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SlH4ARY

This is a Safety Evaluation Report (SER) prepared by the Office of Nuclear
Reactor Regulation addressing the Short Term Program (STP) reassessment of the
containment systems of operating Boiler Water Reactor (BWR) facilities with the
Mark I containment system design. The information presented in this SER estab-
lishes the basis for the NRC staff's conclusion that licensed Mark I BWR facilities
can continue to operate safely, without undue risk to the health and safety of
the public, during an interim periud of approximately two years while a methodical,
comprehensive Long Term Program (LTP) is conducted. This SER also orovides one

of the basic foundations for the NRC staff review of the Mark I containment
systems for facilities not yet licensed for operation.

This reassessment of facilities with the Mark I containment system design has
been required because, during large scale testing of the Mark III containment
system design, new suppression pool hydrodynamic loads associated with a postu-
lated loss-of-coolant accident (LOCA) were identified which had not been explicitly
considered in the original design of the Mark I containment system. These newly
identified loads result from the dynamic effects of d w ell air and steam being
rapidly forced into the suppression pool during a postulated LOCA. Air injection
results in a pool swell event of short duration in which a layer or slug of

water rises and impacts certain structural components located above the pool.
Subsequent steam injection results in oscillatory condensation loads due to tha
rapid formation and collapse of steam bubbles in the pool.

In order to evaluate the magnitude and significance of these newly identified
loads, affected utilities formed an "ad hoc" Mark I Owners Group and contracted
General Electric Company as their program manager. The Mark I Owners Group
divided the overall task intc two programs: a Short Term Program intended to be
completed in early 1977 and a Long Term Program originally scheduled for comple-
tion in 1979.

The objectives of the STP were (1) to examine the containment system of each
BWR facility with the Mark I containment design to verify that it would maintain
its integrity and functional capability when subjected to the most probable
loads induced by a postulated design basis LOCA; and (2) to ver|fy that licensed
Mark I BWR facilities may continue to operate safely, without undue risk to the
health and safety of the public, while a methodical, comprehensive Long Term
Program (LTP) is conducted. It was datermined that, for the STP, " maintenance
of containment integrity and function" would be adequately assured if a safety
factor to failure of at least two were demonstrated to exist for the weakest
structural or mechanical component in the Mark I containment system. The objectives
of the LTP were (1) to establish design basis (conservative) loads that are
appropriate for the anticipated life (40 years) of each Mark I BWR facility, and
(2) to restore the original intended design safety margins for each Mark I
containment system.
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Consistent with the objectives of the STP, our review of the newly identified
types of hydrodynamic loads focused on those loads ,anich were judged to be most
significant in terms of the structurtl response of the Mark I containment system.
Such loads were designated as " primary loads." The remaining loads were consid-
ered to be of secondary importance and were not considered further in the STP.
During the LTP a conservative evaluation of all loads, both primary and secondary,
will be required. In addition to the STP load screening process, a "most probable
load" cpproach was utilized to determine the load magnitudes and load combinations
which are most likely to be encountered during the course of a postulated design
basis LOCA.

The primary loads for the STP were defined by the application of all existing
applicable test data, both domestic and foreign, related to the hydrodynamic
phenomena postulated to occur in a Mark I suppression chamber. In addition,
where sufficient test data did not exist for specific loading conditions, small
scale tests on a toroidal segment of a Mark I suppression chamber were performed
to provide an estimate of the loading magnitudes. The hydrodynamic load combina-
tions were then specified for a typical (i.e., reference plant) Mark I suppres-
sion chamber. Where structural analyses indicated a need, load variation func-
tions were developed from test data and analytical models to defi,ie the loading
conditions for specific suppression chamber configurations.

Our review of the structural and mechanical components of the containment systems

of BWR facilities utilizing a Mark I containment focused on those components
which were judged to be critical in terms of the capability of the containment
system to withstand the primary hydrcJynamic loads associated with a postulated
design basis LOCA and to perform its desfgn function. Structural elements were
placed in the "non-critical" category only af ter analysis which demonstrated
that the elements would not affect containment integrity and function. During
the LTP all structural elements, whether judged critical or non-critical in the
STP, will be reexamined in detail.

As the STP progressed, the structural evaluation of the critical elements
separated into two distinct parts: (1) for all plants, an assessment of the
integrity of the structures, equipment, and comporAnts located within the sup-
pression chamber; and (2) for operating plants, an arstssment of the integrity
of the suppression chamber, chamber supports, and the piping systems externally
attached to the suppression chamber. Where necessary, material testing programs
were conducted to support the analysis of specific critical elements, and the
"as built" configuration of certain plant-specific critical elements were con-
firmed by field inspections conducted by the NRC's Office of Inspection and
Enforcement. The acceptance criteria for the structural evaluations established
the methods of analysis, methods for load application, loading conditions, and
limiting stresses.

.g.



During the STP review, wheriever the structural safety margins were found to be
less than a factor of two at an operating Mark I BWR facility, the safety
margins were required to be increased. One of the methods used to accomplish
this was to maintain a dif ferential pressure of at least one pound per square
inch between the drywell and the suppression chamber (torus) during reactor
operation. This mode of operation would have the effect of reducing the hydro-
dynamic loads associated with the highly unlikely postulated LOCA. This condi-
tion remains in effect for those facilities where the licensees have talen
credit for the load mitigating effects of such operation in the plant unique
analysis of their torus support system.

Based on our review of the information provided by the Mark I Owners Group and
by each licensee of an operating Mark I BWR facility, we conclude that the
objectives of the Short Term Program have been satisfied. Specifically, we have
determined that: (1) the magnitude and character cf ear *. of the hydrodynamic
loads resulting from a postulated design basis LOCA have been adequately defined
for use in the Short Term Program structural assessment of the Mark I contain-
ment system; and (2) for the most probable loads induced by a postulated design
basis LOCA, a safety factor to failure of at least two exists for the weakest
structural or mechanical components in the containment system for each operating
Mark I BWR facility.

Accordingly, we conclude that the continued operation of licensed Mark I BWR
facilities is acceptable during the time period necessary to complete the Long
Term Program. It is expected that the LTP will demonstrate that each Mark I
containment system is designed to criteria which assures its integrity throughout
the life of the facility.

During the course of the STP we have developed requirements for the conduct of
the LTP to assure that its intended objectives will be satisfied in a manner
which is acceptable to the NRC staff. We have reviewed the Mark I Owners'
Program Action Plan for the LTP and find that it is reasonably designed to
provide resolution of the issues raised during our review of the STP and to
satisfy the LTP objectives.
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I. INT EaOCTICN

A. Freblea Cefinitien

Tre first maj:r generatien of the General Electric 'GE) designed Eoiling hater
Rea:t:r (Est) reclear steam su; ply systess are hc. sed in a centairment structt.ee
desi; mated as the Mark I centaineert systen. A t:tal cf 25 E.7 f acilities with
the Mark I contairment systen have ceen built er are being teilt in tre United
States; cf t'ese, 21 are licersed for p ver c;eratien. A listing of tre c:mestic
E.1 facilities with the wark I contaireert systes is provided in Table I-1.

The criginal dr. sign cf t*e Mark I contaircent systes censidered postulated
accident leads previcusly associated with centainsent design. These inclaced
pressure and tercerature leads ass:ciated wit *t a less-of-coolant accidea.t (tCO ),
seismic leads, dead lea s, jet ircin;erent leads, hydrostatic 1 cads d.;e to water
in the sc;ressien cBarcer, c.ericad pressure test loads, and c:estrscticn

leads. Hewever, since the establisN:ent of the crigir.al design criteri,, additicral
leadiN conditiers ha,e teen identified which relate to the pressure scpression
c r<ept utilized in the Mart. I containment systen design.

In the corse cf perforsing large scale testing cf a9 advanced desig7 cressore-
suppression c:ntaircent (Mark III), and during i7 plant testing of Mark I c:qtain-
eents, ev scpressi n po:1 bydredsnamic Icads were identified =91ch had net
explicitly been included in tre eriginal Mart. I centaineert desig, basis. Trese
additier.al leads result from dynamic effects of d y. ell air and steau teiN
rapidly forced into the sct;ressien pcol (terus) caring a postulated t03 a,c
from su;pression peel resp nse to safety relief valse (SRV) c;eratien gererally
asse:iated with plant transient c;erating c nditices. Sirce trese re. Fydro-
d' namic 1: ads had a.ct tee, emplicitly ccasidered in t'.e criginal design of they

Mark I c ntaiment, the NC staf f deterwired that a detailed reevaluation cf tre

Mark I c -tainre-t systes was re;; ired.

Simitar revie.s aee currently in ; regress f r a pre-warx I Eat facility having a

pressure sa;;ressien contairmeat systee (Haeclat Say Unit No. 3) aid for E=Ts
with the Mark II c:ntainre*t systes. The Hmoldt Eay co-tainne .t design is
significantly different from the Mark I desig7 in that it censists of a turied,

reinforced c0 crete su;;tessicn charcer which c -tairs no equiptert er structores

located ateve t*e pool in the regien of peel s. ell. In additien, t'e integrity

aad function of tre H.m00ldt Say contaircent cesig, is scperted by tPe results

cf perforta ce testieg (refer to 4pendix B) en a f ll-scale sepent Of a sc;ression

chacer of t'e Fantoldt Eay desig9.
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Consequently, NRC staff review of the Mumboldt Bay containment system is being
conducted in a separate program. BWR facilities with the Mark II containment
system design are not yet licensed for operation and, therefore, are also being
reviewed separately.

To better understand the reasons for reevaluating the Mark I containment desigr,
it is essential to review the historical development of the original Park I
containment design basis. The Mark I containment de.,gn was based or the experi-
mental technology obtained from ti ting performed on a pressure suppres M n
concept for the Humboldt Bay Power Plant and from testing performed for the
Bodega Bay Plant concept. The purpose of these initial tests, performed during
1958 through 1962, was to demonstrate the viability of the pressure suppression
concept for reactor containment design. The tests were designed to simulate a
LOCA with various equivalent piping break sizes up to approximately twice the
cross-sectional break area of the design basis LOCA. The tests were instrumented
to obtain quantitative information for establishing containment design pressures.
The data from these tests were the primary experimental bases for the design and
the initial staff approval of the Mark I containrient system.

During the large scale testing of the Mark III containment system design in the
period 1972 through 1974, new suppression pool hydrodynamic loads were identified
for the postulated LOCA event. GE tested the Mark III containment concept in
its Pressure Suppression Test Facility (PSTF). U) These tests were initiated
for the Mark III concept because of the geometrical configuration differences
between the previous containment concepts and the Mark III design, principally
in the utilization of horizontal vents. (Steam had been ejected vertically
downward into the suppression pool in the previous BWR containment designs,
whereas the Mark III design ejects steam horizontally into the suppression
pool.) Mor. sophisticated instrumentation was available for the Mark III tests

as well as computerized methods for data reduction. It was from the PSTF testing
that the short term dynamic effects of drywell air being forced into pool in the
initial stage of the postulated LOCA event were first completely identified. In
the case of the Mark I containment systems, this air injection into the suppression
pool wa+.er results in a pool swell event of short duration, in which a slug of
water rises and impacts the underside of the vent header piping system and other
structural compenents within the suppression chamber.

In addition to the information obtained from the PSTF data, other LOCA-related
dynamic load information was obtained from foreign testing programsI ) for
similar pressure suppression containments. It was from these foreign tests that
oscillatory lateral loads on the vent system downcomers during the later stages
of a postulated LOCA event were identified.

Also, recent experience at operating plants indicated that the dynamic effects
of SRV discharges to the suppression pool could be substantial. Although the
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SRV discharge and the design basis LOCA events may not be directly related, both
events are characterized by an initial short period injection of air into the
suppression pool.

B. Program for Resolution

In February and April 1975, the NRC transmitted letters to all utilities owning
BWR facilities with the Mark I containment system design requesting that they
review their plant designs to determine whether the newly identified load informa-
tion would affect the structural adequacy of their containments. The February
1975 letters reflected NRC concerns abcut the dynamic loads from SRV discharges,
while the April 1975 letters indicated the need to evaluate the containment
response to the newly identified dynamic loads associated with a postulated
design basis LOCA event.

As a result of the above-mentioned inquiries by the NRC and recognizing that the
additional evaluation effort would be very similar for all Mark I BWR plants,
all affected utilities formed an "ad roc" Mark I Owners Group and GE was contracted
as the Group's lead technical organization. The objectives of the Group were to
determine the magnitude and significance of these dynamic loads as quickly as
possible and to identify courses of action needed to resolve any outstanding
safety concerns. The Mark I Owners Group proposed to divide this task into two
programs: a Short Term Program (STP) to be completed in early 1977 and a Long
Term Program (LTP) presently scheduled for completion in 1979.

A chronology of events related to the Mark I containment system reevaluation is
presented in Table I-2.

B.1 Short Term Program

The objectives of the STP were to (1) verify that each Mark I containment system
would maintain its integrity and functional capability when subjected to the
most probable loads induced by a postulated design basis LOCA, and (2) to verify
that licensed Mark I BWR facilities may continue to operate safely, without
endangering the health and safety of the public, while a methodical, comprehen-
sive Long Term Program is conducted. The STP structural acceptance criteria'
used to evaluate the design of the torus and related structures are based on
providing adequate margins of safety, i.e., a factor of safety to failure of two,

to justify continued operation of the plant prior to the availability of the
more detailed results of the LTP.

The STP evolved into two areas of investigation, including (1) an evaluation of
the loads on structures within the torus, and (2) an evaluation of the integrated
loads on the torus structure, which are transmitted to its supports. The loads
on the structures within the torus are based on impact data developed from the
Mark III containment tests conducted at the GE PSTF, coupled with pool swell
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velocity data derived from scaled Mark I test facilities. The loads on the
torus structure and its external supports are based on a series of tests per-

formed in a one-twelfth (1/12) scale test facility representing a segment of a
Mark I containment torus.

The STP tasi of evaluating the integrity of the torus internal structures for
all Mark I bwR facilities * is documented in a five volume report which was
submitted to the NRC in September 1975 (Short Term Program Final Report NEDC-
20989).I3) On December 2, 1975 GE submitted Addendom II4) to this report which

addressed potential pool swell impact on SRV discharge piping and vent system
bellows assemblies within the torus. Additional information was provided in
response to NRC questions on the STP Final Report; these responses were compiled
in a letter to the NRC dated September 9,1976(5) which was submitted by GE for

the Mark I Owners Group. Our evaluation of the results presented in the STP
Final Report is detailed in Section IV B of this report.

As a result of differences in the design of the torus support systems at Mark I
BWR facilities and due to the sensitivity of the predicted structural response
of the torus support system to variations in applied loads, the NRC required
that each licensee of an operating BWR with a Mark I containment perform a
plant-unique analysis of their torus support system and piping attached to the
torus. (Brunswick Units 1 and 2 were exempted from this requirement, since
these facilities have a torus encased in concrete which does not depend on

columns for external support.) By letter dated April 26, 1976, General Electric
submitted a summary of the actions being taken by the Mark I Owners Group to
complete the STP analyses and associated documentation. The submittal included

' a description of the program for the plant unique analyses of the torus support
system and external piping attached to the torus. That description, contained
in a report Mk-1-02-012. " Description of Short Term Program Plant Unique Torus
Support Systems and Attached Piping Analysis,"(6) defines the STP structural

acceptance criteria. Subsequently, this report and its associated acceptance
criteria were revised to incorporate the results of discussions held in several
meetings between the Mark I Owners Group and the NRC staff. As revised, the
plant unique analysis (PUA) structural acceptance criteria require a safety
margin of a factor of two for each component of the torus support system. The
PUA's were performed using loads defined in Addenda 2(7) and 3(8) to the STP

Final Report, and the PUA results were submitted to the NRC, for each operating
plant, during the period August-SeptemMr 1976. Our evaluation of the PUA
results is detailed in Sections IV C and IV D of this report.

Throughout the performance of the STP, periodic meetings were held between the
Mark I Owners Group and the NRC staff and status reports were submitted to the
NRC to document the progress of the program work. During the STP review, struc-
tural safety margins at operating BWRs with Mark I containments were increased
by implementation of procedures to maintain a differential pressure of at least

" Hope Creek Unit Nos.1 and 2 were not included in this evaluation since the design of
these facilities was not yet sufficiently complete. It is anticipated that the design
configuration of the containment systems for these facilities will fall under one of the
plant groupings considered in the STP evaluation.
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one pound per square inch between the drywell and the torus during reactor
operation. These procedures remain in effect for those facilities which have
taken credit, in their PUA report, for the load mitigating effects of such
operation. In addition, during the course of the STP review, several utilities
have performed modifications to their containment system to provide additional
design safety margin. Table I-3 is a listing of such modifications.

B.2 Long Term Program

The objectives of the LTP are (1) to establish design basis (conservative) loads
that are appropriate for the anticipated life (40 years) of each Mark I BWR
facility and (2) to restore the original intended design safety margins for each
Mark I containment system.

Duriag July and August 1976, the Mark I Owners Group made seceral presentations
to the NRC staff on the proposed content and schedule for completion of the LTP.
Much of this information was subsequently documented in the " Mark I Containment
Program Action Plan"(9) submitted to the NRC staff on October 29, 1976. As a

result of NRC staff comments and questions on this document, the Mark I Owners
Group revised several of the proposed LTP tasks and objectives. These revisions
were discussed with the NRC staff in meetings held in February 1977 and are
documented in Revision I to the " Mark I Containment Program Action Plan" which
was submitted on February 11, 1977.(10)

The LTP, which commenced in July 1976, is currently schedu~,ed for completion in
1979.
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TABLE I-l

LISTING OF DOMESTIC BWR FACILTIES WITH THE
MARK I CONTAINMENT SYSTEM

A. Plants Licensed for Power Operation Licensee

Browns Ferry Unit Nos.1, 2, and 3 Tennessee Valley Authority
Brunswick Units Nos. I and 2 Carolina Power & Light Co.
Cooper Nebraska Public Power District
Dresden Units Nos. 2 and 3 Conaonwealth Edison Co.
Duane Arnold Iowa Electric Light & Power Co.
FitzPatrick Power Authority State of New York
Hatch Unit No. 1 Georgia Power Co.
Millstone Unit No. 1 Northeast Nuclear Energy Co.
Monticello Northern States Power Co.
Nine Mile Point Unit No. 1 Niagara Mohawk Power Corporation
Oyster Creek Jersey Central Power & Light Co.
Peach Bottom Units Nos. 2 and 3 Philadelphia Electric Co.
Pilgrim Unit No. 1 Boston Edison Co.
Quad Cities Units Nos. 1 and 2 Commonwealth Edison Co.
Vermont Yankee Yankee Atomic Electric Co.

B. Plants Under Construction Applicant

Fermi Unit No. 2 Detroit Edison Co.
Hatch Unit No. 2 Georgia Power Co.
Hope Creek Units Nos. I and 2 Public Services Electric & Gas
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TABLE I-2

MARK I CONTAINMENT PROGRAM
CHRONOLOGY OF EVENTS

1958-1962 Humboldt Bay and Bodega Bay testing on the viability of the
pressure-suppression pool concept.

1972 - 1974 Pressure Suppression Test Facility (PSTF) testing on the viability
of the Mark III containment concept.

EARLY 1975 General Electric (GE) commences an evaluation of the potential
impact on the typical Mark I containment of the hydrodynamic
loads extrapolated from the PSTF tests and that available from
foreign testing.

APRIL 10, 1975 MEETING: GE and NRC staff. GE presented preliminary results of
an analysis of newly-identified LOCA related loads on a Reference
Plant. GE concluded that containment function would be main-
tained on all Mark I facilities.

APRIL 17, 1975 NRC issued letters to all Mark I licensees requesting information
on their facility's containment design and its ability to with-
stand newly-identifed LOCA loads.

APRIL 24, 1975 Formation of Mark I Owners Group.

MAY 7,1975 Mark I licensees submitted a schedule of M iew to NRC staff,
which included a two phase approach (i.e., Short Term and Long
Term Programs).

JULY 17,1975 MEETING: Mark I Onwers Group, GE, NRC staff. Description of
Short Term Program and Long Term Program scope and objectives.

JULY 31, 1975 GE submitted a Mark I Program status report which concluded that
continued operation of Mark I containments presents no undue
risks to the health and safety of the public. Each licensee
submitted a similar letter.

SEPTEMBER. 23, 1975 MEETING: Mark I nwners Group, GE, NRC staff. Discussion of
Short Term Program loads.

OCTOBER 6, 1975 GE, on behalf of Mark I Owners Group, submitted the Short Term
Program Final Report, NEDC-20989, Volume I through V.

DECEMBER 2, 1975 GE, on behalf of the Mark I Owners Group, submitted Addendum 1 to
STP Final Report: " Safety / Relief Valve Lines in the Torus and
Vent System Bellows."

DECEMBER 3, 4, 1975 MEETING: Mark I Owners Group, GE, NRC staff. Dicussion of NRC
comments on STP Final Report. Discussion of adequacy of torus
support system.

DECEMBER 18, 1975 GE, on behalf of the Mark I Owners Group, submitted a STP status
report which discussed the progress of the evaluation of the
torus support systems.

JANUARY, 1976 NRC issued letters to all Mark I Licensees requesting additional
information on the STP Final Report.

JANUARY 6, 1976 GE submitted a description of the in plant safety / relief valve
test scheduled for Monticello.
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TABLE I-2 Cont'd

JANUARY 7, 8, 1976 MEETING: Mark I Owners Group, GE, NRC staff. To discuss pre-
liminary results of 1/12 scale testing program (December 1975).

JANUARY 27, 1976 Based on the results of the preliminary analysis of the torus
uplift loads for Vermont Yankee, the facility was voluntarily
shutdown while load mitigating methods and structural modifi-
cations were being considered.

JANUARY 28, 1976 MEETING: Mark I Owners Group, GE, NRC staff. To discuss pre-
liminary structural analysis results using upward / downward loads
derived from the 1/12 scale testing program. NRC requested that
each licensee submit a plant-unique structural analysis of the
torus support system and attached piping for their facility.

FEBRUARY 6, 1976 Each Mark I licensee (except for Vermont Yankee) submitted a
letter supporting continued reactor operation.

FEBRUARY 13, 1976 The NRC authorized Vermont Yankee to resume reactor power opera-
tion with (1) drywell to torus differential control procedures in
effect, and (2) a committment to implement approved torus su,7 port
system modifications within 30 days.

FEBRUARY 19, 20, 1976 MEETING: Mark I Owners Group, GE, NRC staff. To discuss plant-
unique structural evaluations.

FEBRUARY 26, 1976 MEETING: Mark I Owners Group, GE, NRC staff. To discuss the use
of torus to drywell differential pressure control to restore
structural safety margins to at least a factor of 2.

FEBRUARY 27, 1976 NRC issued a letter directing Mark I licensees to institute torus
to drywell differential pressure control at their facilities.

APRIL 1, 1976 MEETING: Mark I Owners Group, GE, NRC staff. To discuss the
revised Mark I Owners Group organization and the Mark I program
schedule.

APRIL 8, 1976 MEETING: Mark I Owners Group, GE, NRC staff. To discuss the
requirements for plant unique structural evaluations.

APRIL 26, 1976 GE, on behalf of the Mark I Owners Group, submitted a proposed
program for the plant unique torus support system analysis (NUTECH
Report MK l-02-012).

APRIL 30, 1976 GE, on behalf of the Mark I Owners Group, submitted the first set
of responses to the NRC questions on the STP Final Report.

MAY 13, 1976 MEETING: GE, Mark I Owners Group, NRC staff. To discuss the
proposed program for the plant unique analysis.

MAY 21, 1976 GE submitted NEDE-13456, " Mark I 1/12 Scale Pressure Suppression
Pool Swell Test."

MAY 24, 1976 GE, on behalf of the Park I Owners Group, submitted the second
set of responses to the NRC questions on the STP Final Report.

MAY 28, 1976 GE, on behalf of the Mark I Owners Group, submitted Revision 1 to
NUTECH Report MK I-02-012 which incorporated NRC staf f comments
from the May 13, 1976 meeting-

JUNE 2, 1976 MEETING: Mark I Owners Group, GE, NRC staff. To discuss general
guidelines for defining " failure" for each structural failure
mode being considered in the plant unique structural analysis.

JUNE 18, 1976 GE submitted, on behalf of the Mark I Owners Group, the third set
of responses to the NRC questions cn the STP Final Report.
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JUNE 18,1976 Monticello safety / relief valve testing completed.

JULY 2, 1976 GE, on behalf of the Mark I Owners Group, submitted Addendum 2 to
the STP Final Report, NEDC-20989, " Loads and their Application
for Torus Support System Evaluation."

JULY 2, 1976 GE, on behalf of the Mark I Owners Group, submitted Revision 2 to
NUTECH Report MK I-02-012 which incorporated NRC staff comments
from the June 2, 1976 meeting.

JULY 7, 8, 1976 MEETING: Mark I Owners Group, GE, NRC staff. To discuss (1)
reassessed content of the Long Term Program and (2) NRC comments
on responses to NRC questions on the STP Final Report.

AUGUST 12, 1976 MEETING: Mark I Owners Group, GE, NRC staff. To discuss the
Long Term Program experimental and analytical tasks.

AUGUST 13, 1976 NRC issued letters to Mark I licensees requesting additional
information on the content of the Long Term Program.

AUGUST 17, 1976 GE, on behalf of the Mark I Owners Group, submitted Addendum 3 to
the STP Final Report, NEDC-20989 " Vent Header and Vent Pipe
Impact Loads."

AUGUST 19, 1976 MEETING: Mark I Owners Group, GE, NRC staff. To discuss the
Long Term Program Action Plan.

AUGUST 25, 1976 GE, on behalf of the Mark I Owners Group, submitted responses to
the NRC request of August 13, 1976.

JULY - SEPTEMBER 1976 Plant-unique structural analyses submitted to NRC by Mark I
licensees.

SEPTEMBER 9, 1976 GE, on behalf of the Mark I Owners Group, submitted collated and
updated responses to the NRC questions on the STP Final Report.

SEPTEMBER 14, 1976 NRC issued letters to Mark I licensees stating NRC requirements
fcr (1) full scale steam testing in the LTP and (2) the schedule
for development of potential load mitigating devices in the LTP.

OCTOBER 4, 1976 NRC issued letters to Mark I licensees requesting changes to
facility Technical Specifications to incorporate requirements
consistent with the plant unique analysis assumptions regarding
drywell to torus differential pressure control and torus water
level control.

OCTOBER 11, 1976 GE, on behalf of the Mark I Owners Group, submitted information
clarifying inconsistencies in the plant-unique analysis reports
submitted by Mark I licensees.

OCTOBER 29, 1976 GE, on behalf of the Mark I Owners Group, submitted the Long Term
Program Action Plan.

OCTOBER 29, 1976 GE, on behalf of the Mark I Owners Group, submitted additional
information clarifying their submittal of September 9, 1976.

DECEMBER 8, 1976 GE, on behalf of the Mark I Owners Group, submitted Addendum 4 to
the STP Final Report, NEDC-20989, which provided revisions to
Volume I, IV, and V.

DUEMBER 23, 1976 NRC issued letters to Mark I licensees providing comments and
requesting additional information on the Long Term Program Action
Plan.

FEBRUARY 2, 3, 4, 1977 MEETING: Mark I Owners Group, GE, NRC staff. To discuss revisions
to the tasks and objectives of the Long Term Program which were
made in response to NRC letters of December 23, 1976.
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FEBRUARY 4, 1977 NRC issued letters to Mark I licensees providing NRC staff require-
ments for instrumentation systems associated with differential
pressure control and torus water level control.

FEBRUARY ll, 1977 GE, on behalf of the Mark I Owners Group, submitted Revision 1 to
the Long Term Program Action Plan.

The chronology listed above represents the significant events related to the NRC staff
review of the Mark I Containment STP. Subsequent events related to the review of the
Mark I Containment LTP have not been listed.

.
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TABLE I-3

LISTING OF MODIFICATIONS TO
MARK I TORUS SUPPORT SYSTEM COMPONENTS

PLANT PROPOSED MODIFICATION STATUS

DUANE ARNOLD 1. Uplift anchor brackets were 1. Complete
added during summer 1976

BROWNS FERRY UNITS 1. ' Single vent header columns 1. Complete
NOS. 1, 2, AND 3 changed to twin columns

2. SRV line restraints strengthened 2. Complete

COOPER 1. Hay 1976 - Web reinforcing plates 1. Complete
added to each side of the torus
support column at the column-torus
shell weld

DRESDEN UNITS 1. Jackets added to inner torus 1. Complete
NOS. 2, 3 support column and bearing blocks

installed in inside pin connections -
completed at Unit No. 2 on 9/7/76
and at Unit No. 3 8/20/76

FITZPATRICK 1. Checkered plate catwalks to be 1. Complete
removed

HATCH UNIT NO. 1 1. Strengthene .ne torus support 1. Complete
column to torus shell welds and
reinforced the torus support column
connection to the torus by adding
gusset plates.

2. Installed anchor bolts in the 2. Complete
base plate of each torus support
col umn

MILLSTONE UNIT NO. I 1. Two new anchor bolts added on both 1. Complete
inner and outer torus support
columns

2. Jackets added to inner torus 2. Complete
support column and bearing blocks
installed in inside and outside
pin cont.ections

3. Replacement of two pipe supports 3. Complete
with spring hangers on atmospheric
control line

MONTICELLO 1. Jackets added to inside and outside 1. Complete
torus suoport columns, bearing blocks
instal'ea in inside and outside pin
connections, additional anchor bolts
installed

2. Straajthened torus support column to 2. Complete
tares shell welds and reinforced the
upper torus support column connection
to the torus.

NINE MILE POINT 1. Checkered plate catwalks 1. Complete
UNIT NO. I removed
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PLANT MODIFICATION STATUS

PILGRIM UNli 1. Cusset plates have been added to 1. Complete
NO. I the ring girder web in the area

of the outer torus column to shell
attachment

QUAD CITIES UNITS 1. Addition of weld material to exist- 1. Complete
NOS. 1, 2 ing web and flange welds at the

torus column to torus shell connection
completed e.t Unit No.1 on 1/3/76
and at Unit No. 2 during the 9/13/76
refueling outage

VERMONT YANKEE 1. Modifications were made in March 1. Complete
1976 to provide tie-down to the
torus support columns

PEACH BOTTOM UNITS 1. Saddle supports added to Unit No. 2 1. Complete
NOS. 2, 3 in April-May 1976

2. Similar modifications were made at 2. Complete
Unit No. 3 during the refueling
outage at the end of 1976

HATCH UNIT NO. 2 1. Saddle supports added to the 1. Complete
torus in January 1977.

2. Vent header support column con- 2. Complete
nectior s strengthened.

FERMI UNIT NO. 2 1. Checkered plate catwalks to be 1. Will be com-
recoved. pleted prior

to issuance
speratingo

License

2. Several other design modifications 2. Will be com-
are currently under consideration pleted prior
by applicant. to issuance

of Operating
License.
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II. BACKGROUND

A. Description of the Mark I Containment System Design

The design objective of the Mark I containment system is to condense the steam
released during a postulated LOCA event, to limit the release of the fission
products associated with the accident to the reactor building, and to serve as a
source of water for the Emergency Core Cooling Systems (ECCS).

The Mark I containment system, showa in Figures 11-1 and II-2, consists of (1) a
drywell which encloses the reactor vessel, the reactor coolant recirculation
system, and other branch connections of the reactor coolant system, (2) a toroidal
shaped pressure suppression chamber (torus) containing a large volume of water,
(3) a vent system connecting the drywell to the water space of the torus, (4)
containment isolation valves, (5) containment cooling systems, and (6) other
service equipment.

The drywell is a steel pressure vessel supported in concrete with a spherical
lower section and a cylindrical upper portion. For most Mark I facilities the
pressure suppression chamber is a steel pressure vessel in the shape of a torus,
and is located below and encircling the drywell. The suppression chamber is
held on supports which transmit operational, accident, and seismic loads to the
reinforced concrete foundation slab of the reactor building. The drywell to
torus vents are connected to a vent header which is located in the airspace of
the pressure suppression chamber. Projecting downward from the vent header are
the doucomer pipes, which are nominally 24 inches in diameter and terminate
approximately 4 feet below the water surface of the pool.

In the event of a postulated LOCA, reactor water and steam would be released

into the drywell atmosphere. As a result of increasing drywell pressure, a
mixture of drywell atmosphere, steam, and water would be forced through the vent
system into the pool of water which is stored in the suppression chamber. The
steam vapor would condense in the suppression pool, thereby reducing the drywell
pressure. Noncondensible gases and fission products would be collected and

contained in the suppression chamber. The drywell atmosphere is initially
transferred to the suppression chamber and pressurizes the chamber. At the end
of the blowdown, when ECCS water spills out the break and rapidly reduces the
drywell pressure, the suppression chamber is vented to the drywell through
installed vacuum breakers to equalize the pressures between the two vessels.

The ECCS cools the reactor core and transports the heat to the water in the sup-
pression chamber. Cooling systems are provided to remove heat from the water in
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the suppression chamber, thus providing cintinuous removal of decay heat from
the primary containment Lnder accident ctnditions following the initial deposi-
tion of energy to the suppression pool from the blowdown.

B. Description of LOCA-Related Hydrodynamic Phenomena

The following is a qualitative description of the various phenomena that could
occur during the course of a highly unlikely postulated design basis LOCA in a
BWR with the Mark I containment system and a description of the hydrodynamic

loads which these phenomena could impose upon the suppression chamber and related

structures.

Figure II-3 shows the sequence of events following a postulated LOCA and the
potential loading conditions associated with these events.

With the instantaneous rupture of a steam or recirculation line, a sonic wave
exits the broken primary system pipe and expands into the drywell atmosphere.
At the break exit point, the wave amplitude theoretically is equal to reactor
operating pressure (1000 psia); however, there would be rapid attenuation as the
wave front expands spherically outward into the drywell at sonic velocity.
Further attenuation would occur as the wave enters the drywell vent system and

progresses into the suppression pool.

Since there would be a very rapid drywell pressure increase associated with the
postulated LOCA, a compressive wave could be formed in the water initially
standing in the downcomers. Prior to clearing of this water from the downcomers,
this compressive wave could propagate through the suppression pool and could
result in a dynamic loaclng on the suppression chamber (torus). The compressive
wave could also result in a lateral loading condition on any structures within
the suppression pool.

Immediately following the postulated LOCA, the pressure and temperature of the
drywell atmosphere would increase. These increases also occur in the vent
system and would lead to mechanical and thermal loadings on the vents, vent
header, and downcomers.

With the drywell pressure increase, the water initially standing in the down-
comers accelerates into the pool and the downcomers clear of water. During this
water clearing process, a water jet forms in the suppression pool and causes a
potential water jet impingement load on the structures within the suppression
pool and on the torus section beneath the downcomers.

Immediately following downcomer clearing, a bubble of air starts to form at the
exit of the downcomers. As the bubble forms, its pressure is nearly equal to
the drywell pressure at the time of downcomer clearing. The bubble pressure is
transmitted through the suppression pool water and results in a downward load on

the torus.
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When the air / steam flow from the drywell becomes established in the vent system,
the initial bubble expands and decompresses. During the early stages of this
process, the pool will swell in bulk mode (i.e. , a ligament of solid water is
being accelerated upward by the air bubble). During this phase of pool swell,
structures close to the pool surface experience impact loads as the rising pool
surface strikes the lower surface of the structure, followed by drag loads as the
pool surface continues to rise past the structures. In addition to these impact
and drag loads above the pool, there will also be drag loads as water flows past
submerged structures and equipment.

As the water slug continues to rise (pool swell), and the flow through the vent
system decreases, the air volume above the water in the torus is compressed and
causes a net upward load on the torus. Data from General Electric's large scale
Pressure Suppression Test Facility (PSTF) air tests indicate that the pool
surface continues to rise until there is a breakup of the ligament of water and
the pool swell evolves into a two phase " froth" of air and water. This breakup
process is caused by the air bubble displacing the water above it until a point
is reached where the remaining water ligament becomes unstable and can no longer
rise as a ligament. PSTF data indicate that this ligament instability and the
associated froth formation starts to occur when the ligament thickness has been
reduced to between 1-1/2 and 2 feet. The 1/12 Scale Test ) indicates that
bubble breakthrough is aided by disruption of flow when the water ligament
impacts the vent header. Following bubble breakthrough, the continued flow of
drywell air into the suppression pool results in a period of froth pool swell.
If maintained, this froth swell could cause impingement loads on torus internals
and on the torus shell; however, the two phase nature of the fluid would result
in loads significantly less than those associated with the bulk pool swell.

When the drywell air flow rate through the vent system decreases and the air /
water mixture in the suppression pool experiences gravity-induced phase separa-
tion, the pool liquid upward movement stops and the " fallback" process will
start. During this process, structures in the torus may experience downward
loading and the submerged portion of the torus could be subjected to a small
pressure increase. Following " fallback," waves may develop on the suppression
pool surface thereby presenting a potential source of dynamic loads on the
downcomers, torus, and any other structures close to the water surface.

The pool swell transient associated with drywell air venting to the pool typically
lasts on the order of 3 to 5 seconds. The volumes of the drywell and torus are
such that purging of the drywell air into the torus will lead to a static pressure
increase of up to 26 psig. Following air carryover, there will be a relatively
long period of steam flow through the vent system. Data indicate thst this
steam will be entirely condensed in the region of the downcomer exit. During
this period, there is a significant flow-induced pressure differential between
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the drywell and the torus. This, together with the reaction forces associated
with changes in the flow direction, leads to structural loads on the vent system.

Another structural loading condition during this period is caused by low-amplitude
pressure oscillations in both the suppression pool and in the vent system. The
primary source of information currently available related to this loading condition
is data obtained from a foreign test facility (see Appendix B). The data indicate

that during steam condensation, the downcomers experience a lateral loading
caused by random movements of the steam-water interface. The magnitude of these
loads varies with steam mass flux and suppression pool temperature and is greatly
reduced if there is any air entrained in the steam flow. The data show that the

maximum lateral loads will occur toward the end of blowdown when conditions of
low mass flux, high pool temperature, and pure steam flow may exist. When the
blowdown flow rate decreases to a low value, the water intermittently reenters
the downcomers in an oscillatory manner. This behavior has been observed in all

suppression tests and is referred to as " chugging."

Recent tests ( ) indicate that the chugging phenomenon would also result in

pressure loadings on the torus shell. Hovever, the test results indicate that
these loads would be of relatively low magnitude as compared to other loads
which have been considered in terms of fatigue failure of the torus shell (e.g.,
safety relief valves). Since pressure loadings on the torus shell due to chugging,
even when combined with other loads which may be occurring simultaneously, are
not considered to be of sufficient magnitude to jeopardize torus integrity,
these loads were not considered further in the STP. A complete evaluation of

this loading phenomenon will be included as part of the LTP.

Shortly after such a postulated LOCA, the ECCS are designed to automatically
startup to pump condensate water and/or suppression pool water into the reactor
pressure vessel. This water floods the reactor core and subsequently cascades
into the drywell through the postulated break. The time at which this will
occur depends upon break size and location. Because the drywell will be full of
steam when the vessel floods, the sudden introduction of water causes steam
condensation and drywell depressurization. As the drywell pressure falls below
the toru, pressure, the vacuum relief system allows air from the torus to enter
the drywell. Eventually, sufficient air will return to equalize the drywell
and torus pressures; however, during this drywell depressurization transient,
there will be a period of negative pressure on the vent system within the torus
volume.

Following vessel flooding and drywell/ torus pressure equalization, suppression
pool water is continuously recirculated through the core by the ECCS pumps. The
energy associated with the core decay heat will result in a slow heatup of the
suppression pool. To control suppression pool temperature, operators will
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activate the suppression pool cooling mode of the Residual Heat Removal (RHR)
system. After several hours, the RHR heat exchangers will terminate the sup-
pression pool temperature increase.

A drywell and torus pressure increase is associated with this post-LOCA sup-
pression pool temperature increase; however, the resultant maximums will not
exceed the pressures that occur during the short-term blowdown phase of the
accident.

.
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Figure II-1
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Figure 11-2
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Figure II-3

Sequence Of Events and Potential Loading
Conditions Following a Postulated LOCA

PMENOME NA POTENTLAL DYNAMIC LOADING CONDITION

9 SONIC W AV E
LOCA OCCURS $ COMPRESSIVE WAVE

9 INCRE ASE IN VENT SYSTEM STATIC
" PR ESSURE

G START OF VENT SYSTEM THERMAL
TR ANSIE NT

S WATER JET LOADS ON TORUS AND
DOWNCOMERS CLE ARED OF WATER AND AIR SUBMERGEO STRUCTURES
FLOW STARTS > $ RE ACTION LOAD ON DOWNCOMERS

S SUSBLE LOAD ON TORUS
S LATER AL LO_408 0N DOWNCOMERS

9 IMPACT LOADSPOOL SWELL IN A SULK MODE
S WETWELL COMPRES$10N
O DRAG LOADS ON SU8 MERGED

STRUCTUR ES

V

8AEAKTHROUGH

t
POOL SWELLS IN FROTH MODE 7, G FROTH IMPINGEM ENT ON STRUCTURES,

1I

3, 9 FALL 8ACK LOADSFALLSACK ,

t
S WETfWELL PRESSURIZED

AIR / STEAM FLOW CCNTINUES
? 9 POSTSWELL W AVE LOADS

9 FLOW aP ON VENT SyStru

t
MIGH STEAM MASS FLUM CONDENSATION = 4 PRESSURE OSCILLATIONS

t
SLOWDOWN OVER m 9 LATER AL LOADS ON DOWNCOMERS DUE

" TO CMUGGING

t
ECCS REFLOOD 7, 3 NEGATIVE PRESSURE ON VENT SYSTEM

,

t
LONG TERM HEATUP . 9 THERuat LOADS

S SECONO PME$$URE PEAK

II-8



III. HYDRODYNAMIC LOAD EVALUATION

A. Introduction

The purpose of this section is to provide our evaluation of the methods used by
the Mark I Owners Group to quantify the hydrodynamic loads associated with the
Mark I suppression pool dynamics following a postulated design basis LOCA event.
These dynamic loads, in combination with the LOCA related loads previously
identified for each plant in its Final Safety Analysis Report (FSAR), were
utilized in the STP to perform a structural assessment of the containment system
of each Mark I BWR facility. Further evaluation and testing to confirm the
magnitudes of the hydrodynamic loads will be accomplished during the LTP. To
ensure that an LTP acceptable to the NRC is conducted, recommendations for such a
program are developed in this section. Our evaluation also reflects the results
of a review conducted by our consultants, Brookhaven National Laboratory (BNL).
Appendix A is a copy of the complete BNL report.

The phenomena and dynamic loads which could occur following a postulated design
basis LOCA event in a Mark I containment system were previously identified in
Section II.B. These loads were reviewed and screened by the Mark I Owners Group

to determire which loads were significant in terms of the structural response of
the containment system and which, therefore, required detailed consideration in
the STP. Such loads were designated as primary loads; the remaining loads were
considered to be of secondary importance and were not considered further 1.1 the
STP. During the LTP a conservative evaluation of all loads, both primary and
secondary, will be required. The primary and secondary loads for the STP are
identified below:

Primary Loads

Vent System Pressurization and Thrust Loads
Pool Swell Impact and Drag Loads on Components Above the Pool Surface

Drag Loads on Submerged Components

Vent System Lateral Loads
Torus Downward and Upward Pressure Loads

Vertical Reaction Loads

Secondary Loads

Sonic Wave Loads

Compressive Wave Loads

Water Jet Loads

Post-Swell Wave Loads
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Seismic Slosh Loads

Asymmetric Vent Clearing Loads

Froth and Fallback Loads
Pool Fallback Loads
Condensation Oscillation Loads
bafety-Relief Valve Loads

This section includes the staff's evaluation of each of these dynamic loading
conditions on the Mark I containment system, including the data base which was
used to establish the individual load magnitudes. Appendix B provides a descrip-
tion of the testing programs which serve as the basis for the LOCA-related
dynamic loads.

In addition to the above-mentioned load screening process, a "most probable
load" approach was utilized to determine the magnitude of the primary loads.
This concept was adopted to provide an early assessment of containment integrity
for the STP; verification of containment integrity in the STP allows continued
reactor operation during the more detailed testing and analytical programs of
the LTP. The aim of the "most probable load" approach was to identify the load
magnitudes and load combinations which are most likely to be encountered during
the course of a postulated design basis LOCA. The loads are considered to be
"most probable" in that additional load margins were not applied in the load
definition process.

We have found this approach to be consistent with the STP objectives and have
concluded that, since the STP load definition process has retained many of the
inherent conservatisms associated with the calculated driving forces of the pool
swell phenomena, the "most probable load" concept reflects an adequate amount of
existing conservatism to accommodate the uncertainty in the individual load
magnitudes. The "most probable load" approach, in conjunction with the safety
margins assured by the STP structural acceptance criteria, provides an overall
conservatism that is satisfactory during the interim period while the methodical,
comprehensive LTP is conducted.

Analyses by GE of various postulated piping breaks, including the rupture of
either a recirculation line or a steam line, led to the conclusion that an
instantaneous double ended rupture of a recirculation line was limiting with
respect to LOCA-related dynamic loads. The staff agrees with this conclusion.

As the STP progressed, two separate evaluation programs developed. The first of
these programs was a structural screening analysis to determine the capability
of the individual components and subassemblies located within the torus to
withstand local hydrodynamic loads. The second program was an evaluation of the
capability of the torus support system and the piping attached to the torus to
withstand the net hydrodynamic loads. The dynamic loads utilized in each of
these evaluation programs are discussed in the following sections.
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Hydrodynamic Loads on Structures located Inside the Torus'

Since the LOCA related hydrodyna.aic loads on structures located inside the torus
are relatively insensitive to slight differences in the structural configuration
of individual Mark I cons.;. ; + systems and since the design features of all
the Mark I containment systems are essentially the same, a single reference
plant with composite structural design parameters typical of all the Mark I
containmer.ts was utilized in the development of the loads for application to
structures within the torus. These loads were developed in terms of pressure
and force per component to account for size and configurational differences
between the Mark I facilities in the detailed evaluation of structural elements
located inside'the torus.

B.1 Vent System Pressurization and Thrust loads

Pressurization of the drywell, following a postulated LOCA, causes a transient
flow of air, steam, and water from the drywell to the wetwell (torus) through
the vent system. The configuration of the vent system results in a number of
friction and form flow losses. These flow losses cause a differential pressuri-

zation of the vent system and reaction forces on the vent system components due
to fluid rotion.

The transient thrust and internal pressure of the vent system components were
calculated from the vent flow model in the General Electric containment analytical
model.II ) In the calculation, the vent system losses were applied conservatively
to obtain the worst stress conditions for the system. The calculated internal
pressures of the vent system were combined with the wetwell pressure to define
the net differential pressure acting across each of the vent system components.
The pressure and momentum components of the thrust load were calculated for the
vent to vent header connection, the vent header to downcomer connection, and the
downcomer mitered bends.

The analysis of the pressurization and thrust loads for the vent system components
was based on an analytical model that was reviewed and found acceptable by the
NRC staff at the time of the original Mark I reviews. These calculated loads
include the inherent conservatisms established in the analytical model and are,
therefore, acceptable.

B. 2 Draq toads on Submerged Components

Expulsion of the water leg in the downcomers during the initial vent clearing
and subsequent pool motion during bubble formation create subsurface water
velocities which cause drag loads on the structures and components located below
the surface of the pool.
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The drag loads for the majority of components in the pool were conservatively
calculated assuming a water velocity of 40 ft/sec. This velocity of 40 ft/sec
is the maximum vent clearing velocity at the downcomer exit, calculated from the
vent ficw model in General Electric's containment analytical model.

A number of components in the pool were determined to be well outside of the
range of the vent clearing effects. The drag loads for these components were
calculated using a pool velocity which was determined by observation of the
bubble propagation rate in movies of the GE 1/12 scale test. For those com-
ponents that lie on lines of symmetry between downcomers, the pool velocity was
established by observing the rate of bubble propagation between the downcomer
pair. For those components that are not on downcomer symmetry lines, the pool
velocity was established by observing the rate of bubble propagation toward the
torus wall at various distances from the downcomer exit.

Based on our review of the techniques outined above, we conclude that the drag
loads identified for the analyses of submerged components for the STP are
acceptable.

However, for the LTP we require that three-dimensional testing be conducted to

confirm the conservatism in the crossflow velocities determined from the GE 1/12
scale two-dimensional tests. In addition, the differential pressure effects of
bubble propagation across submerged structures were considered to be negligible
for the STP. While we agree with this assessment for the STP, we require that
this assumption be confirmed by tests or analyses in the LTP.

B.3 Pool Swell Impact and Drag Loads on Components Above Pool Surfaces

Structures and components located above the pool surface in the torus experience
impact and drag loads as the rising pool surface first strikes and then passes
these objects.

Structural screening analyses were perform a early in the STP to determine which
components could jeopardize the containment function as a result of the pool
swell impact and drag loads. These components were then classified as critical
structural elements, requiring additional investigation.

The impact and drag loads used for the screening analyses were based on a pool
swell velocity from the Electric Power Research Institute (EPRI) 1/10 scalefl4)
and the PSTF impact test data. A pool swell velocity of 24 ft/sec was selected
by adding a 10 percent margin to the maximum scaled pool swell velocity observed
in the EPRI tests. The impact load for this surface velocity was then determined,
from the PSTF data for cylindrical objects, to be a parabolic impulse of 0.24
psi-sec with a duration of 9.3 milliseconds for a 57 inch diameter pipe. Based
on observations of the PSTF tests and on empirical investigations performed by
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the Department of the Navy,0 5,16) the impulse loading was confined to a wetted

angle of +25 degrees. A subsequent drag load of 5.4 psi was defined for a total
duration of 160 milliseconds. This drag load was the maximum observed during
the PSTF steam blowdown tests.

For non-cylindrical components, PSTF test data for "1" beams and platforms were
used. These data were adjusted to account for the variations in size and shape
of the component by adjusting the impulse duration and the drag coefficient.

The pool swell velocity of 24 ft/sec was assumed for the structural screening
analyses for each component, regardless of its position relative to the surface
of the pool. In actuality, the pool velocity at impact will vary both with
elevation and distance from the centerline of the torus. Subsequent GE 1/12
scale tests demonstrated that the 24 ft/sec pool swell velocity is a reasonably
conservative value.

We, therefore, conclude that impact and drag loads on the torus internals identi-
fied for the STP are acceptable. However, for the LTP, we require that the
conservatism in these loads be confirmed by expanding the data base to refine
the pool swell impact velocity for each of the internal components. The impact
and drag loads for the complex geometry of the cent system will also be confirmed
in the LTP by direct measurements of the loads on the vent system.

B.4 Froth and Fallback Lcads

Froth is created as the rising pool surface strikes structural components within
the torus and also when the pool surface disintegrates upon bubble breakthrough.
The two phase mixture of water and air then impinges on other structures as it
continues to rise. After reaching its maximum height, the pool falls back due
to gravity causing reverse loads on the structures as it returns.

The density of the two phase mixture is dif ficult to determine and, therefore,
the froth loads have been conservatively based on a jet impingement model assuming
the full density of water at the maximum upward surface velocity established by
the EPRI 1/10 scale tests (i.e., 24 ft/sec). Similarly, the fallback loads were
evaluated as drag loads at the full density of water and maximum surface velocity.

Both the froth and fallback loads were used in the structural screening analyses
to identify the critical components. The forth load was applied only to the
monorail, the spray header, and the upper torus shell. These components are
located in the uppermost region of the torus and were, therefore, considered to
be well outside the range of pool swell impact. All other components were
evaluated using the pool swell impact and drag loads.
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Following the initial component evaluations, results from the GE 1/12 scale test
movies indicated that there is no appreciable froth generated from the pool
swell process. Based on observations of the test films, the pool swell phenomenon
was found to stop shortly after vent header impact. The wetwell airspace compres-
sion then caused the bubble to collapse inward without generating a significant
amount of froth. Based on these observations, the subsequent torus support
evaluations were performed without a froth impact load on the torus shell.

The application of the froth and fallback loads for the structural evaluations

is found to be conservative in view of the phenomena observed in the 1/12 test
movies. In addition, no credit was taken for the variation in pool velocity
with elevation. On these bases, we conclude that the proposed froth and fallback
loads are acceptable. The observation that froth loading on the torus shell is
negligible will be confirmed by additional testing in the LTP.

B.5 Vent System Lateral Loads

lateral loads on the downcomer ends are created during the vent flow process.
Following the formation of a steam / air bubble at the end of the downcomer, the
bubble begins to rise due to its buoyancy and at the same time tends to collapse
due in part to the condensation of steam in the pool. The rush of water created
by the collapsing bubble then impacts on the side of the downcomer. The continu-
ing formation and collapse of the bubbles cause an oscillatory lateral loading
on the downcomers until the vent flow subsides.

The magnitude of these oscillatory lateral loads is a function of the vent flow

rate, the mass fraction of air (i.e., non-condensibles) in the vent flow, and

the temperature of the pool in the region of the downcomer exit. During the
period :mmediately after pool swell, the lateral loads are small due to the high
mass fraction of air in the vent flow. These lateral loads will reach their

maximum magnitude at about 25 seconds after the onset of a large LOCA, when the
vent flow is low and the pool temperature is high.

Lrteral loads for use in the STP were obtained by applying data taken from a
foreign test facility (see Appendix B). These test data were used to define
lateral loads for a single downcomer as an air clearing load equivalent to a
static load of 1.5 kips with a frequency of seven Hz, and as a maximum load
equivalent to a static load of 5.5 kips with a frequency of one Hz.

The test results also indicated that the direction of the loading was random.
Based on this observation, a probability study was used to define a set of load
magnitudes and the number of downcomers which would experience the load acting

in the same direction at the same time.
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Conservatism in these loads was provided by selecting maximum loads from the
test data for pool temperatures that correspond to a transient from the hottest
normal operating conditions. During hot standby conditions, higher pool tempera-
ture could exist which would result in higher lateral loads. Since a plant is
typically at hot standby only two to three percent of the time, the 5.5 Kip
value for the lateral load is consistent with the "most probable" load approach
utilized in the short term program. We conclude that the proposed lateral loads
are acceptable for use in the STP.

For the LTP, we require that the conservatism in the lateral loads be confirmed
by three-dimensional full scale steam testing. These test data must reflect the
influence of the Mark I geometry and the anticipated vent flow rate and pool
temperature on the lateral loads.

C. Hydrodynamic loads on the Torus Support Systems

The dynamic loads imposed on the torus support systems are a result of the
following phenomena:

1. potential water jet impingement on the torus during clearing of the
downcomers,

2. pressure differences on the torus walls resulting from bubble growth in the
pool and air compression above the pool surface,

3. thrust loads on the vent system and,

4. pool impact on the ring header.

The torus downward and upward pressure loads defined by the GE 1/12th scale test
data (see Appendix B) include the water jet impingement loads on the torus
during the clearing of the downcomers and the vertical differential pressure
load on the torus resulting from the bubble growth in the pool and compression
of the air space above the pool. Vertical reaction loads on the torus resulting
from vent system thrust and pool impact on the ring header were defined separately.

The dynamic loads for application to the torus support system and the piping
attached to the torus were developed in a testing facility consisting of a
scaled model of a reference plant which incorporated the design features of a
typical Mark I containment. However, since the structural response to the torus
support systems is sensitive to variations in applied loads and to differences in
individual support system designs, procedures were developed to obtain plant-
unique loads from the reference plant loads. These plant unique loads were
utilized in the plant unique analyses of the torus support system and attached
piping.
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C.1 Downward and Upward Pressure Loads

The downward and upward torus pressure loads for the Mark I containment STP were

derived f rom small scale tests conducted by General Electric in December 1975

and January 1976. The tests were performed using a 1/12 scale model of a drywell/
torus section which had been designed, based on scaling laws, to provide simulation
of pool swell phenomena for a reference or typical Mark I facility. The test
facility consisted of a drywell and torus section containing a single pair of
downcomers with a section with corresponding to the average spacing between
downcomer pairs. A detailed description of the GE 1/12 scale test program is
presented in Reference 9 and in Appendix B. The staff's evaluation of the
application of the results of this testing program is provided below, including
an evaluation of the scaling laws and the methods utilized to develop plant unique
loads.

C.I.a load Determination from the 1/12 Scale Test Facility

The pressure in the GE 1/12 scale test facility was measured at three locations
below the water level and at one location in the wetwell air space. Since the
pressure loads on the torus structures vary with different drywell pressure
histories, the pressure load which corresponds to the FSAR pressure history was
obtained by interpolating between test results for a large and a medium blowdown
orifice. At each point in time the interpolated pressure data from the four
pressure transducers in the torus was spatially integrated around the torus
surface to obtain the net pressure time history. The net pressure history for
the GE 1/12 scale test was then scaled to the reference plant value using the
techniques discussed in Section III.C.l.a.l. Figure III-l shows the full-scale
torus pressure history for the Mark I reference plant, as derived from the 1/12
scale tests.

As discussed above, determination of the torus pressure history for the reference
plant from the test involved interpolation between the medium and large orifice
data. This approach is potentially non-conservative with respect to obtaining
the proper simulation of the reference plant drywell pressure history but conserva-
tive with respect to obtaining the reference plant enthalpy flux history. Our
consultants have addressed this concern in Appendix A. Based on the combined
evaluation of the staff and our consultants, we have concluded that the net
effect of interpolating the torus pressure loads based on the reference plant
drywell pressure history is to yield a conservative predictioa of the reference
plant downward and upward torus pressure loads. We, therefore, find the pressure
interpolation approach acceptable for the STP. We will, however, require for
the LTP that a more accurate simulation of the reference plant drywell pressure
and enthalpy flux history be provided.
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Figure 111-1
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The results of the January 1976 GE 1/12 test series indicated that the downward
pressure load was approximately 33 percent higher than that which was determined

from the December 1975 GE 1/12 scale test series for an initial condition of
zero drywell to wetwell pressurization. Primarily because the December 1975
tests represented a larger data base condition and because there was reason to
believe that the downward pressure load anomaly observed in the January 1976
tests was due to facility configurational problems, the load information from
the December 1975 test series was utilized as the primary basis for the plant
unique analysis loads described in Addendum 2 to the STP Final Report. However,
the January 1976 tests formed the basis for the pressure load sensitivity to
drywell/wetwell differential pressure (see Section III.C.1.d); and, since operating
Mark I BWR facilities have implemented procedures to maintain a differential
pressure of at least 1.0 psid, most, if not all, of the downward load difference
between the December 1975 and January 1976 test series is accounted for in the
4pplication of the load sensitivity curves for drywell/wetwell differential
pressure control. On this basis, we conclude that the use of the December 1975
test results as the basis for the reference plant torus pressure loads is
acceptable.

Additional 1/12 scale tests are planned for the LTP to resolve this downward
load anomaly. We will require that the discrepancy in the December 1975 and
January 1976 downward pressure data be resolved in the LTP.

C.l.a.1 Scaling Laws

Pool swell information for the Mark I containment, developed by GE and later
confirmed by the staff and our consultants, was obtained from scale model tests.
This information included such items as downward and upward pressure loads on

the torus, pool swell velocity, slug thickness and breakthrough evaluation. In
order to determine this information it was necessary to develop the similarity
parameters and model laws that would form the basis for the design of a small
scale model test. A general description of the formulations of the laws, and an
evaluation of the laws is provled below.

The pool swell phenomena encountered in a Mark I containment following a postulated
LOCA can be described as an cvent in unsteady fluid mechanics. Model laws can
be obtained by application of the method of similarity. Moody has applied this
method to the Mark I pool swell phenomena. The method involves the formulation
of the governing equations, boundary conditions and initial conditions for each
of three regions in the pool. These regions are the bubble or discharged air,
the pool water, and the trapped air space above the pool water. The governing
equations are developed by formulation of conservation principles in terms of
macroscopic dependent properties such as pressure, density, and velocity.

The equations and boundary conditions are then non-dimensionalized. Dimensionless
similarity parameters appear as coefficients in the formulation. A comparison
of the numerical value of the coefficients determines the degree of similarity.
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Based on Moody's evaluation of the resultant equations, the following relation-
ships between the scaled model and the actual Mark I plant resulted:

(a) The small scale system has an internal geometry and water level similar to
the full scale system;

(P ,), (L /L,) = (P ,)f;(b) f

g),/ (L /L,) = (Pg)f at t, = tf (L,/L )I 2;(c) (P g f

(d) (th ), (L /L,) 2 = (mhg), at t, = tf (L,/L )1 2;f f

where tha subscripts s and f refer to the small and full scale systems respec-
tively, and

P ,= initial wetwell airspace pressure;

L = characteristic dimension of system (e.g., wetwell radius);

Pg = instantaneous drywell pressure;
.

m = mass flow rate out of drywell;

h = enthalpy, per unit mass, in drywell;
dw

t, = time afte'r initiation of event, small scale model;

t = time after initiation of event, full scale system.
g

The GE 1/12 scale test facility was designed in accordance with these relation-
ships. The full scale local pressure P and velocity V at the time t were

f f f

derived from the small scale pressure P, and pool swell velocity V, at time t, =
f (L,/L )I 2 from the scaling lawst f

P = P, (L /L,)f f

f = V, (L /L,)1 2V f

It should be noted that several of the simi..rlty parameters which arose in the
course of nondimensionaiization could be neglected because of their relatively
small magnitude. These parameters are related to heat transfer, surface tension
and viscous effects. Approximate calculations were used to support the argument
that these effects are small and could be neglected.

We and our consultants have reviewed the scaling methods utilized in the design
of the GE 1/12 scale tests. Based on this review, we find these similarity
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parameters and scaling laws, as they were applied to the GE 1/12 scale tests,
acceptable for the STP. However, we require that larger scale tests be performed
in the LTP to confirm these laws and to confirm that the heat transfer, viscous
and surface tension effects neglected in the STP are insignificant.

C.I.a.2 FSAR Drywell Pressure and Enthalpy Flux History

Determination of the full scale torus loads requires both a knowledge of the
full scale reference plant drywell pressure and enthalpy flux history and an
accurate simulation of these parameters in the scale model. The drywell pressure
history simulated in the GE 1/12 scale test was determined from a theoretical
model as applied to the reference plant in its FSAR. This model employs assump-
tions with regard to break size, drywell thermodynamic conditiens, and vent flow
which lead to a conservatively high drywell pressure. Drywell heat sinks were
neglected to maximize the pressurization. In addition, a nonconservative assump-
tion with regard to the initial recirculation line blowdown rate was evaluated
by GE.0 8) The nonconservatism resulted from not considering the liquid mass
between the postulated break and the flow limiting jet pumps as a factor in the
early blowdown phase. Based on the overall balance of conservatisms and noncon-

servatisms in the tests, a correction factor was applied to the test loads as
discussed in Section III.C.l.c.3.

Another consideration in.the overall evaluation is the high vent friction factor
used in the FSAR calculation of drywell pressure and enthalpy +t T. This high
friction factor leads to a lower vent flow rate. However, the hig.ier drywell
pressures lead to a counter effect. The net result of these two competing
factors on the FSAR enthalpy flux is assessed as small.

Based on our previous review of the reference plant FSAR drywell pressurization
model we find the reference plant drywell pressure history and enthalpy flux
histcry used in the STP to be acceptable. We require that the LTP should include,
however, a reexamination of the FSAR drywell pressure and enthalpy flux history.
Specifically, the initial blowdown considering t'e fluid mass in the line and
the specific vent friction factor for each plant should be studied further.
This additional study is indicated due to the demonstrated sensitivity of each
of these parameters on tl- resultant downward and upward load.

C. I. b Application of Reference Plant Pressure Loads to plant Unique Designs

Although the pressure suppression concept is the same for all Mark I BWR plant
designs, some specific design parameters do vary among plants. Since testing of
each unique plant configuration was impracticable, a testing program was developed
to take advantage of the similarities among plants. The resulting test program
(i.e., the GE 1/12 scale test) relied upon a typical or reference plant configura-
tion. Based on this design, a test matria was developed from which geometrical
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and drywell pressure history differences between the reference plant and specific
plants could be evaluated. The sensitivity of such parameters as downcomer
submergence and drywell pressurization rate was tested to determine the effect
of each ?trameter on the net downward and upward force. The resulting sensitivity
factors were used to develop plant unique load multipliers which were then
applied to the experimentally determined reference plant loads to obtain plant-
unique pressure load curves.

As a result of the above-sentioned evaluation, four plant unique design parameters
were determined to have a sigolficant effect on the net downward and upward
force:

a. drywell pressurizstion rate

b. downcomer submergence

c. ratio of pool area to vent area

d. ratio of torus air volume to pool area

The upward pressure load is affected by variations in all four of these parameters
whereas the downward load is affected by only the drywell pressurization rate
and the downcomer submergence. The magnitude of the sensitivity factors was
derived from a combination of experiiental and theoretical considerations. The

V of the total plant-unique load multiplier ranges from approximately 0.7 to
i.5 for Sward loads and from approximately 0.8 to 1.4 for downward loads.

Considering the conservation of energy equation, the drpell pressurization rate
was shown to be proportional to the ratio of the break area to drywell volume.
Using this relationship, test data from the GE 1/12 scale tests were used to
determine the effect of downward and upward torus loads.

The sensitivity to the downcomer submergence was determined by varying downcomer
submergence (i.e., the water level) in the GE 1/12 scale tests.

Pool area to vent area ratio sensitivity was obtained indirectly from the GE
1/12 scale tests. Tests were conducted with different vent loss coefficients.
It was assumed that vent loss coefficients cculo be equated to a difference in
the vent area. Other differences existed in these tests but these were small
compared to the equivalent change in vent area.

Sensitivity to the wetwel' air space voluce te prol area ratio was determined
from the GE computer code PICKSOML. This con c apates the pool swell response
based on slug flow theory.
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Based on our review of the methods used to arrive at the magnitude of the
sensitivity factors and our consultants review of the sensitivity factors as
described in Appandix A, we find the sensitivity factors acceptable for deter-
mining plant unique loads for the STP.

As the downward and upward pressure loads are refined in the LTP through additional
tests and theoretical models, the staff wil' require a sufficient test data base
to allow calibration of the anc.lytical model to be used to develop LTP plant-
unique loads. The tests should cover the range of geometry and drywell pressure
history differences found between specific plant designs. We will also require
a reexamination of the individual sensitivity factors using the expanded data
base developed during the LTP.

Implicit in the development of plant unique pressure loads is the assumption
that the total pressure history is separable into an equivalent static water
pressure corresponding to the hydrostatic head of torus water and a dynamic
pressure resulting from bubble growth and torus air compression. Thus, it is
assumed that the dynamic pressure load is indepenrient of the mass of water in
the torus. Since the ref.erence plant represents a nominal Mark I plant and
extrapolation to a plant specific design is reasonably small, we find this
approach acceptable for the STP. However, the staff will require as part of the
LTP that this assumption be reexamined. Future tests should include the provision
for changing the torus water level independent of submergence to assess the
effect of water mass on the dynamic pressure loads.

C.l.c Pressure Loads Utilized in the Plant-Unique Analyses of Torus Support

Systems and Attached Pipijg

Consistent with the "most probable load" approach of the STP evaluation, the
pressure loads utilized in the base case analysis of the structural capability
of each Mark I BWR tacility's torus support system and attached piping consisted
of the reference plant loads derived from the GE 1/12 scale test data as adjusted
to account for specific plant geometry and drywell pressure history differences.
However, based on a staff review of the 1/12 scale test results, it was determined
that the structural response of the torus support system and attached piping was
sensitive to the magnitude of the upward pressure load. Therefore, in addition
to the base case analysis, a sensitivity analysis using the 1/12 scale test data
was performed for each facility. This sensitivity analysis was directed toward
the upward pressure load considerations, since the torus did not exhibit the
same sensitivity to the downward load. The purpose of the sensitivity analysis
was to evaluate the sensitivity of the structural response to the upward pressure
load variation due to uncertainties in the application of data from the experi-
mental procram.
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C.1.c.1 Base Case Analysis Pressure Loads

Plant unique downward and upward pressure load history curves, which had been

oeweloped using the plant multiplier factors do cribed in section III.C.1.b,
were utilized in the base case analysis of the plant-unique structural capa-
bility of each Mark I facility's torus support system and attached piping.

The staff finds the torus pressure load as applied to plant-unique design in the
base case analysis acceptable for the STP. Our consultants, as reported in
Appendix A, concur with this conclusion. The inherent safety margins associated
with the applied structural criteria are sufficient to offset the uncertainties
in the development of the forcing function for the STP.

C.l.c.2 Sensitivity Analysis Pressure Loads

The pressure loads utilized in the sensitivity analysis for each Mark I facility
were the base case plant-unique pressure loads multiplied by two additional

factors. The first factor is a load correction factor to account for conservatisms
in the development of the reference plant load. The second tactor is a load
factor which was selected to provide a reasonable upper bound for the upward
load. The basis for each of these factors is discussed in this section.

The resulting pressure forcing function for the sensitivity analysis was defined
as follows:

Sensitivity Analysis Pressure Load = LF * LCF * (Base Case Pressure Loads),

LCF load correction factor to be applied to Base Case Pressure Loads in=

order to obtain a refined, current value for the load.

LF = load factor used to evaluate the sensitivity of the structural response
to changes in the upward load.

C.1. c. 3 Load Correction Factor (LCF)

A study was conducted by General Electric (18) to better define the various

conservatisms and nonconservatisms associated with the definition of the downward
and upward torus loads for the LOCA related pool swell event and, thereby, to
obtain a more accurate assessment of the load magnitudes. This study resulted
in the development of a load correction factor which was utilized in the plant-
unique sensitivity analyses.

Parameters which were considered by GE to be conservative with respect to the
upward pressure load are as follows:
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- finite breakthrough opening time,
- steam condensation in drywell,
- FSAR pressurization calculation,
- unequal downcomer spacing,
- condensation of steam in pool bubbles,
- change in P for pure air vent flow.

DW
- sonic wave,
- steam-air mixing,
- vent system acoustics,
- test data evaluation of enthalpy, and

- acceleration of test facility.

Nonconservative parameters include:

- sub-cooled homogeneous critical flow,
- recirculation system inventory, and
- bubble back pressure and vent flow acceleration.

Based on a review by GE of the magnitudes of the individual conservative and
nonconservative parameters noted above, all but one were calculated to have less
than a 5 percent effect on the magnitude of the upward load. Three dimensional
(3-D) effects resulting from unequal downcomer spacing represent the exception.
The GE 1/12 scale tests were conducted with a single pair of downcomers in a
section of the torus. The width of the torus section corresponded to the average
spacing between downcomer pairs. Nonuniform spacing exists in a full torus.
Due to the noruniform spacing, pool swell will not be uniform and will result in
a variation of pool swell velocity and the time of local pool breakthrough.
Nonuniform pool swell reduces air space compression before bt.bble breakthrough,
resulting in reduced upward loads.

The GE evaluation of the 1/12 scale test results, coupled with the use of analyt-
ical modeling, indicates a 20 percent reduction of the upward load due to 3-D
etfects.

The staff finds that the information, supplied in Reference 18, accounting for
unequal downcomer spacing (i.e., 3-D effects) indicates that conservatism exists
in the Addendum 2 loads. We conclude that a load correction factor of 0.8 to
the Addendum 2 upward load is acceptable to perform the sensitivity analysis for

the STP PUA for both AP and non-AP control (as defined in III.C.l.d). The LTP

proposed by the Mark I owners group is designed to confirm the conservatics of
this factor. This will be partially accomplished by a 1/12 scale, 90* straight
sector test to address 3-D effects. In addition, the NRC is sponsoring 1/5
scale, 90* sector tests to be conducted by the Lawrence Livermore Laboratory.
We consider the Livermcre tests an integral part of the necessary LTP effort
directed toward establishing 3-D effects.
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C.I.c.4 Load Factor (LF)

The load factor was relected to provide a reasonable upper bound for the upward
load. The factor was based on engineering judgment considering the following
potential uncertainties associated with the development of the uplift load.

(1) Date of the GE 1/12 scale test series were used directly without benefit of
an error analysis. For upper bound purposes, the maximum uncertainty
asse: lated with the pressure transducers was evaluated. The scaled up
inaccuracy is + 0.6 psi which corresponds to a potential maximum error of
20 percent.

(2) An additional uncertainty is related to the use of the sensitivity factors
which were established to determine the plant unique loads. Although the
basic approach with regard to the ability to separate vari bler cannot be
assessed, an estimate of the magnitude of the effect can be datermined. A
review of the plant unique load multipliers for the plants under considera-
tion was conducted. For assessing the bounding load an uncertainty of 20
percent is related to this aspect of the load determination.

(3) Another source of uncertainity is related to the treatment of the torus
water mass. For the STP, the torus water is assumed to be 100 percent
effectiv? in reducing the net upward load. This is an appropriate assumption
for the STP evaluation; however, considering the development of a Dounding
calculation, water mass effectiveness should be considered. Detailed
analysis of the video (Yverage of the GE 1/12 scale results indicates that
approximately 30 percent of the pool may be in motion at the time of peak
upward force. Since this fluid fraction may not contribute to the total
force, a 30 percent uncertainty is assessed to this effect.

(4) Additional uncertainties are obviously inherent within the development of
the load. However, specific bounding values are difficult to assess on an
individual basis. Such consideratio,13 as the error between transducer and

digital tape, transient pressure lag, system acceleration correction factors,
and the vent header impact load are included in this group. Due to the
nature of this category of uncertainties, a value of 15 percent uncertainity
has been assigned to this entire secondary group, based on our engineering
judgment.

It is unrealistic to expect that the error exists in each of the above sources
to the maximum value assigned to each source. A root mean square approach to
the above uncertainties was considered. The staff reviewed this approach and
concludes that it is reasonable. Our consultants, using an independent approach,
have concluded that the net results of this method are conservative load predictions.
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Development of a load factor considering an approach using the root mean square
analysis of the individual bounding error values yields a value slightly in
excess of 1.4. Therefore, a 1.5 factor was selected. This value, we believe,
represents a bounding upward load for both short and long term considerations.
One of the objectives of the LTP is to reduce this load by showing the conserva-
tism associated with this method of load determination for each particular

plant. For the STP, this approach was used in establishing the upward forcing
function to demonstrate the capability of the containment system structures to
w'thstand upper bound loads.

The load factor was only applied to the torus dynamic pressure loads. It was
not applied to the vent header impact loads or load effects associated with
either the torus structure weight or the torus water weight since the torus load
uncertainties are primarily associated with the dynamic pressure load.

C.l.d Differential Pressure Control

An additional sensitivity parameter, beyond these discussed in section III.C.l.b.
was discovered during the course of the December 1975 GE 1/12 scale testing
program. This parameter, which is related to the initial drywell/wetwell pressu e
differential ILP), was found to reduce the downward and upward dynamic pressure
loads significantly. A pressure differential is accomplished by either pressurizing
the drywell or drawing a vacuum in the wetwell. This is referred to as the AP
mode of operation. Sensitivity to this parameter was investigated in the January
1976 GE 1/12 scale tests.

Inducing a positive pressure differential between the drywell and the torus air
volume reduces the height of the water leg inside the downcomers. The reduced
water leg permits the downcomers to clear earlier in the LOCA transient with the
drywell consequently at a lower pressure. This effect reduces both the downward
and upward pressure loads on the torus. The plant-unique load multipliers are
thus reduced such that for current operational drywell pressurization the revised
range of load multipliers is 0.6 to 1.5 for upward loads and 0.5 to 0.9 for
downward loads, in contrast to the range of multipliers without drywell pressuri-
zation specified previously in Section III.C.l.b.

The sensitivity of the pressure loads to LP was derived from the January 1976
test series (normalized to unity at LP = 0). This test series indicated a
downward load anomaly for LP = 0 when compared to the December 1976 tests as

discussed in Section III.C.l.a. The load sensitivity to AP should not be sig-
nificantly affected by the uncertainty in the absolute level, since the normali-
zation to unity is based on data from a single test serirs encompassing the full
range of AP operation.

The January .975 tests that were conducted to determine load sensitivity to oP
operation were conducted with a downcomer submergence corresponding to 4 feet
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full scale. A procedure was developed to determine loads for other than 4 feet.
Simply stated the procedures are:

(1) For submergence greater than four feet, the loads are taken to be equal to
those with a four foot submergence, with a reduction in the effects of AP
proportional to the amount of submergence greater than four feet.

(2) For submergences less than four feet, the AP sensitivity factor for the
four feet submergsnce is used directly.

The NRC staff and,our consultants have reviewed the basis for tb6 developmi it of
the AP sensitivity factor and the application of this factor to specific '. ants.
We find the AP sensitivity factors acceptable for use in the STP. We also find
that the application of the AP sensitivity factor to plants with other than four
feet downcomer submesgence is conservative with respect to torus downward and
upward pressure loads and is, therefore, acceptable.

C.1.d.1 Plant-Unique Utilization of Drywell Wetwell Differential Pressure Control

For the purpose of performing plant-unique analyses of the torus support systems
and attached piping, the dynamic loading cent'itions on the torus could be influ-
enced by varying either one or both of two plant operating parameters: (1) the
magnitude of the minimum allowable drywell/wetwell differential pressure (aP),
and (2) the maximum allowable torus water 1 *el (i.e., downcomer submergence and
water mass). As was discussed above, incre g the drywell/wetwell AP results
in a reduction in both the downward and up pressure loads on the torus;
oecreasing the maximum allowable torus water level may result in a similar
etfect.

Since March 1,1976 all licensed domestic Mark I BWR facilities (except Brunswick
Units Nos.1 and 2) have implemented procedures to maintain a drywell/wetwell AP
equal to or greater than 1.0 psid during reactor operation in order to improve
structural safety margins. In order to demonstrate that their facilities meet

the structural acceptance criteria for the STP plant unique analyses, individual
licensees have optimized the required operating values for drywell/wetwell AP
and torus water level depending on the structural response of their torus support
systems to the LOCA related dynamic loads. In most cases, the minimum required
drywell/wetwell IP was increased or the maximum allowable torus water level was

decreased in order to meet the acceptance criteria. The minimum required drywell/
wetwell t.P, minimum allowable downcomer submergence, and maximum downcomer

submergence assumed in the STP plant unique analyses and currently in effect for
operating Mark I BWR facilities are listed in Table III-1. These operating
procedures are in.the process of being incorporated into the Technical Specifica-
tions for each licensed Mark I BWR facility. These requirements may change,
subject to NRC approval, during tho conduct of the LTP, as a result of modifica-
tions to the torus support systems or reanalysis of the structural response of the
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TABLE III-1

Drywell/Wetwell t.P and Torus Water Level Operating
Requirements for Mark I BnR Facilities

Minimum Drywell/ Minimum Downcomer Maximum Downcomer
Facility Wetwell .tP (psid) Submergence (ft) Submergence (ft)

Browns Ferry
1, 2, 3 1.3 4.17 4.60

Cocper 1.5 4.04 4.38

Dresden 2 & 3 1.0 3.67 4.00

Duane Arnold 1.3 3.96 4.30

FitzPatrick 1.7 4.17 4.42

Hatch l 1.5 3.67 4.00

Millstone I l.0 4.7 4.9

Monticello 1.0t 4.54 5.62

Nine Mile Point 1 1.0-2.0* 3.00 4.5C

Oyster Creek 1.0-1.6* 4.30 5.30

Peach Bottem 2 1.0t 4.00 4.40

Peach Bottom 3 1.0t 4.00 4.40

Pilgrim 1 1.5 3.75 4.00

Quad Cities 1 & 2 1.2 3.21 3.54

Vermont Yankee 1.7 4.29 4.54

"The f acilities utilize an operating curve of minimum required drywell/wetwell
aP as a function of actual torus water level (downcomer submergence).

tRequests to allow operation with 0.0 Drywell/Wetwell AP are currently under
NRC staff review.
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torus support systems. In order to obtain NRC approval for the removal of the
drywell/wetwell AP, a licensee will be required to demonstrate that its facility
can meet the STP structural acceptance criteria with a downward load 33 percent
higher than the nominal downward load specified for the base case analysis. The
action is necessary to account for the downward load anomaly, discussed in
Section III.c.l.a. until such time that the downward load anomaly is resolved.

C. I.e Downward and Upward Pressure load Conclusions

C.l.e.1 Short Term Program Evaluation

The staff review of the downward and upward torus pressure loads used in the STP
resulted in the identification of a number of areas where unc(rtainties exist.
As a result of these uncertainties a program was developed for the STP in which
a plant-unique analysis was performed for each Mark I plant. The plant unique
analysis included a base case analysis and a sensitivity analysis of the torus
support system and attached piping.

A combination of torus pressure loads and structural safety margins was selected
to offset the uncertainties inherent in the pressure load development. For the
base case analysis a load factor of 1.0 was used for the downward and upward
pressure load in conjunction with a structural safety factor of at least two for
all support elements not satisfying normal ASME Section III coda requirements.
In addition to the base case analysis, at least one sensitivity case analysis
was performed for each plant using a load factor of 1.5 and a correction factor
of 0.8 which were applied only to the upward portion of the load transient.
However, for most plants, an additional sensitivity case analysis was performed
using a load factor of 1.5 applied to the entire pressure load tra,sient and a

correction factor of 0.8 which was applied to only the upward portion of the
pool swell load transient. The load factor of 1.5 applied to the upward pressure
' ,d was chosen to provide an effective upper bound for upward load considerations.
The additional sensitivity case was performed to evaluate the sensitivity of
torus uplift to an increase in the downward pressure load, i.e., due to spring
back following the compression of the torus support columns during the downward
loading phase of the transient.

The NRC staff and our consultants have reviewed the downward and upward pressure

loads utilized in the plant unique base case and sensitivity analyses. We find
these loads, when used with the associated structural criteria, acceptable for
use in the STP for the current assessment of the structural capability of the
Mark I containments.

C.l.e.2 Long Term Program Requirements

During the course of our review of the downward and upward pressure loads in the
STP, a number of uncertainties have been identified as items subject to resolution
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in the LTP. Therefore, we conclude that the following tasks should be accom-
plished in the LTP to reduce these uncertainties:

(1) Drywell Pressure and Enthalpy Flux

The calculated and simulated drywell pressure history and enthalpy flux
should be improved in the following areas:

(a) The FSAR pressure and enthalpy flux history should be reexamined. The
mass and energy inventory downstream of the flow restrictions should
be included in the recirculation line and steam line blowdown calculations.

(b) Future tests should provide a better simulation of the drywell pressure
and enthalpy flux history.

(c) The sensitivity of torus pressure loads to the vent system losses
(K=fl/d) should be provided.

(d) Both steam and recirculation line breaks should be investigated to
determine the limiting break for torus pressure loads.

(2) Model Parameters and Scaling

Modeling parameters and scaling laws should be verified by a comparison of
1/12 scale test data with larger scale tests.

(3) Test and Error and Uncertainty

Application of any test data for the LTP must include an error and uncertainty
analysis.

(4) Downward Pressure Load Test

Additional testing should be performed to identify the cause of the downward
load anomaly observed in the December 1975 and January 1976 GE 1/12 scale

test series.

(5) 3 Dimensional Testing

Three dimensional testing should be conducted to confirm a 20 percent
reduction in the torus upward pressure load, to determine the local downward
loads, and to investigate the effects of asymmetric vent flow and downcomer
clearing on the bubble pressure loads.
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(6) Sensitivity Parameters

The method used for determining plant unique loads should directly address
differences between the test data base and the plant-unique conditions.

Analytical methods, if used for the plant-unique analyses, should be confirmed
by adequate testing over the range of expected parameter variation. In the
event that the STP sensitivity parameter approach is used to derive plant- ,

unique loads, the validity of the individual parameters should be reexamined.

(7) Torus Water Mass

The relationship between the dynamic pressure load and the torus water mass
should be determined by performing tests with different water levels but
the same downcomer submergence.

C. 2 Vertical Reaction loads

The loads on the vent system are transmitted to the torus and the torus support
system as a reaction load through the vent header column supports. The vertical
reaction load imposed on the torus through the header supports is comprised of
two parts. The first part is the vertical component of the vent system pressurizatior
and thrust loads. The bases and acceptability of these loads are described in

Section III.B.1. The second part of the vertical reaction load is the pool
swell impact and drag loads on the main vents and vent header.

For the plant-unique torus support analyses, the impact loads on the vent system
were determined from an application of test data from the GE 1/12 scale tests
and from the PSTF. Plant-unique pool swell velocities were calculated in much
the same way as the plant-unique downward and upward loads described in Section

III.C.l.b. Sensitivity factors were derived from the 1/12 scale test data to
describe the variation of the pool velocity profile for the reference plant as a
function of the controlling plant-unique parameters (i.e., break area /drywell
volume, submergence, torus air volume / pool area, and pool area /downcomer area).

The plant unique velocities were then used with a correlation derived from the
PSTF aata which describes the impulse load to pool velocity ration for a cylindri-
cal body as a function of the body diameter. The primary objective of the PSTF
test program was to confirm the conservatism in the Mark III analytical models.
The impact data correlation, however, was generic in nature and, therefore, applicable
to the Mark I evaluation. This correlation was then applied to the actual vent
and vent header diameters to obtain the total impulse load for the vent system
of a specific plant. Similarly, the vent header impact time for each plant is
calculated from the reference plant vent clearing time based on sensitivity
factors derived from the 1/12 scale test results.
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Strain gauge measurements and visual observations of the GE 1/12 scale test
movies indicate that there were negligible drag loads on both the vent and vent
header. Therefore, no net drag load has been identified for the vent system in
the torus support evaluations. The staff finds this to be acceptable.

Vertical reaction loads on the torus due to pool swell impact on the vent system
were obtained from an application of data from the GE 1/12 scale and PSTF tests
facilities. Based on our review of the data application, we find that the
methods used in the STP to determine the plant unique vent system impact loads
for the torus support evaluations are acceptable. However, for the LTP we
require that direct measurements of the vent system impact loads be obtained to
confirm the conservatism of the loads used in the STP,

D. Secondary Loads

During the load definition process, a number of loads were excluded from the
loading combinations either on the basis of the "most probable" load concept of
the STP or because the anticipated magnitude of the load was insignificant in
comparison to the primary loads. Each of these secondary loads is identified
below including the basis by which it was excluded from the load combination for
the STP.

Based on the considerations presented below, we conclude that the exclusion of

these loads is acceptable for the STP. However, for the LTP, we require that a
conservative evaluation of each cf these loads be made by either test or analysis.
The resulting loads will then be included in the loading combinations for the
LTP.

D.1 Sonic Waves

Immediately following the postulated instantaneous rupture of a large primary
system pipe, a sonic wave front is created at the break location and propagates
through the drywell to the vent system.

This loading condition was excluded on the basis that the finite opening time of
a real break in conjunction with the rapid attenuation of the load with distance
and its short duration would result in a negligible loading on the structures.
The staff concurs with this assessment and concludes that the sonic wave load
may be considered negligible.

D.2 Compression Waves

The compression of the air in the drywell and vent system causes a compression
wave to be generated in the downcomer water legs. This compression wave then

propagates through the pool and causes a differential pressure loading on submerged
structures and on the torus wall.
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This loading condition was excluded on the basis that an approximate 50 psi per
second pressurization rate in the drywell is not sufficient to cause a significant
compression wave and this wave would subsequently attenuate as it travels along
the downcomer water leg and out through the pool. In addition, this type of
loading phenomenon has never been observed in any of the pressure suppression
testing conducted to date. Based on these considerations, the staff concludes
that compression waves may be considered negligible.

D.3 Post Pool Swell Waves

following the pool swell process, continued flow through the vent system generates
random pool motion. This pool motion creates waves which may impinge upon the
torus wall and internal components. The loading condition was excluded on the
basis that previous investigations of the Mark III containment conceptU) have

indicated that post-swell waves have magnitudes of at most 1 2 feet. The impinge-
ment loads associated with such wave heights are insignificant in comparison to
the primary loads. The staff concurs with this assessment and concludes that
the post-swell wave loads may be considered negligible for the STP. Further
confirmation will be required from the three dimensional test program which will
be conducted as part of the LTP.

D.4 Seismic Slosh

Seismically induced vibrations of the torus will generate pool slosh (i.e.,
wave) loads on the torus wall and internal components. This loading condition
was excluded on the same basis as the post-swell wave loads; i.e., the wave
amplitude is expected to be no greater than 1 2 feet and, therefore, the loads
will be insignificant. In addition, the seismic slosh was considered with
regard to the potential for uncovering the downcomers. The 1 2 feet wave height
would not result in downcomer uncovering. Therefore, the staff finds the exclusion
of the seismic slosh effects to be acceptable for the STP. As part of the LTP,
a test program, similar in scope to that conducted for the Mark III design, will
be performed to confirm the wave amplitude. We find this approach acceptable.

0.5 Asymmetric Torus Loads

Variations in either the local drywell pressure or the local vent flow composition
could cause an uneven distribution in the loads on the torus and vent system.
In addition, this maldistribution could lead to significant pool waves. This
loading condition has been excluded on the basit, that significant variations in
the drywell pressure and flow composition are unlikely. The relatively open
nature of the drywell in the region of the vent openings precludc., significant
pressure variations. In addition, past testing experience has indicated that
there is reasonably good mixing of the air and steam in the drywell, precluding
a significant variation in the vert flow composition. Based on these
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considerations, the staff finds that excluding asy m tric torus loads for the STP
is acceptable. For the LTP we will require that asyrmetric torus load considera-
tions be included it. the three-dirensional test pmgram.

D.6 Froth and Fallback loads on Torus

For the torus support analyses. f roth ircingeeent en the upper torus stell and
pool fallbJCk on the lower torus shell were Considered to be negligible. The
structural adequacy of the torus shell and the cos;>onents within the torus
conservatively assumed the froth and fallback loadings discussed earlier (see

Section III.B.4).

The f roth and f allback loads on the torus were excluded f r the terus support

evaluations based on the 1/12 scale test sowies and data. The I/12 scale test
files showed that very little froth is generated, primarily due to the physical
obstruction of the vent header and wetwell air compression. Froth that is
generated as a result of impact is retarded by gravity ef fects. The same films
also indicated that very little pool fallback occurs and the pressure measurements
on the bottom of the test f acility showed no discernible pool f allback loading.

Based on these considerations, the staf f concludes that the assumpticn of negligible
froth and fallback loads for the torus support evaluation is acceptable for the
STP. he will require confirmation in the LTP that these loads are regligible or
that appropriate bounding values be assigned to these loads.

D. 7 Condensation Oscillation Loads

The generation of oscillatory lateral loads due to the rapid formation and
collapsing of steam bubbles at the downceser exit was discussed in Section
111.9.5. This same phenomenon causes pressure waves to propagate through the

pool resulting in similar oscillatory loads on the submerged components and the
torus wall. Oscillatory pressure loads were cbserved on the tank wall of the
foreign test facility which served as the basis for the selected downceser
lateral loads. In the test facility, the tank wall was approminately four feet
from the end of the downconer.

This secondary load was excluded on the basis that significant pressure fluctuations
were not observed in the Bodega Bay test facility. In addition, a review of
similar test programs by GE has indicated that the effects of the wetwell airspace
pressure and the non-rigid boundary would tend to reduce the oscillatory loads
observed in the foreign test facility. These loads would be further reduced by
attenuation through approximately 10 feet of water in the pool in a Mark I
containment as opposed to the 4 feet of pool in the test facility. Finally, the
oscillatory loading on these structures is a fatigue considerstion rather than
one of strength capacity. This is based on the fact that condensation loads are
less than the SRV loads discussed below. Previous investigations concerning 5,RV
loads have shown that the structures have adequate fatigue life sargin.
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Based on these considerations, the staff concludes that the exclusion of the
condensation oscillation loads for the torus wall and submerged structures
properly reflects the "most probable" load philosophy and is, therefore, accept-
able for the STP. For the LTP we will require three-dimensional full scale
testing to adequately define steam condensation.

D.8 Safety / Relief Valve Loads

.The opening of a primary system SRV causes oscillatory loadings on the torus and
its submerged structures. SRV lines extend from the main steam lines in the
drywell to the suppression pool. Following the actuation of an SRV, the air and
water columns in the lines are compressed and accelerated respectively into the
pool causing clearing loads on the structures in the vicinity of the discharge a

device on the SRV line. The expansion and contraction of the compressed air
will generate oscillatory loads on the surrounding structures.

Based on the Quad Cities test data, General Electric has developed an analytical
model for prediction of these oscillatory loads. In response to a request
by the staff for additional tests to verify this model, in-plant tests at Monticello
were performed and completed in June 1976. Saluation of the test data and
model verification will be included in the LTP.

In addition, SRV operating experience has shown that, in all but a few instances.
SRV discharges have occurred without any evidence of damage. In those isolated
cases where localized damage has been encountered, the damage did not result in
a loss of the containment function, a release of radioactivity, or undue risk to
the health and safety of the public. In these cases repairs have been made and
additional margin was included in the structures.

Based on these considerations, the staff concludes that the exclusion of the SRV
loads is acceptable for the STP.* For the LTP, the SRV loads will be evaluated.
As indicated above, the evaluation and verification of the analytical rnodel
through comparison with the recently acquired Monticello test data will be
performed in the LTP.

*The NRC staff has recently been informed by the General Electric Company (20)
that newly-performed transient analyses indicate the potential for a
second actuation of several SRVs following the occurrence of a primary
system isolation transient (e.g., closure of all main steamline isolation
valves) at high reactor power levels. This newly-obtained infomation
may be of significance since the results of the in-plant SRV testing at
Monticello indicate that (1) the second actuation of an SRV results in
higher loads than those associated with the first actuation, and (2) simal-
taneous actuation of several SRVs results in a higher loading on the torus
shell and on the torus support system than those associated with the actuation
of a single SRV. The significance of these new calculations for Mark I BWR
facilities varies from plant to plant, since the calculation results are
dependent on plant-specific parameters (e.g., the size of the primary system,
the setpoints for actuation of individual SRVs). This infomation is currently
under active review by the NRC staff; if necessary, based on the results of
this review, interim actim will be taken on a plant-specific basis. The
final resolution of this matter will be accomplished in conjunction with the
LTP evaluation of SRV loads.
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D.9 Safety / Relief Valve Loads in Conjunction with a LOCA

In the event that a single or a set of SRVs should actuate coincident with a
postulated LOCA, the individual loads could potentially combine to result in
a greater loading on the structures. This loading combination could

~

result from either the spurious opening of a valve or from reactor over-
pressure, which is the condition nomally required to actuate the SRVs.
Since the pool swell event occurs in a relatively short period of time (i.e.,
1.4 seconds), the spurious opening of an SRV such that SRV air clearing
loads would occur concurrent with pool swell loads is considered to be
extremely improbable. General Electric has performed a number of primary
system analyses which indicate that a LOCA of a magnitude sufficient to generate
significant pool swell loads would rapidly depressurize the primary system,
such that an overpressure condition would not exist. Therefore. it is not

probable that this load consideration would take place mechanistically.

Based on the above considerations and the "most probable" load concept of the
STP, the SRV/LOCA load combination was excluded for the STP; we will, however,
reassess this load combination in the LTP.

E. Hydrodynamic Load Evaluation Sumary and Conclusions

E.1 Short Tem Program

The magnitude and character of each of the hydrodynamic loads have been deter-
mined sufficiently for current use in the course of the STP by an application of
existing analytical models, test data, and conservative factors. The magnitude
of those loads, for which existing analytical techniques and test data were not
readily available or proved to be inadequate, was detemined by the application
of data obtained from small scale testing conducted specifically for the Mark I
evaluation program. The application of the test data and analytical models has
been directed toward detemining the "most probable" load and is consistent with
the program objective to assess the existing containment capability and to
assure the availability of the containment function. However, this process has
retained many of the inherent conservatisms associated with the calculated
driving forces of the pool swell phenomenon.

Based on our review of the STP's load definition process, we conclude that the

"most probable" load concept reflects an adequate amount of existing conserva-
tism to accommodate the uncertainty in the individual load magnitudes.

E.2 Long Tem Program

As part of the program to accomplish the LTP objective of establishing design
basis loads for the Mark I containment system, the Mark I Owners Group has
undertaken tasks to (1) confim the adequacy of the loads defined for use in
the STP through additional testing and analysis, and (2) develop potential
load mitigating devices to reduce the magnitudes of the dynamic loads.
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The staff requires that the load confirmation efforts in the LTP include the
resolution of the specific concerns identified in the preceding load evaluation
sections. A sumary of the LTP load verification requirements is presented in

Tehle !!! 2, '.cludin; the basis for each task. Il? will continually

monitor the progress of the LTP to assure that these requirement! are
satisfied. In addition, the NRC has undertaken a Mark I suppression
pool dynamics testing program at Lawrence Livermore Laboratory. Data
from this facility will be used to provide confirmation of the adequacy
of the loads develcped by the Mark I Owners Group and will further serve
to expand the data base such that the uncertainty in the loads can be
reduced.

The Mark I Owners Group has presented preliminary test results on concep-
tualmodelsforvariouspoolswellloadmitigatingdevicesduringmeefings
with the NRC staff. We will review and evaluate the acceptability of
such load mitigating devices that the Mark I Owners Group may propose
to use.
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TABLE III-2

NRC LOAD VERIFICATION REQUIREMENTS FOR
MARK I CONTAINMENT LONG TERM PROGRAM

Item Basis

1. Torus Downward and Upward Loads

A. Additional 1/12 2D tests to refine Resolve downward load anomaly observed
torus downward load in January 1976 tests, e.g., January

load > December load but December load
was used in the plant Unique Analysis.

B. Confirm modeling parameters and No previous test data base with various
scaling laws with 1/4 sci.le tests scale tests to confirm model parameters

and scaling laws.

C. Error and uncertainty analysis STP tests did not include a comprehen-

required for LTP tests sive analysis of test errors and
uncertainty.

D. (1) Establish adequate data base The data base is needed to confirm
for plant unique load the analytical model approach to the
determination. plant unique loads.

(2) Reexamine validity of individual Insufficient test data base for several
sensitivity parameters (if STP parameters, e.g., STP question
sensitivity approach is used) regarding validity of several

sensitivity parameters not
completely resolved.

E. Additional tests with different water Test data base to determine relation
level but same downcomer submergence. between dynamic pressure load and

torus water level has not been
provided.

F. Three Dimensional Testing

(1) confirm upward pressure loads Confirmation of the 20% reduction
factor assumed in STP based on
estimated 3D effects is needed.

(2) determine plant local downward STP 2D tests measured average
loads torus downward loads.

(3) investigate effect of asymmetric No STP data base for this effect.
downcomer clearing and vent flow
in net torus loads

G. Future tests should provide a more STP did not provide a good
realistic simtlation of drywell simulation of these histories. An
pressure and enthalpy flux history interpolation technique was neces-

sary adding uncertainty to the
result.

H. For future tests the following
effects should be considered,

III-30



.

TABLE III-2 (Cont'd)

Item Basis

(1) Investigate increased transient STP estimate of this effect is to
mass and energy release for blowdown increase drywell pressurization rate
calculations and influence of loads by 20%. This effect not considered

directly in STP loads.

(2) Determine sensitivity of loads to Plant unique variation of this param-
vent system losses eter may be significant. Plant

unique differences were not directly
considered in the STP.

(3) Consider postulated breaks in Present analysis covers only recircula-
both the main steamline and the tion line break, however, recent infor-
recirculation line mation indicates steam line break may

be important.

2. Vertical Reaction Loads

Additional tests to confirm the pool STP leads are based on PSTF tests-

swell impact and drag loads on vent considering a best fit of data for
header-downcomer assembly plain cylinders. Results of future

tests should include the actual
vent system geometry.

3. Drag Loads on Submerged Components

A. Consider effect of differential This is an unresolved generic
pressure across structure due to concern common to Mk I, II and III
bubble propagation containments.

B. Obtain 3D test data to confirm STP estimate of these parameters based
horizontal and vertical pool on 2D tests is not based on an
velocities for submerged adequate test data base.
structure drag loads

4. Steam Loads

(Downcomers, Submerged Structures, Confirmation of current test data
and Torus Boundary) used in the analysis is needed since
Additional two-dimensional full the data is limited and is a reflec-
scale testing tion of a containment design

quite different from Mark I.

S. SRV Loads

A. Additional tests (i.e., Monticello SRV loads not addressed during STP
tests) required (fatigue concern). Inadequate data

base for SRV loads.

B. Consider single active failure No basis has been provided to justify
in the SRV system exclusion from censideration in the

LTP of the potential load combination
of a LOCA plus the actuation of a
single SRV.

6. Seismic Slosh loads

Perform tests to determine load Definition of this load was deferred
magnitude to the LTP.

7. Secondary Loads
(Tests and/or Analyses)

111-31



.

TABLE III-2 (Cont'd)

Item Basis

A. Vent System Thrust Confirmation of the STP calculated
loads in the header is needed.

B. Froth and Fallback Effects GE 1/12 tests are not applicable beyond
breakthrough point.

C. Post Pool Swell Waves Same as B.

.
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IV. STRUCTURAL AND MECHANICAL COMPONENT EVALUATION

A. Introduction

The purpose of this section is to provide our evaluation of the structural
capability of the containment system of each Mark I BWR facility to withstand
the primary LOCA-related dynamic loads described in Section III.

The analysis of the structural response of the components and structures located
inside the torus to the postulated LOCA-related dynamic loads was performed on a

generic basis due to the similarity in the design of torus internal structures
among all BWR facilities with the Mark I containment system.* Appropriate plant
groupings were utilized to address particular design differences and, in several
cases, plant-unique analyses of selected critical components were performed.

For all cperatng Mark I BWR facilities, plant-unique analyses of the structural
capability of the torus support systems and piping attached to the torus were
required as a result of the number of variations in the design of the torus
support systems and due to the sensitivity of the structural response of the
torus support system to changes in the applied loads.

Af ter having a prelimir ary definition of the LOCA-related hydrodynamic loads,
available data from all BWR facilities with the Mark I containment system was
examined to determine differences in component configurations. Using this
information, a screening evaluation of all LOCA-affected components in the
Mark I containment system was performed to identify the critical structural and
piping elements which, in turn, were subjected to a more detailed structural
evaluation. Structural elements were placed in the " noncritical" category only
after analysis which demonstrated that the elements would not affect containment
integrity and function. Although the noncritical elements have been exempted
from detailed analysis during the STP so that full attention could be concen-
trated on potentially critical elements, all elements will be examined in detail
during the Long Term Program.

The critical and noncritical structural and piping elements are identified

below:

Critical Elements

The vent header system including penetrations, supports, appendages, and

attachments.

" Hope Creek Unit Nos.1 and 2 were not included in this evaluation since the design of
these facilities was not yet suffciently complete. It is anticipated that the design
configuration of the containment systems for these facilties will fall under one of the
plant groupings considered in the STP evaluation.
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Catwalks and catwalk support systems in the torus.

Vent pipe expansion bellows assemblies.

The suppression chamber (torus) support system.

Safety-relief valve piping in the torus.

Piping attached to the torus.

Noncritical Elements

Baffles.

Spray Headers.

Monorails.

Strainers.

Vent Drains.

Return Lines (e.g., HPCI exhaust, RHR return, RCIC discharge, Core Spray Test
Return, Recombiner Cooling).

Vacuum Breaker Air Lines.

ECCS suction nozzles.

Torus Shell (except for areas near the torus supports).

A detailed evaluation of each of the critical structural and piping elements,
including load combinations, analytical analysis techniques, component testin2,
and acceptance criteria, is provided in this section.

B. Torus Internal Structures and Components
B.1 Loading Criteria

The vent header system was evaluated using both static and dynamic analysis
techniques.

The basic static analysis was for the following load combinations:

S1 = D+P+V+E+HR (radial H),
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52 = D+P+V+E+HT (tangential H), and

53 = D+P+V+E+HV (parallel H).

The loads in these combinations are defined as follows:

D= system dead loads;

V= air venting thrust forces on vents and the vent header - 90 KIPS (K) axisi
on each vent pipe,10K vertical on the ring header at each downcomer paii
and 2K vertical and SK horizontal at each downcomer elbow;

P= resultant pipe internal pressures - vent pipe ou' side torus = 18.3 psi,
vent pipe inside torus = 8.3 psi and header inside torus = 6.3 psi;

E= seismic forces .15 g vertical, .30 g horizontal;

HR = horizontal forces on the downcomer tips in the radial direction = 5.5K on
every downcomer;

HT = horizontal forces on the downcomer tips in the tangential direction = 5.5K
on every fifth downcomer; and

HV = horizontal forces on the downcomer tips, parallel to a selected vent = 5.5K
on every fifth downcomer.

A dynamic analysis was performed for conditions during the pool swell event
depicted in the following load combination:

D1 = D+P+V+E+F

where

F= pool swell impact forces, i.e. , peak pressure = 25 psi, pulse duration = 16

milliseconds, and drag pressure = 5.4 psi, based on a pool velocity at
impact of 24 ft/sec.

The combination D1 was used to define stresses in the elastic range of a material.
If the elastic limit was reached during this analysis, then the details of the
beam model described below were modified to permit nonlinear response, and a
nonlinear analysis, D2, was performed utilizing the same load combination as 01.

B.2 Analytical Techniques

Rather than perturming an independent analysis of each of the facilities for
each load combination, a plant comparison was made to determine groupings of
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plants with similar design features. Component structural analysis was then
'

performed on the most critical plant within each group.

For both the static and dynamic analysis of the vent header system, an ANSYS
beam model finite element computer program was utilized. This program is effec-
tive for both linear and nonlinear analysis and therefore was used for both the

D1 and D2 analysis.

Critical connections of the vent header system were analyzed for pool swell
loads in greater det.all utilizing three-dimensional shell finite element computer
programs, (i.e., SAP and ASHSD), and checked using classical shell solutions.
Three types of vent to vent header joints were analyzed - the spherical type,
the reinforced "Y" branch and the unreinforced cylinder to cylinder type. The

vent header-downcomer junction was evaluated for the lateral loads using a
MARC-CDC program which incorporates both material and geometric nonlinearities.

B.3 Component Testing

As a result of the preceding analysis, several critical structures or components
were identified and subjected to physical tests of prototypical specimens.
Those items identified and tested include:

(1) the Oyster Creek clevis (at the base of each vent header support column);

(2) the Brunswick clevis - concrete anchor test;

(3) the vacuum breaker nozzle;

(4) the downcomer to vent header intersection - a cyclic test; and,

(5) steel test coupons - high strain rate tests.

The clevis connection and vacuum breaker nozzle tests were static tests to
failure. The downcomer cyclic test included 15 cycles of reversed loading at
four kips, three cycles at six inch displacements, and a final one-way push to a
12" displacement with no sign of failure. A 20% increase in material yield
stress was used in the analyses based on the high strain rate tests at values
near those expected during the transients.

B.4 Acceptance Criteria

The basic STP structural acceptance criteria are detailed in Reference 6 "Descrip-
tion of Short Term Program Unique Torus Support Systems and Attached Piping
Analyses." These acceptance criteria were developed after several meetings
between the NRC staff and the Mark I Owners Group in which the details of the
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crittria for each type of structural and mechanical component were discussed.
Although these acceptance criteria were originally generated for use in evaluat-
ing the results of the plant unique analyses of the torus support systems and
the piping attached to the torus, we have found the criteria to be acceptable
for use in all STP structural and mechanical component evaluations. In summary,

these acceptance criteria establish that:

(1) For the most probable LOCA-related loads approved by the NRC, coupled with
a load factor of 1.0, the structural factors of safety shall be equal to or
greater than 2.0 and

(2) For the most probable LOCA-related upward loads approved by the NRC, coupled
with a load factor of 1.5 and a correction factor of 0.8, all structural
and mechanical components of the torus and the torus support systems shall
be capable of maintaining their safety functions.

B.5 Component Evaluation

A survey of Volume IV of Reference 3, " Mark I Containment Evaluation Short Term
Program - Final Report," dated September 1975, shows that the structural members
that would exceed the yield strength in the unlikely event of a design basis
LOCA are as follows:

(1) Vent header support column clevis for the Browns Ferry Plant;

(2) Embedded anchor bars below the header support columns and the vent pipe at
the fixed end (junction to the drywell) for Brunswick Plant;

(3) Checkered plate decking and support systems for the Fermi Unit No. 2, Nine
Mile Point Unit No. 1 and FitzPatrick facilities;

(4) Baffles on Oyster Creek;

(5) Vent header - downcomer intersections for the reference plant - from finite
element analysis; and,

(6) Bottom of the vent - header for the reference plant - from finite element
analysis.

Individually addressing each of these items, the following summary status is
presented:

(1) The single vent header support column reported to have a weak column clevis
has been replaced on all three Browns Ferry units with a double support
column system such that stresses, due to pool swell, are well below yield.
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The steff has reviewed these modifications and has found the modifications
and the associated reanalysis to be acceptable.

(2) The Brunewick embedded anchor bar was analyzed and tested and the results
were reported in Volume IV of Reference 3. However, this original analysis
neglected the additional load carrying capability of the torus liner and
the liner attachment studs. A reanalysis of the stud-liner-anchor system
indicated that, except for the notched part of the anchor bar, the stresses
will be within the elastic range of the materials. lhe yielded notched
portion of the anchor bar is expected to experience a maximum strain of
1.45 percent during pool swell which is well below the strain permitted by
the short term program acceptance criteria for a uniaxial stress field in

A36 steel. The staff finds this level of strain acceptable until comple-
tion of the LTP.

(3) The solid checkered plate catwalk at Nine Mile Point Unit No. I was removed
during a refueling outage in April-May 1977. The solid checkered plate
catwalk at Fit: Patrick was replaced with grating during a refreling outage
in July 1977. The solid checkered plate catwalk at Fermi 2 wi!1 be replaced
with grating prior to initial reactor operation.

(4) It has been determined that the baffles in the Oyster Creek torus would
exhibit plastic behavior due to LOCA-related pool swell loads. However,
the stress in the baffle would only be slightly in excess of yield; this
satisfies the STP acceptance criteria to preclude failure, and thus, is
acceptable to the NRC staff.

(5) The three-dimensional shell finite element analysis of the vent header-
downcomer intersection indicated that, due to LOCA-related pool swell
loads, the most severely loaded elements of the vent header would be sub-
jected to approximately 2.5 percent localized plastic strain. This level
of localized strain satisfies the STP acceptance criteria for biaxially
loaded components and, therefore, is acceptable to the NRC staff.

The resistance of the vent header-downcomer intersection to lateral loads
due to chugging was evaluated in the prototypical physical cyclic test
which demonstrated the capability of this assembly to sustain cyclic plastic
deformations much more severe than those anticipated. The staff finds this
testing program and its results to be acceptable.

(6) The three-dimensional shell finite element analysis of the bottom of the
vent header for the reference plant indicated a localized maximum equivalent
total plastic strain of 2.6 percent. This level of localized strain satisfies

the STP acceptance criteria for biaxially loaded components and, therefore,
is acceptable to the NRC staff.

*

s
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All other components of the torus and the torus internals meet the STP acceptance
criteria including operability of the internal vacuum breakers.

C. Torus Support System

C.1 !cading Criteria

The general guidelines for load applications to the torus support system are
provided in Reference 6. Loads that were considered in the plant unique analyses
of torus support systems include:

- Dead load - structures and 80 percent water mass inside torus
- Pool swell pressure loads (downward and upward)
- Plant-unique seismic loads

Vent header vertical reaction loads-

Reference 6 also specifies the load cases (i.e., the base case analysis and the
sensitivity analysis) for which each plant was analyzed. The purpose of this
two-case analysis approach was: (1) to quantify the structural margins under a
most probable loading condition, and (2) to evaluate the sensitivity of the
structural response to the LOCA pressure variation due to data scattering in the
experimental program for obtaining the load transient.

C.I.a Vent Header Vertical Reaction loads

Following a LOCA, the noncondensible air inside the drywell is forced through
vent pipes, vent header and downcomer pipes into the suppression pool to form
air bubbles under downcomer pipes. As bubbles expand and rise in the pool, they

,

push a slug of water upward which impacts on the vent header. The vent header
is supported by columns which are in turn tied to torus ring girders. Therefore,
the pool swell impact load on the vent header is transmitted to the torus support
system and should be accounted for in the torus support system analysis.

Because of differences in vent system geometries and the distance between the
normal pool surf ace and the vent header, the magnitude and arrival time of the
pool swell impact will be unique for each plant. Reference 8 provides plant-unique
data for the vent impact load to be used in the analysis of the torus support
system.

The vent header vertical reaction load for each plant remains the same for the
base case and all sensitivity case analyses.

.

C.l.b Dead Load

The dead load considered in the plant-unique analysis consists of 100 percent of
the weight of torus shell, ring god -*, vent system, support columns and other
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internal components and 80 percent of the mass of water inside the torus. The
reason for using 80 percent of the water mass is that the portion of the water
above the expanding bubbles is partially inef fective in providing inertial
resistance to the vertical displacement of the torus structure. A detailed

discussion on the determination of the 20 percent reduction is provided in
Reference 7.

C.I.c Pool Swell Pressure Load

There are two levels of net dynamic pressure loads specified for dif ferent
strJctural models used in the plant-unique analysis of the torus and the torus
support system. Level 1 describes the loads applicable to a single degree of
freedom lumped mass model of the torus support system and uses the net dynamic
pressure load time history of the reference plant with appropriate plant-unique
multiplier factors. Level 2 defines a more detailed load set to be used with

2-D and 3-D structural models and uses the full pressure load measurement from
the 1/12 scale tests to determine the absolute pressure distribution on the
torus shell. The application of levels I and 2 is discussed in Reference 7.

Reference 7 also defines the method and plant unique factors by which the plant-
unique pool swell loading transient can be calculated. The NRC staff evaluation
of the validity of the procedure for the derivation of plant unique pool swell
loading is provided in Section III.C.1 of this report.

As was discussed in Section III.C.1.c, the plant-unique analysis of the torus
and its support system consists of a base case analysis and sensitivity case
analyses. For the base case analysis, the most probable pool swell loading
transient was used. Downward and upward load correction multipliers were included
to adjust the hydrodynamic pool swell loads for the sensitivity case analyses in
order to determine the se'.sitivity of the structu*al response of the torus
support system to variat ions in the pool swell hydrodynamic loads.

C.l.d Seismic toads

The seismic loads were treated as equivalent static loads using the plant unique
seismic coefficients. The horizontal and vertical seismic coefficients are
expressed in terms of fractions of the gravitational acceleration, and are
specified in the individual plant's FSAR.

C.2 Analytical Techniques

Described below are the analytical methods that have been used for the plant-
unique analysis of the torus and the torus support system under the loading
conditions specified:
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C.2.a Two-Dimensional (2-D) Ring Model

As a minimum, t'.e torus support system has been analyzed by using a linear
elastic 2-D ! nite element model, which includes the ring girder and a pair of
torus support columns with proper end conditions at the column bases. For those
plants without tie-dcwns, an artificial connection at the column base is assumed
during the upward loading phase. and correction is made by an analysis using a
one-dimensional (1-D) model. The 2-D model was gererally used to represerit the
ring girder and column gecmetry, and consists of a number of curved elements
interconnected at a se*,of discrete nodal points. The structural element stiff-
nesses include basically the stiffness properties of the ring element and the
contribution by the attached shell of the outer flange of the ring. The masses
of the structures and the water inside the torus are lumped at each nodal point.
The distribution of the water and shell structural masses has been either sinusoidal
according to the cross-sectional shear transfer mechanism, or by vertical and
horizontal projections as recommended in Reference 7.

The pressure loads are integrated along the axis normal to the plane of the 2-D
ring model, and are applied radially to the ring model in accordance with the
proper distribution specified in Reference 7. The vent header vertical reaction
loads are introduced to the ring model at points of vent header support column
connections to the ring girder. Both pool swell pressure loads and the vent
header vertical reaction loads are applied to the 2-D ring codel as transient
dynamic loads, with proper time phasing between these two load sets.

C.2.b Three-Dimens'onal (3-D) Model for Pool Swell Pressure Transient

A three-dimensional (3-D) finite element model consisting of both c,aadrilateral
plate and beam elements has also been used to represent the torus shell, and the
ring girder and torus support columr.s, respectively. Generally, only a 1/16 or
1/20 sector of the torus structure is modelled, with proper boundary conditions
at interfaces.

During the downward loading phase, the torus support column end conditions can
be properly modelled for all plants. However, an artificial connection at the
column base is assumed during the upward loading phase for plants without tie-downs.
When the rd '(Kial connection experiences a tension, a separate one-dimensional
(1-D) r 4 s u made to compute the torus uplift. The upward movement of the
co%/ f v. ipir., is the sum of the upward deformation at the point of connection
22 (b 1alysis and the amount of uplift computed by the analysis using the

e mocs .. (or plants with tie-downs, a similar correction procedure also
app!)es when we +1e-down bolts experience tension because of the nonlinear

characteristics of tre tie-down bolts.
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The application of the pool swell pressure transient to the 3-D model is relatively
simple and straightforward. The hydrodynamic pressures are lumped at the nodal
points. The hydrostatic loads are applied by direct vertical and horizontal
projections to the torus shell, as recommended in Reference 7.

C.2.c Two Dimensional (2-D) and Three Dimensional (3-D) Model For Seismic Analysis

The 2-D and 3-D models described above have also been used in the seismic analysis

by utilizing static seismic coefficients to adjust the dead loads.

C.2.d Three-Dimensional (3-D) for Seismic Loads

For the seismic analysis, the axisymmetrical condition no longer exists because
of the horizontal acceleraticn. A three-dimensional (3-D) finite element model
is used to represent a half of the torus structure. The computation is based on
a linear elastic static analysis.

This model is composed of bet, elements which represent the indivic'ual torus
segments with both bending and shear stiffnesses. The torus beam segments are
connected with rigid links to the tops of the inner and outer support columns.
The bottoms of the columns are tied down or allowed to slide depending on the

end conditions of each plant design.

Massless rigid bar off;ets allow for application of the inertial force at the

combined center of gravity of the water and structure.

C.2.e One-Dimensional (1-D) Dynamic Model

The one-dimensional (1-D) dynamic model was used strictly for the evaluation of
the vertical torus uplift during the upward loading phase only. For plants
without column tie-downs, the 1-D model becomes mandatory when the artificial
constraint elements at the base of the columns experience tension in either 2-0
or 3-D finite element analyses. The 1-D dynamic model for these plants is
simply a mass-force-acceleration model, without spring or dashpot.

The one-dimensional (1-D) nonlinear dynamic model has also been used for some

plants with column tie-downs. The model is . ,Tosed of the lumped mass, the
' stiffness of the columns on the compression side and the nonlinear force-
displacement relationship of the anchor bolts on the tension side.

C.3 Acceptance Criteria

acceptance criteria for the torus support system are set forth in Reference 6
terms of strength ratios, which are defined as the ratio of the maximum

component load or stress due to all loads to the structural element capacity. A
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strength ratio evaluation was not required for any structural element that
satisfied the requirements of Section III of the American Society of Mechanical
Engineers Boiler and Pressure Vessel (ASME B & PV) Code, for design, normal or
upset conditions, as appropriate.

The following subsections discuss the bases of the strength ratios specified in
Reference 6:

,

C.3.a Base Case Analysis

The loading condition for the base case analysis consists of the most probable
pool swell pressure transient, vent header vertical reaction, dead weight, and
the design basis seismic loads. The maximum acceptable strength ratio is 0.5,
which is equivalent to a minimum factor of safety of two for every structural
element in the torus support system.

Appendix A in Reference 6 specifies the methods, acceptable to the staff, for
computing the structural element capacities for different failure modes of each
structural element in the support system. In most cases, the strength ratio was
evaluated on the basis of element stress or stress intensity, or component load.
When the strength ratio was evaluated on the basis of strain, the effect of
biaxiality of the stress state was also considered in establishing the acceptance
criteria.

C.3.b Load Sensitivity Case Analysis

The vent header vertical reaction, dead weight and the design basis seismic
loads used in the sensitivity case analysis are identical to those used in the
base case analysis, however, correction multipliers were applied to the most
probable pool swell pressure transient loads.

A load factor of 1.0 and a load correction factor of 1.0 were applied to the
downward phase of the pressure transient. For the upward phase, a load factor
of 1.5 and a load correction factor of 0.8, were applied resulting in a net
correction multiplier of 1.2. A second sensitivity case analysis was performed
with a load factor of 1.5 applied to the entire pressure transient and a load
correction factor of 0.8 applied to the upward loading phase only.

The maximum acceptable strength ratio in the sensitivity case analysis is 1.0.
The methods for computing the structural element capacity are identical to those
for the base case analysis, as shown in Appendix A of Reference 6.

C. 4 Component Evaluation

The following paragraphs summarize a component by component evaluation of the
results presented in the plant unique analysis reports. Major structural elements
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evaluated were the torus ring girder, the torus shell, the column to torus shell
weld joint, torus support column (or saddle) stability, and the torus support

column base joint.

C.4.a Torus Ring Girder

All plants meet the STP structural acceptance criteria of a strength ratio equal

to or less than 0.5 for the base case analysis. In addition, the following

eight (8) units meet the ASME Code allowable stresses:

Dresden Units Nos. 2 and 3
Duane Arnold

Hatch Unit No. 1
Monticello
Peach Bottom Unit No. 2

Quad Cities Units Nos. I and 2

All plants meet the STP structural acceptance criteria ir the sensitivity case

analysis.

C.4.b Torus Shell

The resulting stresses or stress intensities in the torus shell due to the base

case and the sensitivity case loads have generally followed the same pattern as
that of the ring girder. All plants meet either the Code limits or the STP

acceptance criteria.

C.4.c Column to Torus Shell Weld

In the base case analysis, all plants meet the STP acceptance criteria. In

addition, there are five units that meet the ASME Code limits for both shear in

the web weld and bending in the flange welds. They are:

Dresden Units Nos. 2 and 3
Millstone Unit No. I
Nine Mile Point Unit No. 1
Oyster Creek

FitzPatrick, Pilgrim Unit No.1, and Vermont Yankee meet the Code limits for
flange welds, and meet the STP criteria for the web weld. Monticello's inner
column web weld meets the Code limit, and the outer column web weld meets the

STP criteria.

Results of the sensitivity case analysis show that, as a minimum, the STP acceptance
criteria for the column to torus shell joint are satisfied for all plants.
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C.4.d Torus Support Column Stability

Results of the base case analysis demonstrate that all plants meet the STP
acceptance criteria. In aodition, six units meet the ASME Code limits for
column stability:

Dresden Units Nos. 2 and 3
Duane Arnold

Hatch Unit No. 1
Monticello
Vermont Yankee

The inner columns of Fitzpatrick, Millstone Unit No.1, and Quad Cities Units
Nos. I and 2 meet the ASME Code limits while their outer columns meet the STP
acceptance criteria. Browns Ferry Units Nos. 1, 2, and 3 and Peach Bottom Unit
No. 2, which have saddle supports, meet the STP acceptance criteria.

The sensitivity case was intended to evaluate the fall-back compression at the
columns. Results of the analyses show that, at a minimum, all plants satisfy
the STP criteria for column stability.

C.4.2 Column Base Joint

For those plants with column base tie-downs, results of the base case analysis
show that Monticello meets the Code limits for pins and anchor bolts at the

base. The Dresden Units Nos. 2 and 3 inside column base tie-downs meet the ASME
Code while the outside column base tie-downs meet the STP criteria. The remaining
five units with tie-downs (Nine Mile Point Unit No. 1, Oyster Creek, Millstone
Unit No. 1, Vermont Yankee, and Duane Arnold) meet the STP criteria.

Browns Ferry Units Nos. 1, 2 and 3, Cooper, FitzPatrick, Peach Bottom Units
Nos. 2 and 3, Hatch Unit No. 1, Pilgrim Unit No. 1, and Quad Cities Units Nos. 1
and 2 do not have column tie-downs.

Results of the sensitivity case analysis show that, as a minimum, the STP criteria
are satisfied.

D. Bellows Assemblies and Attached Piping

D.1 Bellows Assemblies

The torus is connected to the vent pipes from the drywell by structural expansion
bellows. These permit relative motion between the vent pipes and the torus due
to pressure and temperature changes. Four plants (seven units) have bellows

units inside the torus - these are: Nine Mile Point Unit No. 1, FitzPatrick,
Browns Ferry Units Nos. 1, 2 and 3 and Brunswick Units Nos. I and 2. All other

plants have bellows units outside the torus.
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The plants with bellows inside the-torus have been evaluated for the effects of

pool swell impact loads. Reduced scale drop tests on a 36" diameter bellows

were performed to determine the peak decelerations for several impact velocities

(20, 25 and 35 ft/ssc) and to demonstrate the ability of the bellows to withstand

lateral impact loadings without damage. Based on additional analyses, it was
determined that impact velocities of 14 to 21 ft/sec on the full size bellows

would be required to produce bending stress levels equal to those experienced by
the test bellows. Although these velocities are less than the 24 ft/sec peak

velocity used in the overall vent system analysis, based on a qualitative assessment,
they are expected to represent the effective velocities at the bellows location.

Since, based on the tests and analysis, the bellows can be expected to withstand
even larger impact velocities than those tested, the staff concludes that the

bellows inside the torus will withstand the most probable LOCA pool swell impact

loads without a loss of containment function. During the LTP we will require

further investigation of the bellows structural capability in order to precisely

define the structural margins of safety.

In addition to the direct pool swell impact load on those bellows located inside

the torus, the bellows on all plants, both inside and outside the torus, will be

subjected to additional loads which result from the relative displacement between
the vent pipe and torus shell during the course of the pool swell phenomenon.

Each utility has performed a plant-unique analysis to determine the maximum
relative displacement between the vent pipe and shell. On all plants it was

determined that the maximum vent pipe bellows motions during the pool swell
phenomenon were within the maximum motions allowed by the original design.

0.2 Piping Inside the Torus

The piping located inside the torus affected by LOCA-related hydrodynamic loads
consists of the following items: torus spray header, vent drains, return lines

(HPCI exhaust, RHR return, RCIC discharge core spray test, and recombined cooling),
vacuum breaker air line, ECCS suction nozzle and relief valve vent lines. A

screening evaluation was made to determine whether or not this piping was critical
and would require detailed analysis in the STP. Based on simple screening
calculations, the effects of the pool swell loads on the main steam relief valve
(HSRV) lines were analyzed and shown to be significant. Although the SRVs have
not thus far been postulated to operate during the design basis LOCA, a detailed
analysis of the ability of the MSRV lines to withstand pool swell loading was
added to the scope of the STP. It was determined that the remainder of the
piping would not endanger the containment function; therefore they were not
investigated further. However, all piping will be subjected to detailed analysis
during the LTP.

Any horizontal piping above the pool surface will be subjected to the pool swell
impact. If the line descends vertically in the pool, no critical impact loads
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are expected, although drag forces would exist on the submerged portions of the
pipe. All plants were screened and it was determined that only six plants (10
units) have MSRV lines running horizontally above the pool surface - these are:
Hatch Unit Nos. 1 and 2, Peach Bottom Units Nos. 2 and 3, Browns Ferry Units
Nos.1, 2 and 3, Oyster Creek, FitzPatrick, and Cooper. The size of these lines
varied from 8" to 12" in diameter.

The lines were evaluated for an impact force defined as a parabolic impulse with
a peak of 25 psi over a period decreased from 15 milliseconds by the ratio of
the line diameter to the header diameter. The drag force was defined as a
constant 5.4 psi for the remainder of the time history. In addition, a drag
load of 1.2 psi was imposed on the vertical submerged sections of the line.

A detailed dynamic analysis was performed on the plant with the longest unsupported
span (Peach Bottom). A parametric study was then conducted to extend the results

of the detailed analysis to the other plants identified above. The remaining
plants which are not critically exposed to pool swell leads were investigated by
reviewing the shop drawings for critical details.

The results of the analyses showed that the stresses in the MSRV lines exceed

the American Society for Testing and Materials (ASTM) static minimum yield
stress in a few places; however, the maximum strains were led. The maximum

calculated ductility factor, defined as the ratio of calcu'ated strain to yield
strain, was 1.12. In addition the penetrations into the sent pipes, the ramshead
supports and intermediate hanger supports were investiga.ed and found to be
adequate.

The staff concludes that the MSRV discharge lines will recain functional dur'ag
the most probable LOCA pool swell loads and will not compromise the integrity of
the containment.

Tests at several Mark I BWR facilities have indicated that unexpected vibrations
which might cause damage to the torus structures and internal components can
occur as a result of dynamic forces associated with SRV operation. SRVs have
operated during plant startup testing programs and during transients experienced
in normal power operation. In all but a few instances the SRV discharge lines
have performed satisfactorily and without evidence of damage. In isolated
cases, where there have been deficiencies, the deficiencies did not result in a
loss of containment, a release of radioactivity, or an undue risk to the health
and safety of the public.

The staff believes that there is no immediate (or short-term) potential hazard
from the vibration loads associated with SRV operation due to the slowly progressive
nature of the material fatigue mode of failure associated with cyclic loading.
Based upon the test results and the analytical model reported by General Electric
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in Reference 19, substantial fatigue life margin is available in the torus
structure to accomodate potential SRV operations that may occur during the
conduct of the LTP. The Mark I Owners Group has recently performed additional

in plant tests at Monticello to identify and quantify the stresses in the torus
structures associated with SRV operation. The need for further modifications to
provide conservative margins to assure that the torus structures will maintain
their integrity throughout the life of the facilities will be determined during
the LTP. This part of the LTP, now scheduled to be completed in early 1978,
will permit the completion of modifications (if required) before a small fraction
of the fatigue life predicted by the GE analysis is utilized. We are continuing
our review of this matter and will take appropr Mte action should this program
fail to resolve our concerns on an acceptable schedule. 3

0. 3 Piping Outside the Torus

The ECCS suction and other piping required to maintain core cooling after a
LOCA, as well as other containment system piping, are attached to the torus.
Each utility has performed a plant-unique analysis to evaluate the adequacy of
this piping in the event that the torus experiences uplift during the course of
a postulated LOCA. In addition, all plants were inspected for adequate clearance
between possible obstructions and the piping attached to the torus. Consideration
was also given to the operability of active pumps and valves in the ECCS piping
systems and isolation valves in other piping systems connected to the torus.

Each piping system externally attached to the torus was analyzed statically by
applying twice the predicted vertical displacement of the torus at the points of
torus piping attachment. The vertical displacement of the torus considered in
this evaluation was determined from the load sensitivity analysis (LF = 1.5).
For each plant the piping stresses satisfied the following requirements:

(1) For active containment systcra piping, i.e., ECCS suction or other piping
required to maintain core cooling after LOCA:

< 3.0S
C

where i is the stress intensification factor, M is the resultant moment
d

is the allow-due to torus motion, z is the cioss sectional modult.s, and SC
able stress as given in Section III of the ASME B & PV Code.

(2) For other containment system piping:

1 5.0 SC
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On Millstone Unit No.1, the analysis of the atmospheric control line with
existing supports did not meet the above criteria. Further analysis revealed
that the criteria would be met if the two rigid supports nearest the torus shell
were replaced with spring hangers. In this case the maximum stress would be
68,000 psi which is less than the allowable stress of 75,000 psi. This modifi-
cat:f on at Millstone Unit No. I was completed in June 1977.

Although a detailed evaluation of the operability of the active pumps and valves
attached to the piping systems was not performed, a qualitative assessment of
each component in the piping attached to the torus was made by considering such
factors as: (1) the stresses at the piping interfaces, (2) the flexibility of
the piping, (3) the magnitude of the imposed deflections, and (4) the type and
function of the component. Based on this assessment it was determined that the
operability of the pumps and valves attached to the torus piping system would
not be impaired.

We conclude that the piping attached to the torus, as well as the attached
components, will withstand the efiscts of torus displacements and remain
operable during the most probable LOCA pool swell loads.

E. Structural and Mechanical Component Evaluation Summary and Conclusions

E.1 Short Term Program

We have reviewed (1) for all Mark I BWR facilities, the generic evaluation
reports on the vent system, torus internal structures, and piping inside the
torus, and (2) for all operating Mark I BWR facilities, the plant-unique
analysis reports on the torus support systems including piping attached to the
torus. The generic evaluation report summarizes the screening analysis to
identify critical structural and mechanical components and detailed evaluations
of these critical components under the most probable loads that can be expected
during a postulated design basis LOCA. The plant-unique analysis reports sub-
mitted by each licensee provide detailed evaluations of the torus support
systems and piping attached to the torus of each operating plant.

The staff has also reviewed the general guidelines and acceptance criteria for
the plant-unique analysis of the torus support systems and the attached piping.
The general guidelines cover methods of analysis, methods for load applLtion
and load combinations for the evaluation of the torus support system and the

attached piping.

On the basis of the information submitted by the licensees as described above,
we have found that the structural and mechanical components of the containment

systems for all operating Mark I BWR facilities meet the STP structural accept-
ance criteria. The factor of safety to failure for the weakest element of any
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facility was determined to be approximately two; i.e., the load carrying capa-

city of the weakest element will be about twice the element load or stress
induced by the combination of dead load, earthquake loads and the most probable
hydrodynamic loads that can be expected duri g a postulated LOCA.

In crder to complete our STP evaluation of the Mark I containment systems for
facilities not yet licensed for operation, we will require a plant-unique
analysis similar to that which has been submitted for each operating plant.

E.2 Long Term Program

As part of the program to accomplish the LTP objective of restoring the original
intended design safety margin for Mark I containment systems, the Mark I Owners
Group has undertaken tasks to develop appropriate load combination criteria,
load application methods, and structural acceptance criteria.

We will require that, for the loads and loading combinations identified in the
LTP, the structural and mechanical components of the containment systems for
each Mark I BWR facility meet the acceptance criteria of the ASME Boiler &
Pressure Vessel Code to the maximum extent practical so that the conventional
factors of safety of the structures and components of the pressure suppression
system and internal piping systems can be restored to their original intended
values. When complete application of such criteria results in hardships or
unusual difficulties, without a compensating increase in the level of safety,
alternate structural acceptance criteria may be considered on a case basis. It
is anticipated that, for most facilities, the Code accep',ance criteria would be
met by either performing structural modifications or by installing approved load
mitigating devices.

During the STP, a factor of safety of two against collapse was established as an
acceptance criterion for the torus support columns. It was recognized that
columns subjected to impulses of a short duration have greater capacity than
those based upon static tests. The Code presently does not provide any guidance
in this area. One of the LTP tasks is to develop a better acceptance criterion
for columns subjected to impulse loading. However, as stated above, any new
acceptance criteria would have to be reviewed and accepted by the staff.

In order to determine the adequacy of the structural and mechanical design
functions of the pressure suppression system, various mathematical models and
analytical techniques have already been identified and evaluated by the staff
for the STP. These mathematical models include finite element representations

of structures and components. During the STP various analytical techniques were
used, including linear and nonlinear analysis, direct integration of coupled
equations of motion for the transient loads, and time history analysis by de-
coupling the equations of motion using modal superpositicn techniques. These
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modeling and analysis techniques represent the state-of-the art. It is expected
that during the LTP similar analysis and modeling techniques would be used.

We will continually monitor the progress of the LTP to assure that these require-
ments are satisfied.
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V. CONCLUSIONS

Based upon our review of the generic "Short Term Program Final Report" and
Addenda submitted by the Mark I Owner's Group and the plant unique analysis
reports submitted by each licensee of an operating Mark I BVR facility, we have
concluded (1) that the magnitude and character of each of the hydrodynamic loads
resulting from a postulated LOCA hav2 been adequately defined for use in the STP
structural assessment of the Mark I containment system, and (2) that, for the
"most probable" loads induced by a postulated LOCA, a safety factor to failure
of at least two exists for the weakest structural or mechanical component in the

containment system for each operating Mark I BWR facility. Consequently, we
have determined that each Mark I containment system would maintain its integrity
and functional capability in the unlikely event of a design basis LOCA.

Du ing the course of our review of the STP we have developed requirements for
tt: conduct of the LTP to assure that its intended objectives will be met in a
e nner which is acceptable to the NRC staff. We have reviewed the LTP presented

1 the Mark I Containment Program Action Plan 10 (Revision 1) and find that it is

reasonably designed to provide resolution of the issues raised during the STP.
We will continually monitor the p* ogress of the LTP to assure that these require-
ments are satisfied.

Based on the above, we conclude that licensed Mark I BWR facilities may continue
to operate safely, without endangering the health and safety of the public,
while a methodical, comprehensive LTP is conducted. In order to complete our
STP evaluation of the Mark I containment systems for facilities not yet
licensed for operation, we will require a plant-unique analysis similar to that
which has been submitted for each operating plant.
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1. INTRODUCTION

Various bases are used for the LOCA-induced hdyrodynamic loads in the GE Containment
Evaluation, Short Term Program (STP)(Ik Some loads are based on analytical
models; some are judged negligible by plausible physical arguments, and the rest
are based on experimental data from one of the supporting test programs. Table
I summarizes all the LOCA loads used for STP evaluation, along with BNL's assessment
of their adequacy. Several of the secondary loads are considered negligible or
are sufficiently well defined for STP. These are indicated by appropriate
notations in the table. The remaining loads are discussed at some length in the
following sections of this document. Specifically, attention is focused on the
torus loads, vent system impact loads, thrust loads, and downcomer lateral
loads.

Among the supporting test programs, the GE 1/12-scale model simulation of the
pool swell phenomena is, by far, the most important. It serves as the basis for
the torus loads and, indirectly (through velocities) for the impact loads.
Although such a simulation is an approximation and not rigorcus, it nevertheless
is our opinion that the results are clearly more reliable than those from any
presently available computational schemes.

The accuracy of the load determination depends on the accuracy of the modeling
and the accuracy of the scaling laws through which full-scale loads are inferred
from the small-scale measurements. The scaling laws are summarized in Section 2.

The remaining sections address the individual hydrodynamic loads. Following our
assessment of the reliability of load prediction, some recommendations for the
Long Term Program (LTP) are included.

2. THE SCALING LAWS

The scaling laws on which the GE 1/12 scale tests are based were derived by
Moody (2). Starting with several simplifying assumptions and hypotheses, Moody
showed that the full-scale pool swell phenomenon can be deduced from small-scale

measurements, provided that the following modeling requirements are satisfied:

(a) The small-scale system has an internal geometry and water level similar to
the full-scale system;

(b) (Pg)g (L /L ) = (Pg)p; (1)p 3
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Table I

LOCA LOADS FOR MARK I SHORT TERM PROGRAM

Load Basis Adequacy of Prediction Method

PRIMARY LOADS:

1. Torus downward 1/12-scale test Discussed in Sections 3.1
and 3.2pressure load

2. Torus upward 1/12-scale test Discussed in Sections 3.1
and 3.2pressure load

3. Vent system impact Velocity from 1/12- Discussed in Section 4.1
and drag (for torus scale test; impulse
support analysis) correlation from PSTF

4. Vent system impact Velocity from EPRI Discussed in Section 4.2
and drag (other than 1/10-scale test;

torus support analysis) impulse correlation
from PSTF

5. Vent system pressurization Computed by analytical Method adequate for STP. LTP
model value by s more refined analysis

6. Vent system thrust Computed by analytical Discussed in Section 5
model

7. Froth impingement on Velocity from EPRI 1/10 Method adequate for STP.
structures above pool scale test; analytical Conservative value

jet impingement model

8. Dowr. .mer lateral load FRG data Discussed in Section 6

SECONDARY LCADS

1. Sonic Wave Negligibie by plau- Negligible for STP
sible physical
arguments

2. Compressive wave Negligible by plau- Negligible for STP
sible physical
arguments

3. Froth impingement on Visual observation Negligible for STP.
torus during 1/12-scale Additional data for

tests LTP

4. Pool fallback Bodega Bay tests Negligible for STP

5. Post swell waves GE Mark III tests Method adequate for STP.
Additional data for LTP
from 3-D tests.

6. Asymmetric torus loads Negligible by Method adequate for STP.
physical arguments Additional data for LTP

from 3-D tests

7. Condensation pressure Bodega Bay tests Method adequate for STP.
Additional data for LTPoscillations
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3 = t (L /L )b;(c) (P I Il #l ) = (P I at t (2)DW S F S OW I p S p

g = t (L /L )b(d) (m hDW)S Il IL ) / = (m hDW)F at t (3)F S p 3 p
af ter vent clearing.

Here, the subscripts S and F refer to the small and full scale systems, respec-
tively, and

P = initial wetwell airspace pressure;g
L = characteristic dimension of system (e.g. , wetwell radius);

PDW = instantaneous drywell pressure;
4 = mass flow rate out of drywell;

h = enthalpy, per unit mass, in drywell;
DW
t = time af ter initiation of event, in small-scale model;g

t = time af ter initiation of event, in full-scale system.g

If all the criteria (a)-(d) are satisfied, then the full-scale local pressures

P and velocities V at time t can be deduced from the corresponding small-p p p

scale pressures P and pool swell velocities V at time t = t (L /L )b from the
3 3 g p 3 p

scaling laws

3 (L /L ) (4)Pp=P p 3

3 (L /L ) (S)Vp=V p 3

A word of caution is in order. Whereas the above scaling analysis applies to
the pool swell phenomena, it does not apply to the thrust force exerted on the
vent system by the escaping air. This is not surprising since the momentum
equation for air was not included in Hoody's analysis. Whereas other forces in
the pool scale as L , the appropriate scaling of thrust forces stipulates

S (L /L ) (6)Fp=F p 3

This discrepancy in scaling must be taken into account in interpreting the
measured vent system loads and the total up and down forces on the model.

3. TORUS LOADS

The torus loads are discussed in three sections. Section 3.1 discusses the s

reliability of torus loads from the GE 1/12-scale Reference Plant LOCA simula-
tion. In order to obtain torus load information for specific plants whose

geometries differ somewhat from the Reference Plant, GE identified the major
respects in which individual plants differ from the Reference Plant, and derived
" sensitivity factors" which allow plant-specific loads to be deduced from the
Reference Plant loads. These sensitivity factors are commented on in Section

3. 2. The last section contains recommendations for predicting torus loads

during LTP.
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3.1 THE ACCURACY OF THE REFERENCE PLANT TORUS LOADS

DEDUCED FROM GE'S 1/12 SCALE TESTS

The accuracy of the full-scale torus loads deduced from GE's 1/12 scale model
data depends on the following:

(i) the accuracy of the assumptions and hypotheses which underlie the scaling
laws;

(ii) the accuracy with which the modeling requirements (a)-(d) above are satisfied
in the tests, given the full-scale conditions;

(iii) the accuracy to which one knows the full-scale system drywell pressure and
'

enthalpy flux histories which one attempts to simulate in the model;

(iv) the physical accuracy of the experimental measurements.

We shall comment on these in turn.

Scaling Laws

The scaling laws are based first of all on the hypothesis that once the air
bubble forms after the fluid slug is ejected from the inside of the downcomer,
the bubble can be viewed as a constant pressure region (a " node" in Moody's
terminology) of noncondensible gas, driven by an enthalpy flux from the exit of
the downcomer and resisted by the inertia of the water above it as well as by
the compliance of the airspace above the water. In addition, it is argued that
heat transfer is negligible from the bubble air to the water, as well as from
the air in the downcomer to the downcomer walls, and that viscous losses in the
bubble and in the pool water are also negligible. Surface tension effects are
not accounted for, so that the scaling laws do not apply te any smaller-scale
fluid breakup which may occur as the bubble breaks the surfa,:e of the pool (the
maximum loads occur prior to this time, however).

Using approximate calculations, one can make arguments that support the assumptions
and hypotheses outlined above. Thus, any possible error in the scaling laws in
the 1/12 scale tests is expected to be small; its precise magnitude, however,
cannot be oefined at this time. A more quantitative understanding of the sca'ing
laws and their limitation should emerge from tests planned for the Long Term
Program time span.

Geometric Simulation

The GE 1/12 scale model (Ref. 3, Fig. 3-1) was not actually a model of the
complete toroidal system of a Reference Plant (Ref. 3, Figs. 1-1 and 1-2), but

A-4



rather a cross-sectional slice of the torus, containing a single pair of downcomers
and having a width equal to the average separation between successive downcomer
pairs. In the Short Term Program (STP) load definition, it is assumed that the
hydrodynamic stresses obtained with this average downcomer spacing apply at all
stations on the torus axis. This turns out to be a conservative assumption.
General Electric found that the peak net downward load on the torus was insensi-
tive to the pool area / vent area ratio in the range tested (Ref. 1, p. 52); hence,
the 10% smaller local pool area in the region where the downcomer spacing is
closest should cause no significant local increase in the downward load. As for
the net upward load, it is expected to be less in an accurately modeled three-
dimensional system than in GE's two-dimensional one because the faster pool
swell over the locations with the minimum spacing will cause an earlier local
bubble breakthrough at those locations, and will cause less airspace compression
since excess volume is available over the places where downcomer spacing is

large and pool motion is low. Breakthrough immediately eliminates the pressure
asymmetry which causes a net upward load, and the net effect is expected to be a
reduction of the load from the two-dimensional simulation. Although GE's estimate
of a 20% reduction (4) of the peak net dynamic upload may be quantitatively open

to question, the argument for some conservatism on this score is nevertheless

sound.

Pressure Simulation

Equations (1) and (2) express the pressure simulation requirements. The first
of these was adequately satisfied in GE's experiments (in any case, the loads
were found to be insensitive to the wetwell airspace pressure in the range
tested). The second, which deals with modeling of the drywell pressure, is an
important requirement since the d ywell pressure serves as the forcing function
for the expulsion of the water in the downcomer and influences both the vent
clearing process as well as the torus loads (the downward torus load is influenced
by the jet from the vent clearing, and both downward and upward loads are influenced
by the magnitude of the drywell pressure at the time of vent clearing, when the
bubble is initiated). It is therefore important that the drywell pressure be
properly simulated, at least up to the time of vent clearing.

In GE's tests, the model drywell was pressurized simply by allowing air from the
atmosphere to enter via an orifice. The size of the orifice gave a measure of
control over the pressure history. GE found that although neither their "large"
nor " medium" orifice properly simulated the full-scale FSAR drywell pressure
history, the two orifices gave pressure histories which roughly bracketed the
FSAR drywell pressure history (see Fig. 3-5 of Ref. 1). If one discounts the
artifice in the FSAR curve introduced by arbitrarily starting the FSAR drywell
pressure at 3 psig at t = 0 rather than at 0 psig, it is clear that the large-
orifice pressure history is fairly close to, or exceeds, the expected full-scale
pressure history at times up to vent clearing (vent clearing occurs at about 0.3
seconds full-scale time).
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GE used an arbitrary system of interpolation * between the large and medium
orifice loads to arrive at their " design" loads for FSAR drywell conditions.
This interpolation is arbitrary and is particularly misguided since it does not
account for the fact that it is that part of the drywell pressure history which
precedes vent clearing that is most critical for proper simulation of the drywell
pressure effect. An extreme measure of possible errors due to the interpolation
method can be obtained by comparing what GE derived as the FSAR loads with the
loads obtained from the large orifice data, which probably represent an upper
bound as far as tie drywell pressure simulation is concerned.** The peak net
dynamic downward load increased by about 20% between the large and medium orifice
data (see e.g. , Figs. 3-13 and 3-14 of Ref.1, and discussion on p. 47 of Ref.1),
so the interpola' tion could lead to an underestimation of the order of only 5% in
the peak downward load. As regarc's the peak net dynamic upward load, the large
orifice data gives a value about 0.5 psi, or 10% higher than that obtained by
GE's method of interpolation (c.f. Figs. 3-12 and 3-21 of Ref. 1). Thus, if one
were to discount the interpolatinn procedure entirely, and simply accept the
more conservative loads from the large orifice data as a basis, one would get a
peak net dynamic upward load 10% higher than GE's and a peak net dynamic downward
load about 5% higher than GE's.

Enthalpy Flux Simulation

The post-vent-clearing enthalpy flux simulation expressed by Eq. (3) is a very
important simulation requirement for the peak upward load. It does not, however,
influence the vent clearing process or the peak downward load, which occurs
close to vent clearing.

In the GE 1/12 scale system, the scaled up model enthalpy flux histories for the
large and medium sized drywell orifices again bracketed the FSAR enthalpy flux
history (the data for this is documented in handouts associated with a talk
given by S. Stark at NRC on March 3, 1976). For examcle, at the time of the

3maximum upward load, the scaled up enthalpy flux was 77 x 10 BTU /sec per downcomer
3pair for the large-orifice data and 44 x 10 BTU /sec for the small-orifice data.

3These are to be compared with 54 x 10 BTU /sec for the FSAR conditions.

The large-orifice data thus models the FSAR case conservatively with respect to
enthalpy flux simulation as well as drywell pressure simulation. Its

"The interpolation weights the large/ medium orifice data 42/58 for the peak
upward load, and about 75/25 for the peak downward load.

**In the Long Term Program (LTP), the FSAR drywell pressure history for times
before vent clearing should be revised so that it is more realistic, and
so that the artifice of finite pressure at t = 0 is removed. In all the
scale model tests that have been made or are being planned, the siiiiulated
pressure model begins at :ero at t = 0. Since simulation accuracy is impor-
tant for pre-clearing drywell pressure, it is important to have available
a realistic full-scale drywell pressure history.
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enthalpy flux is a factor of 1.4 higher than the FSAR value at the time of
maximum net upward force. According to Fig. 3-17 of Ref. 1, which shows the
sensitivity of the upward force to enthalpy flux,* this implies that the large-
scale orifice model should overestimate the net upward load by about 20%. Thus,
if we conservatively accept the large-orifice drywell pressure simulation as the
proper one, but at the same time take into account the fact that the enthalpy
flux in the large-orifice tests is some 40% higher than that required for FSAR
simulation, we find that the peak upward load should be some 20% below the value
measured in the tests with the large orifice. Now the STP design basis peak
upward load defined by GE is only 10% below the large orifice load (see previous
section). Hence, taking both pressure and enthalpy simulation into account, the
STP design basis peak upward load defined by GE is on the whole conservative, by
10%. according to the present argument.

M R Drywell Pressure and Enthalpy Flux Histories

The FSAR uses a somewhat liberal estimate for the vent friction factors to
calculate the drywell pressure and enthalpy. The FSAR drywell pressure is thus
conservative, that is, the simulated maximum downward load based on this pressure
is conservative. The high friction factors also tend to lead to a lower enthalpy
flux (which would tend to make the maximum upward load non-conservative), but
this effect would tend to be ccmpensated by the fact that the higher drywell
pressure cau'ses a higher enthalpy flux. It is not clear whether the net effect
is measurable. In any case, it is likely that the net effect is small compared
with the effects of the Short Term Program's experimental shortcomings in the
simulation of the drywell pressure and enthalpy flux history.

There are other possible influences due to unrealisms in the FSAR: effects due
to steam condensation in the drywell (leading to conservatism in the GE-deduced
loads), steam-air mixing in the drywell (also a conservatism), and other effects
which may lead to some nonconservatism. StarkO) has attempted to quantify
some of these. However, much of this quantification is at best a matter of
judgment; all one can say is that the net effect is not expected to be a large
one, and tends to favor the conservative side (again, an unquantified judgment).
The Lang Term Program would clearly benefit from a reexamination of the FSAR
drywell pressure and enthalpy flux calculations in the context of the simulation
of the pool swell problem.

Experimental Errors

The standard deviation in the pressure reading at a given pressure sensor was
approximately 0.03 psi. This translates to 0.4 psi for full-scale conditions,
or about a few percent of the peak net dynamic downward load and about 8%

"In Fig. 3-17, the dependence on the vent area is really a dependence on
enthalpy flux. The enthalpy flux and effective vent area are taken to be
proportional.
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of the peak net dynamic upward load. The actual errors due to pressure sensor
inaccuracies in the net dynamic loads are most likely much less than these
figures (see the data from runs 1-5, 2-5, and 3-6 in Table 4-1, Ref. 3), since
the net loads are derived from pressures measured by many sensors and from
several test runs, so that the probability for consistent errors is much reduced.

Other uncontrolled experimental factors (like the presence of vacuum grease in
the orifices) seem to have played a greater role in introducing errors into the
GE measurements, as one can see from Table 4-1 of Ref. 3. Measurements with the
same orifice show a standard deviation of some 20% for the upload and 15% for
the dovnload. Of particular concern is the fact that GE found an unaccounted
30% difference in the peak downward load between its December and January tests,
with the latter giving the higher results (it is mainly this difference which
gives rise to the just-mentioned 20% standard deviation). No satisfactory
explanation has been given for this difference, nor do we accept GE's attempt to
claim that the January data exceeds physically realistic upper bound. All one
can say at this time is that an unexplained discrepancy exists between the two
sets of data, and that this discrepancy must be cleared up in the Long Term
Program.

Conclusions

leaving to the Long Term Program the questions of the accuracy of the basic
scali.1g laws and the appropriateness of the FSAR specification of the drywell
conditions, our conclusions are the following (see Table II):

(a) If we take a harsh and conservative view of GE's tests, and assume that the
appropriate drywell pressure history is the one for the large orifice
(i.e., we reject GE's interpolation scheme), that their data accuracy is
equal to the standard deviation of all their dats (including both December
and January test series), and that no conservatism in the upward load
results from three-dimensional effects, we would conclude that the peak net
dynamic downward load my be at most about 25% higher than GE's value and
the peak net dynamic upward load may be up to about 5% higher than GE's

value (see Table II).

Both these figures, which are upper bound estimates, are well below the
loads used for torus structural response, where NRC has accepted a factor
of safety of 2.0 for the downward dynamic load and 1.5 x 0.8 = 1.2 for the
peak upward dynamic load.

(b) In our engineering judgment, the GE load figures may well be closer to the
actual peak dynamic loads than the conservative figures we quote above.
Indeed, there is reason to believe that the GE figure for the peak uplif t
farce is itself on the conservative side.
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TABLE II. EFFECTS OF INACCURACIES

EFFECT ON GE'S PEAK NET
DYNAMIC LOAD ESTIMATE

CONCERN DOWNWARD UPWARD

Scaling laws LTP LTP

Geometric simulation not significant conservative (by 20%,
according to GE estimate)

Drywell pressure simulation possibly nonconservative, possibly nonconservative,
but amount should not exceed but amount should not
about 5% exceed 10%

Enthalpy flux simulation not significant conservative, by
about 20%

FSAR specification of LTP (probably LTP (probably
drywell conditions conservative) conservative)

Experimental errors maximum standard devia- maximum standard
tion of all GE data c:a deviation of all
20% GE data c:a 15%
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3.2 PLANT-SPECIFIC TORUS LOAD 5

To derive plant-specific loads, GE begins with the loads deduced from the 1/12
scale tests for the Reference Plant, and then proceeds as follows(1,5).

(1) A " dynamic" load is defined for the Reference Plant by subtracting from all
(local or integrated) pressure measurements the corresponding hdyrostatic
pressure exerted initially by the weight of the water in the torus (if

applicable). This defines the excess " dynamic" load in the Reference Plant
due to the flow induced by the pool swell.

(2) The dynamic load is assumed to be independent of the water weight in the
torus, but to be influenced by the following sensitivity factors relating
to plant-specific conditions:

- break area /drywell volume
- downcomer submergence
- pool area / vent area
- wetwell airspace volume / pool area
- drywell (over) pressurization

The magnitudes of the sensitivity factors are derived, some from experimental
tests, some from theoretical computations, and some from a mixture of
theory and experiment.

(3) The adjusted dynamic load is multiplied by a safety or " correction" factor
(MC), taken to be 2.0 for the upward loads and 1.2 for the downward load.

(4) The total plant-specific load, including water weight, is obtained by
adding the load due to the hdyrostatic pressure of the water in its static
state in the wetwell.

We have the following comments on this procedure.

Influence of Water Weight

There is implicit, in the procedure used by GE, the assumption that the " dynamic"
load (as defined above) is the same regardless of the water depth (that is,
water weight) in the torus. It should be recognized that this is an assumption.
The assumption is that except for the effect of the different air volume in the
wetwell, which is taken into account separately in one of the sensitivity factors,
the pool swell motion is independent of the water level (other factors remaining
invariant). In actuality, a change in water level may influence the dynamic
loads because it causes a change in the initial pool geometry and ti:ereby may
alter the pool motion. Whether this effect is significant compared with the
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simple hydrostatic effects of altered water weight cannot be determined at th s
point excspt by experimentation Such experiments, where water level is changed
independently of submergence, should be included in the Long Term Program.

Sensitivity Factors

The break area /drywell volume sensitivity was derived from 1/12 scale evperimental
data on the sensitivity of the loads to the rate of rise of the drywell pressure,
on the assumption that the rate of drywell pressure rise is proportional to the
break area /drywell volume. This assumption is a good one, at least for early
times when the enthalpy influx into the drywell from the break is large compared
with the enthalpy outflux into the vents. For larger times it would tend to be
conse rvative.

The sensitivity to downcomer submergence was determined by direct experimental
simulation and is satisfactory for the STP.

GE assumed that the vent crea and pool area influence the loads only through the
ratio of pool area to vent area, and then determined the sensitivity of the
loads to this ratio largely from experiments with two different enthalpy fluxes,*
the assumption being that the entralpy flux can be interpreted as being proportional
to vent area (a reasonable assumption).

This procedure does indeed correctly determine the dependence on vent area,
since the enthalpy flux and vent area do in fact have a proportional effect.
However, there is no real basis for assuming that the pool area effect enters
through the ratio of pool area to vent area, and hat the pool area effect can
therefore be deduced from the vent area effect. In fact, the pool area effect

is related to the torus size effect, and enters through the basic scaling laws
(see Eqs. (1)-(3)), ai d should, strictly speaking, be accounted for via these
scaling laws.

The sensitivity to the wetwell airspace volume to the pool area ratio was derived
from a computer .model (the PICKSCME code). The model must be regarded as an

approximate one, but the results are reasonably realistic.

The effect of an initial drywell~ pressurization ("aP operation," according to
the now-accepted terminology) was simulated experimentally in the 1/12 scale
model. The sensitivity of the loads to AP (normalized to unity at AP = 0) was
derived from the January 1976 test series, which indicated a AP = 0 reference

"The two sets of 1/12 scale experimental data which were used actually
differed somewhat with respect to the enthalpy flux - to be specific,
in the magnitude of the downcomer spacing and the wetwell air volume.
However, the other differences were small compared with the enthalpy flux
difference.

.
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download which was an unexplained 30% higher than in the December 1975 tests.

The sensitivity should not be significantly affected by this uncertainty in the
absolute level, however, since its normalizetion to unity at AP = 0 is based on
data from the same test series that included the AP operation."

A somewhat more basic uncertainty arises in the definition of the loads with AP
operation, because the accepted sensitivity factor for AP was determined from
tests with a downcomar submergence equivalent to 4 feet full-scale. GE proceeds
as follows to derive the design loads for submergences other than 4 feet. 1)
For submergences greater than 4 feet, the loads are taken to be equal to those
for a system with four-foot submergence, with a AP such that the initial water
leg (lengtn of the slug of water in the downcomer) is equal to that in the
system under consideration. We agree with the argument that this should be on
t'te conservative side. 2) For submergences less than four feet, the AP sensi-
tivity factor for the four foot submergence is used directly. This is conserva-
tive, since GE's test showed that for systems with a smaller submergence (3 feet),
the AP sensitivity curve has a higher slope.

Conclusions

Although we have raised questions about the accuracy of some of the sensitivity
parameters and the method of using them to deduce plant-specific loads (we are
referring particularly to the way the effect of wetsr weight was handled, and to
the effect of the torus size), it should be recognized that for operation without
drywell pressurization, we are talking about ef fects whose cumulative influence
is below 10% for dynamic download and below 20% for dynamic upload for all th-
Mark I plants. Any errors are likely to be a fraction of these percentage
figures. In the context of the safety factors which are af, plied to the dynamic
loads (2.0 for download and 1.2 for upload), and the conclusions in the previous
section about the expected limits of accuracy of tne basic Reference Plant
simulat:on, such uncertainties can be considered to be within acceptable limits
for the Short Term Program.

With AP operation, design loads are reduced by up to about a factor of two
(although most reductions are much less). The AP sensitivity factor used to
derive these loads should be more accurate (or, in the case of submergences
different from 4 feet, conservative),than the zero aP load basis (see Section 3.1).
Hence, our conclusions about the plant-specific loads are, again, basically the

same as our conclusions about the Reference Plant loads.

"GE's design load is based on the aP = 0 reference plant load derived frce the
December tests, with the sensitivity factor for aP operation derived from the
Ja' t wy data (the sensitivity f actor normalization to unity at aP = 0 f, also
based ,:n the January data, of course). The uncertainties due to the use of
the December data base for defining the AP = 0 reference loads were discussed
in Section 3.1.
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* 3.3 CCMMENTS ON THE LONG TERM PROGRAM: TORUS LOADS

The final long term data base for the hydrodynamic loads on the Mark I containment
systeras will inevitably be derived from scale-model tests. This is true even if
a computational model is eventually developed, since such a model would have to
be tested - or, most likely, calibrated - against test data taken in systems
which are not of full scale.

The following needs to be done in the area of scale-model testing:

(1) Basic check of modeling parameters and scaling laws.
,

(2) Check of three-dimensional effects in Mark I systems - in particular, the '

three-dimensional load distribution due to uneven downcomer spacing (this
can Le done in a model of a 90* sector of the torus, as planned by EPRI
(1/12-scale) and the NRC-supported Livermore Lab tests (1/5-scale)). Some
of the major questions to be answered are (a) Is there a significant reduction
in the average net peak dynamic load, as compared with the two-dimensional
GE tests? (b) Is the peak local downward load significantly different from
that inferred from the GE tests?

(3) Better simulation of the drywell pressure and enthalpy flux histories in
the model.

(i) A more realistic FSAR pressure history should be developed for times
prior to vent clearing, one which does away with the artificial pressure <

jump at t = 0.

(ii) The pre-clearing part of the drywell pressure history should be more
accurately simulated in the mode!.

(iii) The enthalpy flux should also be better defined for the FSAR (with
accurate frictional losses in the pipes), and better simul:ted for
times after vent clearing.

(4) Reduce experimental uncertainties and errors. The GE 1/12 scale tests
suffer from a rather high experimental uncertainty (reason unknown) which
manifested itself as a difference between the downloads in the December and

'
January data.

' (5) If plant-specific load variations are of sufficient magnitude to be of
concern (given the safety factors applied to the loads), then the sesitivity
factors need both more experimental information and a more rational treatment.
We are concerned first of all about whether GE's assumption that the " dynamic"
load is independent of water level is adequate. This question could be

.
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resolved by performing some tests with different water levels but the same
submergence. With data from such tests, one can derive a load sensitivity
factor for the ratio of water level (say, depth below torus center) to
torus radius, which contains in it both the effects of torus air volume and
the water weight. This is a more rational way of proceeding than the one
adopted by GE, and it does away with GE's need to rely on a computational
model for the sensitivity to the wetwell air volume.

Secondly, plant-specific variations in the torus size should be accounted
for via the scaling laws. The Pool Area / Vent Area ratio should, strictly
speaking, be used to account for variations in the vent area only.

4. VENT SYSTEM IMPACT LOADS

During a LOCA the pool swells and impacts on the vent system. This gives rise
to two different loading conditions which are of interest. First, the impact
loads on the vent system are communicated to the torus by way of vent columns.
This would contribute to the total torus upward force. Secondly, the impact
loads have to be considered from the standpont of their effect on the vent
system itself. Both loading conditions are considered below.

4.1 IMPACT LOADS FOR TORUS SUPPORT ANALYSIS

The vent system impact loads were determined in the following manner. The pool
surface velocity and time of impact for average downcomer spacing were determined

Wexperimentally from the 1/12-sca:a tests From this single velocity and
time of impact, the velocities and times of impact at various positions along
the vent system were determined by an approximate analytical model. Subsequently,
the impact loads were determined by an experimental correlation relating force
and duration of impact to the diameter of the target the approach velocity. The
possible errors associated with each of these steps are discussed below.

Velocity of Impact

The velocity of impact was determined from the 1/12 scale test movies by interpo-
lating between the data for the large and medium orifices. For determining the
peak pool velocity, the interpolation procedure is reasonable. Also, there is
no difficulty in scaling up the velocity to full scale. The quoted velocity is
all right for STP.

Anaiysis for 3-D Effects

To obtain the three-dimensional variation of impact velocities and times, the
vent was discretized into finite segments. The ring header was divided into two
typical sections and the vent pipe into eight. The departure from the average
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impact velocity along the header pipe was determined with the PICKSOME code.
The code was exercised for an average and for the two-cell geometry. The ratio
in the calculated impact velocities was then applied to the " average" test data
to obtain the two velocities for the two segments of the ring header.

The velocity variation along the vent pipe was determined from the cross-sectional
pool shape as observed in the movies. The velocities were all scaled down by a
constant factor since pool rise is slower under the vent pipe.

In principle, the procedure is all right; however, one has to consider the approxi-
mations involved. First, the discretization is gross, i.e., only two segments
to represent a continuous azimuthal variation. Secondly, the model used to
obtain the velocity ratios between the average and two-cell cases, required a
correction f actor of 1.41 to relate the " average" calculations to " average"
data. From these censiderations, we have estimated that the velocity and time
perturbations about the " average" could be in error by 30L The possible errors
in the absolute velocities, however, are only about 25. This is not considered
particularly significant for STP.

Impulse Correlation

The impulse values, corresponding to the computed velocities, were obtained from
the PSTF correlation for " radial" targets (6). The PSTF experimental program on

impact loading tested both radial and circumferential targets. The measured
impulse values for radial targets were found to be significantly higher than for
circumferential targets. For this reason, the " radial" data was chosen as the
basis for STP predictions. Although only one size (10.75 inch diameter) " radial"
cylinder was tested, the linearity of the correlation is verified by other data.
The scatter in the data was about + 20L This uncertainty could be balanced by
the conseevatism resulting from energy absorption in the ovalization of the vent
header and other structural deformations. The drywell pressurization, i.e., AP

operation produces no apparent benefits for impact loading. The 1/12-scale data
indicates that both the pool velocity and total impact are relatively insensitive
to the reduction in water leg.

In summary, the impulse values obtained from the PSTF correlation may be considered

best estimate values for STP.

Comments on LTP

During LTP evaluation the predicted impact loading should be obtained from test
data with actual vent system geometry. A source of concern is the apparent
discrepancy in the impact loading functions obtained from the 1/12 scale test
cnd from the PSTF correlation. Whereas the measured peak force was lower during

the 1/12 scale test, the duration of the pulse was wider with the result that

.
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the impulse vas somewhat higher. The 1/12 scale impact data is preliminary and
requires additional verification; however, if the differences in loading history
result from interference effects due to complex geometry, these effects must be
taken into account for the LTP load prediction.

Also, impact loading on the vent header should be presented as a continuous
circumferential function rather that two distinct impacts (one near the vent
pipe and the other between vent pipes). The same applies to the vent pipe.
This is important in calculating the combined uplift force which depends on the
" phasing" of loads.

An alternative to the above approach is to provide a comparative evaluation of
continuous vs. discretized method, showing that the discretized loading is
consistently conservative.

4.2 IMPACT LOADS FOR INTERNAL' STRUCTURES

For impact loading on internal structures, the pool velocity is taken frca EPRI
1/10 scale tests. This velocity is then increased by 10% for conservatism. The
resulting velocity is then slightly lower than the velocity from GE 1/12-scale
tests. Within the context of STP this discrepancy is balanced by conservatisms,
i.e., energy absorption by the structure, and the quoted values may be con-
sidered best estimates.

Comments on LTP

As mentioned in the previous section, more refined loading values, obtained with
geometrically realistic vent sytems should be used for LTP predictions.

5. THRUST LOADS

Thrust loads on the vent system were calculated with an analytical model.
Thrust, as a reaction to air leaving the dcwncomers, is given by the expression

2 (m)2
F = pAV pA=

For accurate calculation of this force, the mass flow rate, in particular, must
be accurately know. The mass flow rate, of course, depends on the cryvell
pressure and the friction coefficient in the piping. In the calculations per-
formed by GE a " nominal" value of friction coefficient was used. Within the
context of STP the calculated value may be considered best estimate.
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Comments on LTP

Since thrust force has a strong dependence on flow rate, calculations should be
repeated with fL/D's varied over the range of anticipated values.

With regard to experimental determination of thrust force, it should be noted
that this force does not scale in the same manner as do the pressure and impact

4forces. It can readily be shown that thrust forces scale as L , which means
that in the 1/12-scale test, for example, measured thrust forces are too low by
a factor of 12. This fact must be taken into consideration when interpreting

the vent strain gage or the apparatus lead cell measurements.

6. LATERAL LOADS

To obtain a data base for lateral loads, a series of measurements were performed
on a single vent pipe in a test facility. The data showed that the lateral
forces were random in direction, while the magnitude of the force was chsracterized
by a probability distribution expressed graphically by means of a histogram
showing the frequency as a function of transverse force.

The main problem considered by GE is the calculation of the probability of
exceeding a given force on the support u ructure when the forces on the individual
downcomers act simultaneously and are aligned in some direction. Mathematically,
this is the problem of adding n random, statistically independent planar vtctors,
each random vector being distributed uniformly in direction and having a known
distribution in magnitude. The probability distribution of the resultant vector
is most conveniently computed numerically by a Monte Carlo technique. The GE
method, however, appears to calculate the distribution of only the compenent of
the vector along a given direction. We have performed Monte Carlo type calculations
using the data from these tests reported by GE which result in the highest peak
forces on the downcomar. We find that our results predict somewhat lower forces
than GE. We therefore believe that the GE study on lateral loads is adequate
for the STP.

Comments on LTP

Additional verification that the STP data is applicable to Mark I designs is
desirable. A broader data base from additional experiments would also increase
the confidence level in the predicted loads.

The GE short term analysis is concerned with the probabilistic analysis of
aligned lateral forces on the downcomers. However, there are other force combina-
tions which may have undesired consequences. For example, the forces may act in
opposite directions on opposite sides of the header and tend to pull the header
apart. These must also be considered during LTP.

A-17



REFERENCES

1. Buchholz, R. H., et al., "Maak I Containment Evaluation Short Term Program, Final
Report, Addendum 2, Part I," NEDC-20989-P, Class III, June 1976.

2. Moody, F. J., "A Systematic Procedure for Scale-Modeling Problems in Unsteady Fluid
Mechanics," General Electric, ur. published report.

3. Torbeck, J. E., et al.', " Mark I 1/12-Scale Pressure Suppression Pool Swell Tests,"
NEDE-13456P, Class III, March 1976.

4. Stark, S. J., " Torus LOCA Load Conservatism," Undesignated GE report dattJ April 23,
1976.

5. Humphrey, J. M. , and Saxena, U. C. " Mark I Containment Evaluation Short Term Program
Final Report, Part II: Method of Load Application," NEDE-20989-P, Class III, June
1976.

6. McIntyre, T. R., et al., " Mark III Confirmatory Test Program, One-Third Swell Impact
Tests, Test Series 5805," NEDE 13426P, August 1975.

A-18



APPENDIX B

TEST PROGRAMS

PAGE

B-1
B.1 Humboldt Bay and Bodega Bay Tests.

B-1
B.2 Pressure Suppression Test Facility

B-4
B.3 Foreign Tests.

B-5
B.4 Electric Power Research Institute 1/10 Scale Tests

B-5
B.5 General Electric Mark I 1/12 Scale Tests

B-7
.

B.6 References



B.1 Humboldt Bay and Bodega Bay Tests

The first test program for the pressure suppression containment concept was
performed from 1958 through 1962 in support of license applications for the
Humboldt Bay and Bodega Bay Nuclear Power Plants.(1,2) The program consisted

of tests with a full-scale segment for each facility design. The objectives of
the program were to demonstrate the condensation capability of the pressure
suppression containment concept and to verify the adequacy of the calculational
techniques used in the analytical model for predicting the containment pressure
and temperature response.

The test facility consisted of a blowdown vessel, a tank to simulate the drywell
volume, a vent header with a single duwncomer, and a vessel to simulate the
wetwell segment associated with the single downcomer. Offferent wetwell vessels
were constructed to represent both the Humboldt and Bodega containment designs.
Certain design information for the two test facilities is listed in Table B-1.
The simulated wetwells for the Humboldt Bay and Bodega Bay test facilities are
shown in Figure B-1.

.

The steam blowdown was initiated by means of inducing a failure of a rupture
disc in the line between the blowdown vessel and the drywell volume. Various
orifice sizes were used to obtain a spectrum of blowdown flow rates. Different
downcomer lengths were used to determine the condensation capabilities of the
system. Transient pressure and temperature measurements were taken in the
drywell, the wetwell airspace, and the suppression pool.

Pool swell hydrodynamics and bubble breakthrough were observed in many of the
tests as a discontinuity in the pressure profile of the wetwell airspace. The
hydrodynamic loads aopeared small in comparison to the long term wetwell response.
Based on this observation, it was concluded that the pool hydrodynamic loads
were insignificant. In retrospect, this observation was probably the result of
the large wetwell airspace and other geometrical differences in conjunction with
limited instrumentation capability.

The Humboldt Bay and Bodega Bay test data were subsequently used as the basis
for the design and analysis of other pressure suppression containments, including
the Mark I containment. The data base was used to substantiate the adequacy of
the General Electric containment analytical model.C3)

B.2 Pressure Suporession Test Facility

Early in the development of the Mark III containment concept, a test program was
initiated at the Pressure Suppression Test Facility (PSTF), constructed by
General Electric. This facility simulates an 8-degree sector of a full-scale
Mark III suppression pool rith a single column of horizontal vents.(6) The
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TABLE B-1

HLNBOLDT BAY AND BODEGA BAY
TEST FACILITY DESIGN INFCrd4ATICN

Humboldt Bay Bodega Bay

Full Scale Segment 1/48 1/112

Ocwncomer diameter (in.) 14 24

3Wetwell air volume (ft ) 650 670

3Wetwell water volume (f t ) 379 340

2Pool surface area (ft ) 20.5 40.9

Pool area / vent area 19 31.4

Air volume / pool area (ft) 31.8 16.4
3Drywell volume (ft ) 277 1100 ,
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Figure B-1 Schematic of Wetwell Segments for
Humboldt Bay and Bodega Bay Test
Facilities.
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primary objective of the test program was to confirm the conservatism in the
analytical models being used to predict the Mark III containment pressure response.
In the first test series, it was observed that wetwell internal structures

located above the suppression pool could be subjected to significant hydrodynamic
loads during the pool swell process. Therefore, additional test series were
conducted to determine the loads for the design of the affected structures. Our
review of the PSTF test program is discussed further in the NRC staff's Safety
Evaluaticn Report for the GESSAR Standard Design (Docket Number STN 50-477)

issued in December 1975.

Design loads for structures were obtained by placing both rigid and moving
targets at various elevations above the suppression pool and measuring the local
and average impact pressure during pool swell. A number of different target
assemblies were used in the tests, including "I" beams and pipes of various
sizes, gratings, and platforms. From the test data obtained for each type of
target, correlations were developed to provide the impulse imparted to the
target object as a function of object size and pool surface velocity at the time
of impact. In addition, the observations made in these tests were used to
characterize the load history for impact loads as a parabolic function followed
by a constant drag load.

The above correlations were applied in the Mark I evaluation to obtain impact
loads for the structures and components located in the torus above the suppres-
sion pool. The pool surface velocity for a Mark I containment was obtained from
the EPRI 1/10 scale tests, rather than the GE 1/12 scale tests, due to the
timing of the Short Term Program load evaluation for the torus internals. To
assure conservatism, a single maximum pool velocity was identified and subsequently
used to identify the impact loads for all components regardless of their position
relative to the pool surface.

B.3 Foreign Tests

Horizontal shearing forces and transverse loads, generated at the ends of vertical
vent pipes in suppression pools during a LOCA, were investigated in a test
program at a foreign test facility.( ) The primary objective of this program
was to quantify lateral downcomer loads over the range of blowdown conditions.

The test facility consisted of a wetwell, simulated by a cylindrical tank, 10
feet in diameter and 60 feet high, and a single downcomer, two feet in diameter
and with nine feet of submergence into the wetwell pool. The lateral loads were
determined from measurements with strain gauges and linear displacement transducers
located on the submerged sections of the downcomer and the wetwell wall. Steam
flow rate through the vent system, mass fraction of air in the flow, and pool
temperature were varied parametricallly k ttw tests. Energy deposition in the
pool provided the capability to determins the lateral loads as a function of
pool temperature.
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The test results indicated that the maximum lateral loads occur during the later
stages of the blowdown (approximately 25 sec.) under conditions of low mass flux,
high pool temperature, and pure steam flow.

B.4 Electric Power Research Institute 1/10 Scale Tests

The 1/10 scale Mark I testsN were performed by the E nsctric Power Research

Institute (EPRI) to qualitatively determine, wi short time period (June
1975), the Mark I suppression pool surface re* aring the initial phase (0

to about 0.6 seconds) of a simulated loss-of-coolant accident. The facility
consisted of a 1/10 scale segment of a Mark I torus corresponding in width to
the average Mark I distance between downcomers, a single pair of downcomers and
associated vent system, a tank simulating the drywell, and a source of air for
drywell pressurization. A rupture diaphragm in the piping between the air
supply tank and the drywell was used to initiate the tests. A throttle valve in

the air line was used to control the air flow into the drywell. The scaled
Mark I torus segment was constructed of clear plastic for photographic recording +

of the pool response during the tests. The torus model was vented to the atmo-
sphere at all times thereby excluding any air compression effects in the wetwell
during the tests. The diameter of the vent header was less than 1/10 scale to
create a flow resistance in accordance with the reduced flow rate required for a
single pair of downcomers as compared to the six pairs of downcomers associated
with each vent pipe in the Mark I containment. However, a 1/10 scale shroud
mounted around the vent header provided geometric similitude with respect to the
pool swell phenomenon. In spite of the attempt to model flow resistance,

subsequent scaling analysis has indicated that flow rates into the wetwell were
not well simulated in these tests.

The tests were performed with different drywell pressurization rates, which were
measured with a transducer mounted in the drywell. The bubble formation and
pool surface swell were observed and recorded on film. The pool surface impact
velocity on the vent header was determined from these films. From the test run
having a drywell pressure history most closely representing the scaled Mark I
containment, a maximum pool swell velocity was determined.

B.5 General Electric Mark I 1/12 Scale Tests

A 1/12 scale test facility was constructed by General Electric (GE) to obtain
additional and improved test data for use in the definition of torus hydrodynamic
loads for a Mark I containment. 0) The dimensions of the test facility and the
test conditions were based on scaling relationships developed by GE. The facility,

as shown in Figure B-2, consisted of a wetwell segment, a single downcomer pair
and its associated vent system, and a drywell volume. The linear dimensions of
the torus are 1/12 those of a full-scale Mark I reference plant, and the segment
width corresponds to the scaled average distance between downccmer pairs in the
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Figure B-2: General Elect ric Kirk I 1/12 Scale
Test Facility
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reference plant. The initial pressure of the drywell and wetwell was 1.2 psia
in accordance with the scaling relationships. The blowdown into the drywell was

g provided by an orifice in a line connecting the drywell to the atmosphere. This
line was rapidly opened allowing outside air to pressurize the drywell volume.
Tests were conducted with three orifice sizes to obtain data for a range of
drywell pressurization rates.

The transient was measured with fast response instrumentation. Single pressure
and temperature measurements of the drywell atmosphere were used to establish
the enthalpy flux into the vent system. A pressure transducer was used to
measure the differential pressure between the drywell and the wetwell airspace.
Two thermocouples~were placed on the inside wall of the torus to measure the
temperature responses of the wetwell airspace and the suppression pool. Five
pressure transducers were located on the inside wall of the torus to measure the
pressure profile in the wetwell. A strain gauge was placed on the vent header
to measure the pool swell impulse on the vent. A load cell and accelerometer
were located on the bottom of the torus to measure the vertical reaction of the
system. The pool swell velocity was determined from high speed film for each
transient.

A. total of 42 tests were conducted from December 1975 through January 1976. The
test conditions were varied to parametrically investigate the influence of
downcomer submergence, initial system pressure, initial drywell/wetwell differen-
tial pressure, and drywell pressurization rate.

The results from six of the 42 test runs were used to establish the torus pressure

loads and the pool swell velocity for the base case conditions of the reference
plant. The torus pressure forces were calculated by assuming that the measured
pressures acted over appropriate sectors of the torus wall. This technique was
confirmed by comparing the calculated results with measurements taken from the
load cell on the base mat of the facility. The load cell measurements, after
correction for the acceleration of the test facility, showed reasonable agreement
with the calculated pressure forces on the torus. The pool swell velocities
which were obtained from the test films, and which were used in conjunction with
impact data for cylinders (see Section B.2), showed reasonable agreement with
the vent header strain gauge measurements.
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