

NOTE: An error was found in the analyses of the equipment hatch
shortly after the paper was submitted. Corrected analyses
indicate qualitatively similar distortions of the sleeve
but at pressures approximately 20 psig higher. Complete
update results will be published at a later date.
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FRAGILITY CURVES FOR STEEL CONTAINMENTS
WITH INTERNAL PRESSURE -

Fouad Fanous and Lowell Grelmann
Ames Laboratory, Iowa State University

Ames. IA
.

ABSTRACT

Containment structures for nuclear power plants have long been
designed for static internal pressure. However, since the Three
Mile Island accident there has been heightened interest in the

,.

behavior of containments under conditions beyond design, particu-
larly the actual, in-place resistance of containments to static
internal pressure. Probabilistic methods are being applied to both
the loading and resistance quantities so public risk can be accu- c
rately assessed. In this paper, a reliability assessment of a i

steel containment strength under uniform internal pressure is
summarized.

Typically the containment vessel is a stiffened shell struc-
ture. Failure modes for this type of structure are identified as
general, inter-ring and panel failure.- Simplified methods to
predict the resistance of the vessel under internal pressure are
presented.

The Advanced First Order Second Moment technique is used in
conjunction with the simplified methods to construct the cumulative
distribution of the containment resistance as a function of pres-
sure. Uncertainty of the basic variables which affects the
containment resistance are propagated through the analysis to
evaluate the total uncertainty of the system. The resulting
distribution considering all possible failure modes is given for a
typical Mark III steel containment. Fragility curves for the
containment at 95% and 5% certainty are also given.

?NTRODUCTION

The function of the containment structure is to prevent the
escape to the atmosphere of any radioactivity which may be released
within the vessel. In spite of the design procedures to ensure
safe operation for accident loadings, leakage of radioactivity
still does have a small non-zero probability of occurrence. This
has motivated efforts to study the behavior of the containment
under different loading conditions. The objective of this paper is

r

to obtain a statistical description of the containment strength due :
to static internal pressure.

Failure is defined to occur when maximum strains exceed twice
the yield strain. (This definition is certainly debatable but that
is beyond the scope of this paper. It is sufficient
that the failure criteria does represent a departure beyondto recognizeusual" ,

design consideration, i.e., significant inelastic behavior.) .

Simplified equations for the static pressure resistance of
stiffened shells are formulated. These methods provide the limit -

pressure, po, of stiffened cylindrical shells. This pressure is

?
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considered as a good approximation to the vessel resistance [1,2].
Finite element analyses were used to calibrate these methods.:

The resulting reliability problem is analyzed by the Advanced
First Order Second Moment method. Uncertainty limits are ._

established. .

ANALYSIS OF STIFFENED CYLINDRICAL SHELLS
-

A stiffened cylindrical shell can be considered as a number of
-~

rectangular curved panels framed by a ring sector and a stringer
aection (see Fig. 1). Failure modes for this t.ype of structure can
be identified as: (1) General Failure; (2) Inter-ring Failure ; and :

(3) Panel Failure. The first mode is considered to occur when the
entire panel expands in the radial direction uniformly as shown in
Fig. 2.a. The inter-ring failure mode occurs when the radial
deformation of the vertical stiffeners and the shell skin increase,
while the ring stiffener deformation remains small, i.e., within
the elastic range (see Fig. 2.b). The third failure type occurs
when the shell skin bulges outward while the ring and stringer
reinforcement remain in the elastic range.

Basic Equations
"

For an axisymmetrically loaded cylindrical shell with large
deformation, the membrane strain-displacement relationships are
[3]

= d_g + 1 (h)2 ,w (1); c
c+ dx 2 dx r

in which c6 and ce are the meridional and circumferentialmembrane strain, respectively, w is the displacement perpendicular
to the shell surface; u represents the meridional displacement; r
is the shell midsurface radius; and x is the cylinder meridional _

coordinate. The internal energy, U, dissipated per each panel is
written as

U - f (f c, + f 8 0) dV + f f Se dV + f f 8 dV (2) .

4 0 r s 4
V V Vr s

are the shell meridional and circumferentialwhere f, and fe
membrane stresses, while V represents the material volume. The
stresses f and f , respectively, are the ring and longitudinalr s
stiffener stresses, while Vr and Vs are the ring and lengi-
tudinal stiffener volumes, respectively. The external work for a .

uniform internal pressure loading, p, can be expressed as

W = f p w dA i 2x r (N, n + M 6) boundary (3)
A

._

where A is the surface over which the load is applied. The second
term indicates the work of the meridional membrane force N, and --

at the plastic hinges at the panel boundaries (N4the moment M,rces per unit length). The quantity u denotesand M4 are fo

.
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the change in the length of the panel and 6 is the slope of
the deformed shape at the plastic hinges.

The membrane strains are written, according to the deformation
strain theory of plasticity [4], as follows

e, = C(f, - f /2) e = C (fe - f /2) (4)
'

e
; c

4

in which C denotes a proportionality constant. The von Mises yield
criteria [4] is employed in this work to relate the membrane
stresses to the material yield strength, F , asy

f* + f* - f f - F* (5)
'

0 4 y _ .

Analysis of the General Failure Mode

For this case, the circumferential strain is assumed to be
constant, while the meridional strain is neglected, or

ce"" 3 8 =0 (6)4-
:

where e is the maximum allowable strain. The plasticity conditions
of Eqs . (4) and (5) in conjunction with the assumption in Eq. (6)
yield the following membrane stresses:

f F ; f
4 j y e =f -F; f -F (7)-

y r y

When the above relationships are substituted into the following
minimization principle

8E aH- = 0 (8)De Be

An expression of the limit pressure,$po, for the general failure
mode is found as:

tF (_g A
iypo -

r /3 st
i

in which t represents the containment wall thickness, s and A arei ithe ring stiffener spacing and cross-sectional area, respectively.
Analysis of the Inter-ring Failure Mode

In this case the circumferential strains are assumed to vary
parabolica11y, while the longitudinal strain is assumed negligible,
or

(da)* ]e - e [1 =0; c, (10)c -

where e represents the circumferential strain midway between the
rings. Substitution of Eq. (10) into Eq. (1), yields the following
radial and meridional displacements:

m_
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2 2 3
; (jj) gw = er [1 - (21)* ] u = 32 e r x

4s s
i

g

. . )1The rotation, i, at the upper and lower boundaries of the panel, g
and the change in the panel length, G are found as 7

2 2
4 er g . 4e r (12)6=h{ =i .

lx=1
2

For an elastic-perfectly plastic material, the strain energy, U,e
which is accumulated up to yield strain, cy, can be-approximated
as:

e"hU (13)U e.,

Substitution of the above relationships into Eq. (2) and (3) and
using a strain ductility limit of two gives a limit pressure for
the inter-ring failure modes as

A2 cp F t/r , ( 2 + 12 Zr.) .g,t + (14)g y
,

'

2 t 4 s8c r2 8y 3 1 2
(1 - )2

..

where Z is the plastic section modulus of the shell and stringer
per unit circumference, A and s are the stringer cross-sectional2 2
area and spacing, and e is the eccentricity and c is the stringer
centroid measured from the shell middle surface.

The foregoing equations were verified by comparing the results
to finite element analyses accomplished using the ANSYS [5]
program. Reference [6] gives a summary for this comparison. The
results were found to be sufficiently accurate to define the resi-
stance of a stiffened cylindrical shell structure.

RELIABILITY ASSESSMENT

The purpose of a reliability analysis is to use statiatical
descriptions of all the basic parameters of a structural system to
determine the statistical properties of the structural behavior.
In the case of a vessel under internal pressure problem, the
containment is described by rather arbitrarily selected basic
parameters. Table 1 lists the random parameters used in this
study. Sources of uncertainties associated with a containment
analysis are explained in Ref. [7]. Lack of information,
imperfect data sources and limited sample size are sources of
uncertainty in each of these statistical descriptions. Other even
more subjective sources, such as human error, data censoring,
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extrapolation to future cases and experimental versus actual in-
place _ values, introduce uncertainty.

Table 1 - Basic Parameters

Standard' Deviation

Variable Type Randomness Uncertainty

Analysis Error Lognormal 0.12 0.08

Fy (ksi) Lognormal 3.7 2.00

Radius (in.) Normal 0.60 0.60

Area (in.2) Normal 0.80 1.00

Thickness (in.) Normal 0.02 0.04

Ring Spacing (in.) Normal 0.08 0.08

Since most structural systems are too complex to test or model
directly, one should propagate the uncertainty of the basic
component variables through the reliability analysis to evaluate
the total uncertainty of the system. Several cpproaches are
available to quantify the uncertainty associated with the analysis
[8]. One of these methods is to separate the total uncertainty on
a variable X into randomness and subjective uncertainty [9], i.e,

X=XR+Xu (15)
in which X and X represent the objective and subjectiveR U
uncertainty in the variable X, respectively. If perfect knowledge
of the randomness of X existed, then XU would be zero. The
distribution of XR has no uncertainty and is determined by the
available data. Table I lists the statistical properties which
describe the randomness of each parameter. The sources of these
properties are presented in [2]. g..-On the other hand, XU is completely subjective and its iJWvariance can be selected with professional judgment. One approach 9.6

Ujf."to such a judgment is to take a subjective uncertainty statement fsuch as, "I am e certain that the true mean of X is greater gby
than a specified value. The distribution of XU will be taken as QQnormally distributed (a subj ective statement) . One can use this % .msubjective statement to calculate the standard deviation of XU ----

as V"F
: /., |
.O Cm" -mx x ;A

jy y.jU -1 (16)
-

oX
7.yf]je (1 - m)
%$p
da[
1-..e
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where 4 (.) is the inverse of the standard normal cumulative-1

distribution. The mean of the available data X is m For
R x.

example, if the sample mean of yield srength, m is 51.1 ksi, one
x,

could subjectively say, " I am 95% certain that the true mean of the
yield strength, (m *), is greater than 45 ksi" . Using this

_

subjective statement, the standard deviation of X is calculatedx
U

as:

45 - 51.1
3.7 ksi (17)==oX g _1(0.05)4

7

- The standard deviation of the uncertainty variables for each of the
similarly determined and listed in Table 1.random parameters are

RESISTANCE FUNCTION

The structural resistance is defined as the point at which the
structural response reaches failure. The reliability assessment of

a containment involves the evaluation of structural resistance for
many different sets of the structural parameters, X The

i.
resistance of each of the 16 failure modes for the containment
shown in Fig. 3 are calculated using the simplified methods. Eqs.

.

(9) and (14) are used to analyze the cylindrical portion. The 7, ? T.
resistance of the containment head is calculated using the . ;4 E'[
following equations [2]. g^N6

' i ."d .#Ft 50 F
Yielding: po = f (1 + - ) (18) [hI[

, , . .
<. ve
;co 'y1.25 .j;y(t2r) (19)
s.]; % |
,.'.Buckling: po = 10.4 F
. " . ..

Jn,f,where E is the material Young's modulus. The structure resistance -

evaluated at the mean value of the basis parameters is .- #

% "p[
Finimum { po (m )} (20) g dy 'm = xp

3 6 s .:.r i4. .
where j is the number of the failure modes. This was obtained as kgi;.c?
99 psi and is controlled by buckling of the ellipsoidal head 2 grf'

- (caused by circumferential compression introduced in the head by ggJ.j,n
the head / cylinder membrane discontinuity). . ;i;. :

.

- Simplified equations are useful for reliability assessments r ihJ |but have several practical limits - principally lack of generality. # 'I#Il
The mean value analysis (resistance at the mean) can also be per- :Jsp:..
formed by general finite element / finite difference techniques, such $ Q. -!

Y:q$.(<
E ; $as in this case, BOSORS [10]. The numerical solution was

,

Jobtained by increasing the load, tracking the displacement and 1~strain behavior, and checking for bifurcation at each load point.
A bifurcation point (inelastic buckling loal) occurred at a .

pressure of 101 psi (see Fig. 4), which compares f avorably with the i

simplified method result. (Buckled shape in Fig. 3.)
.
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RELIABILITY METHOD APPLICATION

The Advanced First Order Second Moment Method (AFSOM) is used
as a reliability assessment technique, in conjunction with the
simplified equations. Table I shows the mean value of X as wellRas the standard deviation of the randomness and uncertainty. The
uncertainty propagation requires two applications [8]:

Randomness only - no uncertainty oxe ~ *

U
yields the cumulative distribution of F (p) in Fig. 5.p

Uncertainty only - no randomness (oX = 0). This stepe
R

gives the cumulative dist'ribution F (p -m)p p
illustrated in Fig. 5.

As explained in [8], the 5% and 95% certainty levels on the
containment strength, p , are constructured by:

F"p(p) - F (p - F (1 - m))p (21)

where e is 0.05 and 0.95, respectively. The resulting fragility
curves are shown in Fig. 5.

SUMMARY

Simplified approaches were developed for the analysis of
stiffened axisymmetric shells under uniform static internal
pressure. The methods are based on classical limit analysis theory
and take into account the effects of large deformations. These
approaches provide the limit pressure for each possible failure
mode. For a static uniform internal pressure, the simpl.ified
methods give good results when applied to axisymmetric stiffened
shells.

The cumulative distribution of the resistance is predicted
using the Advanced First Order Second Moment method. The
uncertainty is quantified by separating uncertainty into randomness
and subj ective uncertainty. Fragility curves at 95% and 5%
certainty are constructed.
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