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Abstract

This report, prepared by the staff of the Office of Nuclear Reactor Regul: tion
and its consultants at the Brookhaven National Laboratory, provides a discus-
sion of LOCA-related suppression pool hydrodynamic loads in boiling water reactor
(BWR) facilities with the Mark III pressure-suppression containment design. Its

issuance completes NRC Generic Technical Activity B-10, " Behavior'of BWR Mark III
Containment."

On the basis of certain large-scale tests conducted between 1973 and 1979, the
General Electric Company developed LOCA-related hydrodynamic load definitions

~

for use in the design of the standard Mark III containment. The staff and its
consultants have reviewed these load definitions and their bases and conclude
that, with a few specified changes, the proposed load definitions provide
conservative loading conditions.

The staff approved acceptance criteria for LOCA-related hydrodynamic loads are
provided in Appendix C of th's report.
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1 INTRODUCTION-

There are 10 BWR. facilities with the Mark III containment system in various
.

stages of the licensing process in the United States. The first of the

|. domestic facilities with the Mark III containments,.the Grand Gulf Nuclear
' . Station, Unit 1, was issued a' low power operating license in June 1982. The

Kuosheng facilities in Taiwan are currently at power. A listing of the
| domestic BWR facilities with the Mark III containment. system is provided in
' Table 1-1.

The Mark III containment system design is the most recent generation of
pressure suppression containment designs and was developed by General Electric4

(GE) in early 1970. As in the case of the Mark I and II designs, small scale
;

tests were conducted in 1971 to provide a data base for the development of
; - analytical models. Investigation of the vent clearing phenomena was empha-
i sized in this program _since the major differences between the Mark III design
; and the earlier pressure suppression containments are the vent configuration

and the way the vents are cleared.

I A large scale test program was initiated in the fall of 19731 to confirm the
analytical models2* used in the Mark III design. The Pressure Suppression Test

'

Facility (PSTF)-located in San Jose, California was constructed by GE and used
to conduct the various test series. This facility was initially tested with

,

i an 8-degree sector of a full-scale Mark III suppression pool with a single
: column of horizontal vents.3 Later testing phases included one-third scale,
I three vent tests and one-ninth scale, nine vent tests.

- The primary objective of the test program was to confirm the conservatism in
' the analytical models used to predict.the Mark III containment pressure
I- response. In the first test series, it was observed that wetwell internal
i structures located above the suppression pool could be subjected to signifi-

cant hydrodynamic loads during the pool swell process. Therefore, additional
test series were conducted to determine the loads for the design of the
affected structures.

:4

! In addition to the information obtained from the PSTF data, other LOCA-related
| dynamic load information was obtained from foreign testing programs4 for

similar pressure suppression containments. It was from these foreign tests
I that oscillatory condensation loads on the suppression pool boundaries during

the later stages of steam vent flow were identified. '

i

The Mark III LOCA-related pool dynamic loads were first reviewed at the PDA
stage for GESSAR-238NI.5 The Staff concluded the information available was:

sufficient to adequately define the pool dynamic loads for those nucleari
,

plants undergoing Construction Permit (CP) reviews. Since the issuance of the
GESSAR-238NI Safety Evaluation Report (SER), GE has conducted further tests

|
and analyses to confirm and refine the original load definitions. These tests
and analyses investigated the effect of chugging, steam condensation, andt-
multivent interaction on the original pool dynamic load definition. -To keep j

1-1-
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Table 1-1 Plants Utilizing the Mark III Containment Design

Plant Name Licensing Status !

lGrand Gulf, 1, 2 OR
|Perry 1, 2 OL

River Bend 1, 2 OL
Clinton 1, 2 OL
Hartsville A1, A2 Post-CP-Indefinitely

Deferred

the NRC and Mark III applicants apprised of the current status of these tests,
GE issued an Interim Containment Loads Report (22A4365) in April 1978 and
revised this report several times before the docketing of the GESSAR-II appli-
cation in March of 1980. The GESSAR-II application is GE's Final Design
Approval (FDA) submittal for their standard Balance of Plant (BOP) design and
is to be referenced by Mark III OL applicants. Appendix 3B of GESSAR-II38
provides the finalized pool dynamic load definition for Mark III containments,
and was the basic document used for review by the Staff and its consultants.

The NRC's program for reviewing the Mark III LOCA-related hydrodynamic load
definition was identified as Task Action Plan (TAP) B-10, " Behavior of BWR
Mark III Containment." Technical assistance for the review of the proposed
load definitions was obtained from the Brookhaven National Laboratory (BNL)
under NRC contract FIN A3320. BNL was instrumantal in the staff's earlier CP
stage review of the Mark III hydrodynamic loads and was used extensively by
the NRC staff in the review of Mark I and II hydrodynamic loads.

Based on the reviews by the staff and its consultants of the test data and
analyses, the staff has developed appropriate acceptance criteria suitable for
use by owners of plants that utilize the Mark III containment design. The
staff intends to assess the acceptability of the Mark III designs using these
criteria which are given in Appendix C to this report. The basic design
features and concepts found in GESSAR-II that affect LOCA-related hydrodynamic
loads are utilized by all applicants with Mark III containment designs. The
staff will review each Mark III containment application for possible design
differences that might invalidate the acceptance criteria provided in Appendix C
to this report. Applicants with design differences from the standard Mark III
containment concept as detailed in GESSAR-II will be required to demonstrate
that the LOCA-related hydrodynamic load definitions contained in' Appendix 3B
to GESSAR-II, as modified by the staff's acceptance criteria, are applicable
to their plant.

1-2
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2 BACKGROUND

2.1 Mark III Containment System Description

The function of the Mark III containment system is to condense the steam
released during a postulated LOCA event, to limit the release of fission
products associated with an accident and to serve as a source of water for the
Emergency Core Cooling System (ECCS). Figure 2-1 shows the principal features
of the standard Mark III containment concept (GESSAR-II). The containment
system is divided into two major subvolumes, a drywell enclosing the reactor
system, and the primary containment surrounding the drywell and containing the
suppression pool. The containment and the drywell volumes are connected,
through the suppression pool, by an array of horizontal vents in the drywell
wall.

The primary containment in the standard plant design is a steel structure
consisting of a vertical cylinder, domed top, and a flat base. The region
outside and around the suppression pool area is filled with concrete to miti-
gate the effects of SRV actuation. The net free volume of the primary contain-
ment, excluding the drywell, is 1.139 x 108 fta and the design pressure is
15 psig. An alternate primary containment design that is being used by Grand
Gulf, Units 1 & 2, and Clinton, Units 1 & 2 is a steel-lined concrete structure.

An additional structure called the-shield building surrounds the primary
containment. Its purpose, in conjunction with the fuel building and part of
the auxiliary building, is to provide a secondary containment volume in which
fission product leakage from the primary containment following a postulated
LOCA, can be diluted and held up prior to release to the environment.

The drywell is an unlined concrete structure, enclosing a net free volume of
274,960 fta and designed for a differential pressure of 30 psid.

The suppression pool is a 360-degree annular pool located in the bottom of the
containment and retained between the containment wall and the drywall weir
wall. The weir wall is a 360-degree, reinforced concrete wall located inside

j the drywell and 30 inches from the drywell wall. Located in the vertical
| section of the drywell wall and below the suppression pool water level are
| 120 horizontal vent holes which are 27.5 inches in diameter and arranged in

40 circumferential columns of three vents. In the event of a LOCA, the pres-
sure will rise in the drywell due to the release of reactor coolant, and force
the level of water downward within the weir annulus. When the water level has
been depressed to the level of the first row of vents, the differential pres-

! sure will cause air, steam, and entrained water to flow thru the vents from
the drywell into the suppression pool. The steam will be condensed in the
pool and the air driven from the drywell will be compressed in the primary
containment. Noncondensible gases and fission products would be collected and
contained in the primary containment air space. At the end of the blowdown,
subcooled ECCS water from the postulated pipe break would rapidly quench the
steam within the drywell reducing the drywell pressure. The air in the primary

2-1
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containment space would then be vented back to the drywell through installed
vacuum breakers and also through the vents if the pressure differential is
great enough, to equalize the pressures between the two volumes. The ECCS
will cool the reactor core and transport the energy to the water in the
suppression chamber. Cooling systems are provided to remove heat from the
water in the suppression chamber, thus providing continuous removal of decay
heat from the primary containment under accident conditions following the
initial deposition of energy to the suppression pool from the blowdown.

In addition to the suppression function under postulated LOCA conditions, the
Mark III containment provides a similar pressure suppression function for
safety / relief valve discharge which may occassionally occur to control pres-
sure in the reactor vessel. The safety / relief valve, which relieve the
reactor vessel pressure, discharge into pipes which are routed to the suppres-
sion pool and terminate below the pool water surface. The mechanism of this
pressure suppression function is similar to that for the postulated LOCA
event.

2.2 Description of LOCA-Related Hydrodynamic Phenomena

The following is a qualitative description of the various phenomena that would-

occur during the course of a postulated design basis LOCA in a BWR with the
Mark III containment system and a description of the hydrodynamic loads which
these phenomena could impose upon the suppression chamber and related structures.

.

Figure 2-2 shows the sequence of events following a postulated LOCA and the
potential loading conditions associated with these eve-ts.

Assuming the instantaneous rupture of a steam or recirculation line, a sonic
wave will develop in the broken primary system pipe and expand into the drywell
atmosphere. This wave rapidly attenuates as a front expanding spherically
outward into the drywell. The wave then enters the vent system, progressing
into the pool.

Since there would be a very rapid drywell pressure increase associated with
the postulated LOCA, a compressive wave could be formed in the weir annulus
water. Prior to the clearing of this water through the horizontal vents, this
compressive wave could propagate through the suppression pool and result in a
dynamic loading on the suppression chamber and structures within the suppres-
sion pool.

I As the drywell pressure increases, the water initially standing in the vent
system will accelerate into the pool and the vents will be cleared of water.

| During this vent-clearir.g process, the water leaving the horizontal vents will
form jets in the suppression pool and cause water jet impingement loads on the
structures within the suppression pool and on the containment wall opposite
the vents. During the vent-clearing transient, the drywell is subjected to a
pressure differential and the weir wall will experienc e a vent-clearing reac-
tion force. Immediately following vent clearing, an air and steam bubble will
form at the exit of each vent. The bubble pressure initially is assumed equal
to the current drywell pressure (peak calculated is 21.8 psig). This bubble
theoretically transmits a pressure wave through the suppression pool water and
results in a loading on the suppression pool boundaries and on equipment
located in the suppression pool.

|
|

2-3
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i^ 'As the air and steam flow from the drywell becomes established'in the vent
: system, the initial vent exit bubble will expand to the suppression pool
hydrostatic pressure. . The_ steam fraction of the flow will be condensed but.

continued ' injection of drywell air and expansion of the air bubble will result
' in'a rise-in.the suppression pool surface. During the|early stages of this

process, the pool swells in a bulk mode -(i.e. , a slug of water is accelerated
.

. upward by the air). During this phase of_ pool _ swell, structures close to the
pool. surface will experience loads as the rising pool surface impacts thei '

lower surfaces of the structures. In addition to these initial impact loads,
these same structures will experience drag loads as water flows past them. = !:

[ Equipment and piping in the suppression pool will also experience drag loads.
'

The rising water _ ligament thins until tha air bubble breaks through, signaling
the end of the pool swell proper and the beginning of froth formation and -

'

froth loads. '

Continued injection of drywell air into the suppression pool will result in'a
period of froth pool swell. This froth swell will-impinge on structures it
encounters but the two phase nature of the fluid will result in loads that are

; much less than the impact loads associated with bulk pool swell.
i-
1 When the froth reaches the elevation of the floors on which the hydraulic
! control units for the; control rod drives are located (approximately 20 feet
j above' pool level), the froth encounters a flow restriction; at this elevation,

'

;

i there is approximately 25% open area. The froth pool swell will experience a
i two phase pressure drop as it is forced to flow through the available open . 4

I area. This pressure differential represents a load on both the floor struc- i
I ture and on the adjacent containment and drywell. The result is a discon-
| tinuous pressure loading at this elevation.
!-

i As the drywell air flow through the horizontal vent system decreases' and the
air / water suppression pool mixture experiences gravity-induced phase separa-

,
;

tion, pool upward movement will stop and fallback process will' start. During4

i this process, floors and other flat structures will experience downward loading.

The pool-swell transient associated with drywell air venting to the pool,-

| typically lasts 3 to 5 seconds. Following, will be a long period of high
j steam flow rate through the top vents; data indicate that this steam will be
j entirely condensed in a region right at the vent exits. For the Design Basis

Accident (DBA) reactor blowdown, steady steam condensation lasts for a period;

; up to .L5 minutes. Potential structural loadings during the steam condensation
i phase of the accident have been observed and are included in the containment
i loading specifications. As the blowdown steam flow decreases to low values,

the water.in the top row of vents will start.to oscillate back and forth
causing what has become known as vent chugging. This action results in dynamic "

loads on the top vents and on the weir wall opposite the upper row of vents.
In addition, an oscillatory pressure' loading condition can occur on the drywell:

| and' containment. Since this phenonienon is steam mass-flux dependent, it is ;
present for all break sizes.i '

Shortly after onset of the postulated LOCA, the ECCS pumps will automatically
start and pump ~ condensate water and/or suppression pool water into the reactor
pressure vessel. This water will . flood the reactor core and then start to
cascade into the drywell from the break (the time at which this occurs depends '

!
*
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upon break size and location). Because the drywell will be full of steam at
the time of vessel flooding, the sudden introduction of cool water causes j
rapid steam condensation and drywell depressurization. When the drywell i

pressure falls below the containment pressure, the drywell vacuum relief '

system will be activated and air from the containment will enter the drywell.
Eventually sufficient air returns to equalize the drywell and containment
pressures; however, during this drywell depressurization transient, there will
be a period of negative pressure on the drywell structure which results in a
negative-load condition for drywell design and possible hydrodynamic loads on
structures within the drywell due to reverse flow through the vents.

Following vessel flooding and drywell/ containment pressure equalization,
suppression pool water will be continuously recirculated through the core by
the ECCS pumps. The energy associated with the core decay heat results in a
slow heat up of the suppression pool. To control suppression pool tempera-
ture, operators will activate the residual heat removal (RHR) system. After
several hours, the RHR heat exchangers will control and limit the suppression
pool temperature increase.

The magnitude and timing of LOCA pool swell and steam condensation pool dynamic
loads depends on the break size. A spectrum of LOCA break sizes was considered
in order to establish the limiting design conditions for the Mark III contain-
ments. The LOCA conditions which were considered include the following acci-
dent conditions:

1. Design Basis Accident (DBA), a double-ended break of a recirculation line
or main steam line;

2. Intermediate Break Accident (IBA), a break that is less than the DBA but
is of sufficient magnitude to automatically depressurize the primary
system due to loss of fluid and/or automatic initiation of the ECCS. In

2 and steam breakspractice, this means liquid breaks greater than 0.05 ft
2greater than 0.4 ft (determined by analysis); and

3. Small-Break Accident (SBA), a break that will not result in reactor
derpressurization due either to loss of reactor fluid or automatic opera-
tion of the ECCS.

The DBA is the design limiting case for the pool swell-related pool dynamic j
loads including jet, drag, impact and fallback loads. The IBA and SBA cases
have a much lower rate of drywell pressurization. Therefore, for these cases
the IBA and SBA pool swell loads are correspondingly lower. However, LOCA

,

related steam loads at design values can occur over a wider spectrum of breaks I

since the maximum condensation loads will occur at low vent mass flux. Conden-
sation oscillation and chugging will occur over an extended period of time for
small breaks as a result of the reduced reactor vessel depressurization rate
compared to a DBA.

,

Also, the IBA and SBA cases must be considered in developing the design thermal
stratification loads for the suppression pool. In the event of the postulated
LOCA, the suppression pool water in the immediate vicinity of the vents will
be heated due to the energy release during the steam condensation portion of
the transient. For the Mark III horizontal vent configuration, the majority
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of the mass.and energy will be transferred to the pool through the top vents.
Consequently, the upper portion of the suppression pool will be heated more -
than the' lower portion. The vertical temperature gradient resulting from this
effect is defined-as thermal stratification.

s

i

d

I

I
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3 HYDRODYNAMIC LOAD EVALUATION

3.1 Introduction

In this section the staff's evaluation of the methodology will be described.
The methodology will be employed by the Mark III utilities to define the
suppression pool hydrodynamic loads associated with postulated LOCA events.
These dynamic loads, in combination with certain other loads which have already
been reviewed and evaluated by the staff,8'7 are used for design evaluation
of the various structures and equipment which form the containment system of
the standard Mark III plants.

Each of the dynamic LOCA loads identified for the Mark III containment is
evaluated separately in the subsections that follow. The evaluation includes
the data bases and analytical tools that were used to establish the individual
load specifications. Further description of the analyses and test programs4

which serve as the bases for the load specifications are given in Appendices A
} and B, respectively.

The phenomena and dynamic loads that occur following onset of the postulated
LOCA in a Mark III containment were previously identified (Section 2.2).
These loads have been reviewed to determine which were significant based
either on their magnitude relative to nonhydrodynamic loads or in terms of the
structural response of the containment system. Such loads are designated as
" primary" loads and have been given a detai, led evaluation. The remaining loads
are considered to be of secondary importance either because they are intrin-
sically small or because they are bounded by other design loads. An evalua-
tion of these secondary loads is provided in Section 3.8.

I The primary loads on the Mark III containment are considered to be the
following:

,

pressure loads on the containment boundaries during the air clearing and-

pool swell phase of the LOCA blowdown;

pressure loads on submerged boundaries during condensation oscillation;-

pressure loads on submerged boundaries and the top vents during chugging;-

thermal loads on submerged boundaries and top vents during chugging;-

i

| drag loads on structures located below the initial suppression pool-

surface during pool swell, condensation oscillation and chugging;

[ impact and drag loads on structures located above the initial pool-

surface during pool swell and above the weir annulus during drywell
; depressurization; and

.

i
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drag loads on structures located between the bottom vent elevation and-

the HCU floor during fallback.

The following loads are considered to be secondary loads:

Sonic Wave Loads;-

Compressive Wave Loads;-

Water Jet Loads During Vent Clearing;-

Impact Loads During Fallback;-

'

Fallback Loads on Containment Boundaries;-

Post-Pool Swell Wave Loads;-

Asymmetric Chugging Loads; and-

Seismic Slosh Loads.-
.

The load evaluations were based on the standard Mark III containment design
(GESSAR-II). Plant-unique features that may affect the generic load defini-
tion will be reviewed on an individual plant basis. An example of a plant-
unique feature is possible encroachment over the suppression pool, such as the
Traversing Incore Probe (TIP) Station. Because the design of the TIP Station
and other encroachments varies from plant to plant, the staff will review the
etfects of these encroachments on the hydrodynamic phenomena for each individual
plant design. These plant-unique reviews will be reported in the individual
Safety Evaluation Reports.

3.2 Loads During Pool Swell

Following onset of a DBA LOCA, the drywell will be pressurized by the escaping
steam, and the air initially in the drywell will be forced through the weir
annulus and the vents into the wetwell, displacing the water as it advances.
In the wetwell, the drywell air will form a large, rapidly expanding bubble
which will lift the water ligament above it (" pool swell") at a considerable
speed. The rising water ligarrent will thin until the bubble breaks through,
signaling the end of the pool swell proper and the beginning of froth forma-
tion anf froth loads. The flow field induced by these motions produce loads
on all initially submerged structures and boundaries as well as those struc-
tures subsequently engulfed by the rising pool.

3.2.1 Pool Swell Velocity

The pool swell velocity controls the impact and drag loads on the structures*

between the pool rest elevation and the breakthrough elevation.

The design value for the pool swell velocity proposed by GE is 40 ft/s, the
same value being used for all elevations between the pool rest elevation and
the breakthrough elevation. This was derived primarily from a full-scale PSTF
air test 5705-4,8 which showed a maximum pool swell velocity of 34 ft/s, or
38 ft/s if one discounts an apparent loss of ligament acceleration in the last
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few feet of rise.in the test; and supported by references to the 1/3 and 1/9
area-scaled (distorted geometry) pool swell tests, 9'10 which indicated lower
velocities.(see page 3B0.3.2.1-9 of GESSAR-IIss. The staff has reviewed the

11,12 1s and found thatbasis for the proposed 40 ft/s pool swell velocity
there were shortcomings in how the tests, which form the basis of this speci-

-fication, simulated Mark III DBA conditions. To account for these shortcomings,
the staff will require that a maximum pool swell velocity of 50 ft/s be used
for design purposes. For calculating impacts loads on structures within 10 ft
of the pool's rest elevation, a lower speed can be used, consistent with the
equation

V = 5 H (2.6 - 0.506 8 ) (3-1)

where V is the pool swell velocity in ft/s, and H is the elevation, in ft,'

above the pool surface's rest elevation.
,

To understand the staff's position, it is necessary to briefly review the
Mark III pool swell data base. That data base allows three types of predic-
tions of the pool swell velocity, (1) based on full-scale tests, (2) based on;

; distorted geometry tests where the cross-sectional areas were reduced by
either a factor of 3 or 9, while the flow-wise dimensions were full-scale, and'

(3) based on the 1/3 area-scaled distorted geometry tests interpreted as
! approximately geometrically scaled tests, using the so-called " Modified Froude

Scaling" laws to simulate dynamic conditions.

The full-scale test (5705-4) on which the 40 ft/s velocity primarily rested had
full-scale in both pool area and break area for the three-vent sector which it
was supposed to simulate. However, only two vents were operative, not three
as in the Mark III design.

'

GE has shown elsewhere" that with the same submergence and break area, a
one-vent test produced only half the pool swell velocity of a two-vent test.
There is some reason to suspect, therefore, that the two-vent test may nave
underestimated the Mark III three-vent pool swell. Secondly, the drywell was
only half the correct size for the system, and the drywell pressure was
considerably below the value represenative of Mark III DBA conditions in the
period following vent clearing, which controls pool swell. This is shown on
page 380.3.2.3-16 of GESSAR-II (note that the breakthrough point is indicated

i as occurring at 1.6 times the initial submergence, or 12 ft; the staff puts
the breakthrough at 18 ft). The lower post-vent-clearing drywell pressure
reduces the driving force for pool swell. This is a second reason why'

test 5705-4 may have underestimated the Mark III swell for DBA conditions.
i Since test 5705-4 was the closest of all the available " full-scale" tests to

full-scale conditions, we are left with an inadequate full-scale simulation
of Mark III pool swell, and a strong suspicion that 40 ft/s may not represent
an adequately conservative pool swell velocity.

A second source of pool swell data is available from GE's distorted geometry
tests, where all flow areas were scaled down by a factor, while flow-wise
dimensions were retained full scale. GE used both 1/3 and 1/9 area-scaled
systems. The implicit assumption which was made in interpreting these tests
was that pool swell is not significantly affected by the scaledown in

3-3

- - _- - - - .



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

4

.

L cross-sectional areas, and that' full-scale pool swell velocities should be'

' .obtained if. the system is driven by full-scaleLdrywell pressures at full-scale
submergence (7.5 ft). LIn'other words,-it was assumed that pool swell is a
quasi-one-dimensional 'rocess.p

:

Since' the drywell was; properly scaled in relation to the pool and vent areas
in the distorted geometry systems, the drywell pressure history can be charac-
terized by a single parameter, the peak drywell pressure. In'other words,'if,

i the peak drywell pressure _is properly simulated,'so.is'the entire drywell
; pressure history. The peak drywell pressure predicted by the containment

analytical model for GESSAR-238 Standard Plant, prior to bubble breakthrough,
i:, 20.psig (see p. 380.3.2.3-8 and the figure on p. 380.3.2.3-16 of GESSAR-II).:

Although the containment model is somewhat conservative (a similar model
} stripped of all conservatisms gave 16 psig for the 238 Standard. Plant, and ;

agreed with GE's PSTF data), the staff feels that the containment analytical
r model should be used for the design basis drywell pressure for pool swell, I

[ consistent with the approach taken with the Mark I and Mark II containments.

Figure 3-1 shows_the peak swell _ velocities obtained in the 1/3 and 1/9'
j area-scaled systems as'a function of peak drywell pressure. The data are
i for steam blowdowns, which the staff accepts as being representative of the
i. DBA LOCA. At 20 psig, the 1/9 area-scaled system gives a velocity of about

25 ft/s, plus or minus about 2 ft/s; the 1/3 area-scaled system, on the-other:

hand, gives a considerably higher. velocity, about 42 ft/s (the corresponding ;1

figures quoted by GE are 26 and 33 ft/s, respectively; these are, however,
| based on an effective peak drywell pressure of 16 psig). '

:
,

!

! The problem with the distorted geometry data is that the underlying a'ssumption,
! that area reductions do not affect the pool swell, is unjustified. Ruggieri
{ and Sonin15 have shown explicitly that three-dimensional effects tend to
; decrease the pool swell velocity in a Mark III-like geometry as the cross-

.

: sectional area of the system is reduced. The same effect is apparent in GE's '

< 1/9 and 1/3 area-scaled results. If the 1/9 area scaled system gives 25 ft/s,
j and the 1/3 scale system 42 ft/s, what is the proper velocity for a full scale
[ system?
i

i There is yet a third way of deriving a full-scale pool. swell velocity from the
j data. All of the tests which form the basis of Mark III pool swell were done
: before the Mark Its and Mark II17 programs got underway, and hence they
! derived no benefit from what was learned in those programs. However, after
'

the small-scale modelling laws were developed and confirmed during the Mark I
program, GE noted that their 1/3 area-scaled distorted geometry system with a

| 5 ft submergence was rather like a 5/7.5 scale true geometric replica of a . ,

: full-scale system with 7.5 ft submergence, with the exception that (1) the . ;

F vents were too long by a factor of-1.5, (2) the separation between the vents
was too large by a factor of 1.5, (3) the pool-was slightly too narrow (the,

i dimension from the drywell wall to the containment wall was 11 ft. , whereas it
} should have been 12.7 ft). In any case, if one were to consider these differ-
j_ ences to.be minor, one could use Moody's dynamic scaling lawsis to derive ,

! full-scale velocities from the 1/3 area-scaled system with 5 ft submergence.
t

j' Now, Moody's scaling laws' require that the small-scale tests be done with both
: absolute and gage pressures scaled down in proportion to system size, and with '

J
l *

;; ;
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| Figure 3-1 Effect of Flow Cross-Section on Pool Swell Velocity in

Distorted Geometry Tests. (Scale refers to the ratio of'

the cross-sectional areas to those in the full-scale system)
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flow resistances installed in the vents so that enthalpy flux through the
vents becomes scaled with the 7/2 power of system size. Under these conditions
the velocities should scale as the square root of the system size. Iri the 1/3
area-scaled tests, the absolute pressures were not scaled down (i.e., they |

were too high by a factor of 7.5/5 = 1.5). Also, there were no orifices in I

the vents, so the enthalpy flux through the vents tended to be too large at a ;

given drywell gage pressure. These two dynamic scaling errors tend to some <

extent to compensate for each other, with the net effect on pool swell velo-
city being a conservatism (overestimation) of perhaps as much as 10%,''"
although the precise figure cannot be given with confidence. Since this 10%
may well be counterbalanced by possible nonconservatisms of the excessively
large vent separations and the somewhat too narrow pool, the staff does not
feel that any net conservatisms should be claimed for this type of interpre-
tation of the data.

At a peak drywell gag, pressure which is equivalent to 20 psig at full scale
by linear scaling wit, system size, and a 5 ft submergence, the 1/3 area-scale
system shows a peak pool swell velocity of 39 ft/s, which scales to 48 ft/s at
full-scale conditions (Figure 3-2). GE's equivalent figure is 44 ft/s, because
they take a 10% conservatism on the actual measured value.

The staff concludes that the approximately Moody-scaled (sometimes referred to
as Froude-scaled) value of 48 ft/s is the most reliable one available for
system design. However, because of the several approximations made in both
the geometric and the dynamic scaling, the staff recommends a somewhat higher
value of 50 ft/s for actual use. Although the 2 ft/s difference does not seem
like much of a conservatism, given the cited uncertainties, there is actually
a larger margin for error because of the staff's adoption of the containment
analytical model's peak drywell pressure of 20 psig. As mentioned above, CE's
more realistic code puts this pressure at 16 psig, which would correspond to a
peak pool swell velocity of 42 f t/s (see Figure 3.2).

The 50 ft/s is to be applied to all elevations higher than 10 ft above the
pool rest-level, and below the 'areakthrough point. The previously given
formula for the velocity below the 10 ft level - to be used for calculations
of impact load on structures below the 10 ft level - simply represents an
analytical fit of the experimental data summarized oa p. 3B0.3.2.33-11 of
GESSAR-II.

3.2.2 Breakthrough Elevation

The breakthrough elevation is the height above the initial pool surface where
the air bubble penetrates the rising pool surface. All structures below the
breakthrough elevation are hit by solid water as the surface strikes them.
Above the breakthrough point the water ligament is tu'rned into froth. The
design value for the breakthrough elevation is 18 ft above the pool rest-
surface (p. 380.3.2.1-11/12 of GESSAR-II).

The staff finds this specification satisfactory. Although the full-scale
test, No. 9 05-4, does not properly simulate Mark III pool swell conditions,
and the 1/3 area-scaled distorted geometry tests results (p. 3B0.3.2.1-16 of
GESSAR-II) do not conclusively make the case for an 18 ft breakthrough point
(a linear extrapolation is not necessarily justified), there is sufficient
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|
evidence that the 1/3 area-scaled data should overestimate the breakthrough
point,15 and sufficient evidence from the approximately Moody-scaled tests
in the 1/3 area-scaled system, which the staff believes to be most representa-
tive of the available data, that the breakthrough will occur below 18 ft.11

3.2.3 Loads on Submerged Wetwell Boundaries

During pool swell the dynamic pressure of the air bubble is transmitted to the
wetwell boundaries, the transmission being strongest at the drywell wall,
which is nearest the bubble, and weaker at the containment wall, which is more
remote.

The design specification for the resulting dynamic loads on the wetwell
boundaries is summarized in Fig. 38-11 of GESSAR-II. Below the rest-level of
the pool surface, peak dynamic pressures of 21.8 psid and 10 psid are applied
on the drywell and wetwell walls, respectively. Above the rest-level, the
peak pressures on the walls decrease linearly with elavation to zero at the
design breakthrough height of 18 ft above the rest-level. On the basemat, the
peak pressure is 10 psid from the containment wall to a point half-way between
the containment and drywell walls, and increases linearly from 10 to 21.8 psi
from that point to the drywell wall. Consistent with experimental results,
the dynamic pressures are assumed to rise from zero to the local peak value in
0.1 s, and drop back to zero in 0.5 s. Above the pool rest-level, the pres-
sures are applied with a time delay consistent with a pool rise velocity of
40 ft/s. Vertical loads on structures attached to the walls are assumed to be
transmitted to the walls.

The staff finds this load specification acceptable for the following reasons.
'

The 21.8 psid on the drywell wall exceeds the dynamic pressure in the drywell
itself during pool swell. Before breakthrough, that pressure is calculated as
20 psid by the conservative containment analytical model, and 16 psid by a
best-estimate version of that model (see Sec. 3.2.1 above). Experiments show
that the dynamic pressure on the containment wall is always less than half the
pressure on the drywell wall (Fig. 3B-55, p. 38-145/146 of GESSAR-II); hence
the 10 psi on the containment wall is conservative. The distribution on the
basemat is based on experimental observations that the peak pressure at the

,

mid point between the drywell and containment walls does not significantly
differ from that on the containment wall (Sec. 38.7, GESSAR-II). The pressure
history at a given point is consistent with the PSTF data, and the delay time
for points above the pool rest elevation, although not necessarily precise, is
certainly representative, based as it is on an average pool swell velocity of
40 ft/s.

3.2.4 Wetwell Pressurization During Froth Outflow

Following pool swell and breakthrough, the region of the wetwell above the top
vent fills with froth. The air which is still being exhausted from the
drywell tends to pressurize the wetwell and forces this froth out through the
openings in the HCU floor. Since the froth has a relatively high density
compared with air, the pressure required in the wetwell to drive the froth out
through the HCU floor openings is much higher than that during pool swell,
when only air is being displaced.
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This pressu'rizatien of the wetvell between the time when the froth first
reaches the openings in the llCU floor and the time of completion of air blow-
down causes~a pressure-differential between the wetwell and the region above
the HCU floor, and results in upward loads on the HCU floor itself and on the
var.ious structures which span.the openings at the HCU floor level, including
gratings. ,

The| design specification for the wetwell pressurization, after the froth
impact at the HCU level, which is discussed elsewhere, is 11 psid relative to
tfie region above the HCU floor. This 11 psi was orginally computed with an
analytical model20 based on rather crude physical assumptions, but rendered
usable-by the grossly conservative nature of some key assumptions. A somewhat
altered computation' based on essentially the same model predicted a lower
value (7.4 psid), and was shown to be some 3 to 3.5 psid conservative when
benchmarked against'all'the PSTF 1/3 area-scaled tests without solid water
impact on the roof T$ec. 3B0.3.2.35, GESSAR-II). The 11 psid is therefore
quite a conservative value. Accordingly, the NRC staff finds that the 11 psid
specification for the 238 Standard Plant acceptable.

3.2.5 Loads on S'ubmerged Structures

Loads on submerged structures during the air bubble expansion are computed on
the basis.of the methodology developed for Mark II21 containments and described
in detail in Section 3BL.2.3 of GESSAR-II. The bubbles are assumed to form in
phase, thus only a unit cell is considered with boundaries and pool surface
represented by the method of images. The acceleration and velocity fields are
computed on the basis of stationary spherical bubble dynamics, subject to mass
flow from the drywell. Drywell pressure at top vent clearing is taken as the
initial bubble pressure, the vent radius as the initial bubble radius. The
acceleration and standard drag loads on cylindrical structure segments (no
more than 2 ft long) are' computed on the basis of the local acceleration and
velocity at each segment center.

The acceleration volume is based on potential flow theory and the drag
coefficient used is the standard steady flow, C . In the sample problem of

D

Section 3BL.2.4 of GESSAR-II, a maximum drag coefficient of 1.2, corresponding
to a relatively high Reynolds number, was used. While the loads thus computed
are shown to bound sub scale submerged structure data, a conservative multi-
plier of af factor of two is applied to the final load to account for the
bubble motion and asymmetry not included in the theoretical analysis.

For the accelerating non-oscillating flows causing loads on cylindrical
~

structures, the methodologyT is supported by both theory and experiments as
cited in Reference 22. The staff, therefore, finds the procedure with the
specific numerical values of acceleration volume and drag coefficient used as
acceptable for structures'of circular cross-section (cylindrical).

In Section 3BL.2.5 of GESSAR-II the same procedure is implied for noncylindrical
structures with: acceleration volumes based on potential theory presented in
. Tables 3BL-2 and 3BL-3 of GESSAR-II for some common shapes. No discussion of
the drag coefficient is presented. .The staff expressed concern about the
application of this procedure to structure with sharp corners. The use of
Mark I Acceptance Criteriats using a simple " equivalent cylinder" concept
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was suggested as the procedure that bounds available data for both acceleration - -

and standard drag. The response to the concern in Section 3B0.3.2.31(b.ii) of
GESSAR-II accepts this suggestion. The staff therefore finds the methodology ;

presented in 3BL.2.3 acceptable subject to the amendment of 3B0.3.2.31(b.ii).

3.2.6 Loads on Structures at the Pool Surface .

-

-

Structures that have their lower surfaces either right at the pool surface or
-slightly submerged do not experience the pool swell impact loads of the struc-
itures above the initial pool surface, nor can the loads be adequately described

.

by the LOCA Bubble Loads methodology discussed in Section 3.2.5 above. Sec-
tion 38.9 of GESSAR-II specifies the load as the sum of a bubble pressure load
(21.8 psid on structures on the drywell wall and 10 psid on structures on the ! -

containment wall) and a drag load based on 40 ft/sec pool swell velocity.

When structures, such as ledges, are attached to the containment wall, the
.

hydrodynamic flow field along the wall will be disturbed by the presence of -
:

the structure, resulting in localized loads on the containment wall. These = -

local loads are specified in Section 3B.6.1.5 and Figure 3B-56 of GESSAR-II.
Figure 3B-56 presents local pressure distributions on the wall due to two
different protrusions, half-wedge and horizontal ledge. The pressure differ-
entials shown correspond to a velocity of 40 ft/sec.

.

The bubble pressure load is considered very conservative because it assumes _- 4
the entire pressure gradient to be taken across the structure. The issues - _

associated with the local perturbation to the flow acceleration represented by
the hydrodynamic mass concept are thus bounded by the ultra-conservative
estimate of the pressure difference. lne velocity of 40 ft/sec while not
necessarily uniformly bounding the entire pool swell is adequately supported -

by empirical evidence as a conservative bound at the vertical positions
(< 5 feet above the pool) of the structures especially near the drywell and
containment walls. ; -

'The staff, therefore, finds the procedure for computing loads on structures i

at the pool surface during pool swell, described in Section 38.9 of GESSAR-II
to be acceptable.

With regard to the load specification in GESSAR-II of local wall pressures )
due to ledge-type protrusions, the staff finds it acceptable with the following
limitations: .R

+
-

(1) If the local pool swell velocity, as specified in Section 3.2.1, above,
is greater than 40 ft/sec, the drag pressures obtained by the GESSAR : .

specification shall be multiplied oy (V/40)2, where V is the local pool
velocity in ft/sec.

(2) If the frontal area of the structure is not fully immersed prior to
pool swell, it will experience an impact force. This must be included
in the specification. ;

.

For half-wedge protrusions the force history during impact shall be -

determined from Figure 3-3. The local velocity of impact (needed in
Figure 3-3) shal be taken from the specification in Section 3.2.1,

'

.
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corresponding to the height'where the wedge is first fully submerged.
~If the lower portion-of the wedge is initially submerged, the same ;

impact history is applied except the abscissa is-replaced by Vt/h,
!h'ere h is the "unsubmerged height" of the wedge. j

.If the wedge angle is other than 45 ,-the following ratios can be used
after obtaining the force history for a 45 wedge from Figure 3-3.

F

h=(90p) (3-2)cot p

and

(3-3)= cot p

L

where p is the wedge angle. These ratios were derived from the,

analytical solutions in Reference 34.
,

For horizontal ledges the impact force shall be determined in'the following
manner:

(a) The force history will have a triangular shape as shown in Figure 3-4.

(b) Determine the hydrodynamic mass of impact (per unit area) for flat,

targets from Figure 6-8 of NEDE-13426P.23 Use b (and not b/2) for
target width.

,

(c) Calculate the impulse using the equation
N

_ H 1 (3-4)
I ~ X- V * (32.2)(144)p

4 where

I = impulse per unit area, psi-secp

M /A = hydrodynamic mass per unit area, Ibm /ft , from (b) above.2
H

2 V = impact velocity, ft/sec, determined according to Section 3.2.1
1

(d) Calculate the pulse duration from the equation l
1

T=.02h(h) (3-5)
! i

l

!i

1

|

|

|
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.where:
!

't- = pulse' duration, sec '

H =-height above the pool, feet:

b/2 = width of the ledge, feet ~
|

i

,V =-impact;ve'.acity, ft/sec, determined according to_Section 3.2.1
' ~

~ (e) The value of. peak pressure amplitude, PMAX, will be btained using the
: ,following equation:

,

pMAX = 2 I /t :(3-6)p

where:

PMAX =.the peak pressure amplitude, psi. j

'3.2.7 Loads on Structures Between the Pool Surface and the.HCU Floor;

3.2.7.1 ' Bulk Impact Loads

As a result of pool swell, structures located above the containment pool are
subject to impact loads. At lower elevations, i.e. , from 0 to 18 feet above
the initial pool surface, impact will occur in the bulk mode. By this we mean
impact by an intact water ligament, as~ opposed to froth.'

I The GESSAR-II specification for small structures (i.e., less than 20 inches
; wide), is presented in Section 38.10.1. It consists of a universal normalized

force history, somewhat similar to a-versed-sine shape, having a constant
_

i pulse duration of 7 milliseconds (Figure 38-71, GESSAR-II). The-maximum
amplitude of this pulse (force / projected target area) is.given as 115 psi for4

flat structures and 60 psi for pipes. These values are specified regardless
U of the local' pool velocity or target size.

The basic specification for flat targets was derived from Test No. 5706/4s
where a 20-inch square plate was impacted by the rising pool. -The lower pres-
sure amplitude for pipes (60 psi) was derived from the observation in Test

.

Series 580523 that cylindrical targets were subjected to impact pressures that
{ were approximately half of flat targets under comparable conditions.
s

i The staff conclusion is that the specification, as described, is not applicable
I without additional limitations. The main reason for requiring limitations is i

that the pool velocity at: impact, during PSTF Test 5706/4 was 21 ft/sec, I

whereas pool velocities as.high as 50 ft/sec are possible.4

[ The limitations imposed on the specification are discussed in Attachment 0 to
. the GESSAR-II, Sections 380.3.2.4, 5~and 33 (corresponding to' Question / <

j Response 4, 5 and 33). |
'1;- '

In response to staff questions, GE conducted th'e following analysis. First,i-

.
they noted that maximum stresses in uniformly loaded beams are proportional to

max s the peak-amplitude of the pressurei!' the product of..P and DLF, where Pmx
{ ' pulse _and DLF is'the dynamic load factor. They then compared the stresses

|
produced in the impacted structures using (1) the GESSAR-II specification and

!
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(2) the NRC staff Mark II impact specification with one difference. The
difference was that, whereas the Mark II pulse durations were based on flat-
pool impact, in performing the above comparison, GE used experimentally
observed pulse durations derived from Test Series 5805, corresponding roughly
to Mark III pool curvature. These pulse durations were 6.8 msec for radial
targets and 2 msec for circumferential. (Note that flat pool impact results
in the shortest pulse duration and highest stress.)

The results of these comparisons are best represented by plots of natural
frequency vs. the width of the structure, as shown in Figures 3-5 through 3-7.
These curves represent the locus of points where the two specifications, i.e.,
GESSAR-II and Mark II, result in equal stresses in the impacted structures.
To the left of the curves, the GESSAR-II specification results in higher
stresses, i.e., is conservative. The points on the graphs represent the
specific structures located above the pool in the 238 Standard Plant. It is
seen that, although this comparison has placed substantial constraints on the
original GESSAR-II specification, the specific structures that are located
above the Mark III pool are not overstressed above design.

The staff found this response acceptable, except for one particular concern.
Since the pulse duration of 6.8 msec from Test Series 5805 was obtained with
radial targets that spanned the pool annulus and were approximately 10 feet
above the initial pool elevation, is this pulse duration appropriate (small
enough) for shorter targets and for lower target elevations where the pool
would be less curved? In response to this concern, GE demonstrated in
Response 33 (Section 380.3.2.33 of GESSAR-II) that, for the specific targets
above the Standard Plant pool, i.e. , shortest target 4 feet long and closest
distance above the pool of 6 feet, the 6.8 msec was still conservatively
short.

The staff has reviewed Response 33 and finds it acceptable.

To summarize, the staff finds the GESSAR-II bulk impact specification
acceptable provided:

,

(1) The impacted structures are in the " conservative" areas on plots of
natural frequency vs. size. (Figures 3-5 through 3-7).

(2) The impacted structures are at least 4 feet in length.
|

| (3) The impacted structures are not closer than 6 feet to the initial pool
' surface.

All structures above the containment pool in the GESSAR-II standard plant
design satisfy limitations (1) through (3). In plant designs where some
specific structures may not meet limitations (2) and/or (3), the pulse dura-
tion must be shortened with an appropriate adjustment to the pressure ampli-
tude. The load specifications for these structures will be reviewed by the
staff on a plant-unique basis.
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L For structures less than 10 feet above the pool, the pressure amplitude may be
reduced by

(2.6-1.6/h)2 (3-7)= =
p

where P is the pressure amplitude at a structure H feet above the pool surface
,

and P is the GE-specified pressure amplitude for bulk impact on small
max

structures above the pool.

3.2.7.2 Froth Impact Loads

I As the pool rises higher, the air bubbles that drive it will break through the
surface, resulting in froth. This froth will impact on structures located at
elevations higher than 19 feet above the initial pool surface. In addition to
the so-called small structures, the froth will also impact on the bottom of
the HCU floor (discussed later in Section 3.2.8.1).

The load specification in GESSAR-II (Section 3B.10.1) stipulates a triangular
pressure pulse with a duration of 100 msec and a maximum amplitude of 15 psi.
This specification is based on PSTF Test No. 5706/68 where a 20-inch square-
target was placed high above the pool where froth conditions were known to
exist. A maximum area-averaged pressure of 5 psi was measured. In this
particular facility, however, the walls of the pool did not extend all the way

, to the target. Consequently, as the froth was moving up, it was also spreading
1 out laterally. GE estimated that this spreading may have reduced the density
: by a factor of 3. To account for this nonconservatism, the measured pressure

of 5 psi was multiplied by 3, yielding the specification of 15 psi.

1 The staff has reviewed the GESSAR-II specification and finds it unacceptable.
The basic reason is that the test was not conducted at prototypical Mark III
flow conditions. The froth velocity at impact was 27 ft/sec, whereas froth
velocities of 50 ft/sec are possible. Furthermore, it is difficult to demon-
strate that froth density from Test 5706/6 (even using the factor of 3 multi-
plier) is really representative of froth conditions at 19 feet above Mark III
pools. Consequently, the staff has formulated an independent acceptance
criteria for froth impact.

The staff acceptance criteria is based on Modified Froude-scaled (or Moody-
scaled) PSTF froth data that most closely represents the prototypical Mark III,

conditions. (This scaling analysis was described and reviewed in Section 3.2.1
above. The data used for this purpose came from the 1/3-scale PSTF Test
Series 5801,8 58052s and 5806.24 Only test runs with top-vent submer-
gence of 5 feet were considered, as these give the closest three-dimensional
simulation of the pool swell and breakthrough phenomena. (The GE 1/3-scale
facility refers to scaling of the flow areas; the linear dimensions are really,

i scaled as 1 :J3. The appropriate model submergence corresponding to this
: scale is 4.33 feet. No tests were run at this submergence and 5 feet is the
| closest ~available submergence.

| Secondly, only tests that had the approximately correct scaled drywell pres-
I surization rates (controlled by supply nozzle diameter) were considered. The

j test runs that satisfied these criteria are the following:
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'

.~ TEST /RUN. IPRESSURIZING TARGET LOCATION TARGET-
'

FLUID AB0VE POOL, FT. ' GEOMETRY

5805/31 Steam 14 10" I-Beam'

37 " "~ 10". Pipe
43 ." 20" Pipe"

48 " " 5" I-Beam

5801/5~ 17.~ 3 PSTF Roof"

9 u u u

.15 "- " "

5806/8- Air 17.8 "

Since all of the above tests were conducted in the same facility, with the
same submergence and at the same driving conditions, it is expected'that they
all had the same froth conditions after breakthrough. The two parameters that
were varied from test to test were the geometry of the impacted structure and
the target height above the initial pool elevation.'

The staff believes that for froth impact, target geometry plays only a secon-
dary role.' The froth is basically unaware of the t.orget until the individual
droplets actually impact and lose their momentum. The only mechanism that may
affect their trajectories is the presence of air, which also has some vertical-
velocity. As air flows around the target, it exerts a lateral drag on the
droplets. When this drag is sufficiently large, comared to thit . inertial
force, some of the droplets may be diverted frt,a the target. It is possible
to estimate the fraction of the droplets that would miss the target. A sub-
stantial amount of technical data is available on the related problem of
airframe icing. Much of this information has been collected and is published
in a single document by the FAA2s. This report presents correlations of
" collection efficiency" for a large number of target geometries in terms of
flow velocity, mean droplet diameter and target width. The froth in the PSTF
tests was, of course, composed of water particles of various sizes. However,
the smallest droplet that could be produced under the PSTF conditions is
approximately 0.2 inches in diameter (obtained by balancing inertial and
surface tension forces). The targets that were impacted in these tests ranged
in size from a 5 inch I-beam to a continuous 6 foot span of the PSTF roof.
For these conditions the FAA correlations indicate collection efficiencies
ranging from 0.95 to 1.0. The low value of 0.95 is obtained if one assumes

-

that all the froth is broken up into the smallest 0.2 inch diameter droplets
(an unrealistic assumption). It is much more likely that only a small frac-
tion of the water is in that droplet size range and a constant collection-
efficiency of 1.0 is applicable for all PSTF tests. Thus, the lateral deflec-
tion of droplets is negligible, and all PSTF structures, regardless of their
geometry, should experience the same froth impact pressure, provided they are
at the same height above the pool.

Since the specific target geometry is not an important parameter for froth
impact, the only remaining variable for the test runs in the above table is
target height above the initial pool surface. The measured impact pressures
were plotted against the target height above the pool and a straight line was
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fitted to the data. The resulting graph is shown in Figure 3-8. This graph
represents the froth impact pressures in a 1:43 scale model of the Mark III
containment. The information had to be scaled up to prototypical Mark III
conditions. Since the top-vent submergence is probably the most important
dimension in characterizing bubble breakthrough and froth formation, this
dimension was used as the basis for scaling up the data. The nominal full-
scale submergence is 7.5 feet, whereas the PSTF data represented in Figure 3-8
had a submergence o'f 5 feet. Thus, the scale of the model was 5:7.5 or 1:1.5.
(Note the lateral dimensions are scaled as 1:J3.) As stipulated by the Modi-
fled Froude Scaling, the froth pressures, as well as distances above the pool
were scaled up to full size by multiplying both values by the scaling factor
of 1.5. The resulting graph, representativa of full-scale condition, is shown
in Figure 3-9.

To arrive at an acceptance criteria for froth impact, it must be acknowledged
that there are some uncertainties associated with the results in Figure 3-9.
First, the model is not perfectly scaled geometrically. For example, the vent
lengths, as well as the spacing between the vents in the PSTF facility, are
full-scale rather than 1:1.5. The " Modified Froude Scaling" itself is an
approximation containing conservative as well as nonconservative elements (see
Section 3.2.1). The linear variation of froth impact pressure in Figure 3-9
is clearly an approximation of a more complex behavior. Froth impact itself
is somewhat random and only approximately repeatable. To cover all these
uncertainties, a margin of 3 psi was judged to be appropriate in arriving at
the staff acceptance criteria. Its application is illustrated in Figure 3-9.

The other component of the froth impact specification is the pulse duration.
The GESSAR-II stipulates a pulse duration of 100 msec, as determined from PSTF
Test 5706/5.

The staff finds this pulse duration unacceptable since there is no assurance
that the one specific (non prototypical) test is representative of all possible
pulse durations that may occur above the Mark III pool. Furthermore, the
GESSAR-II specification makes no distinction betwee.1 small or large targets.

The staff's acceptance criteria calls for a pulse duration that would maximize
the dynamic load factor (OLF) for the structures impacted by froth. This
implies that a range of pulse durations must be considered to ensure that the
maximum DLF is identified. For structures that completely span the pool
annults, pulse durations shorter than 50 msec need not be considered.

The value of 50 msec was obtained by examination of pool curvature at incipient
breakthrough. Figure 4-29 of NEDM-13407P,9 which shows pool profiles cor-
responding to Test Run 5801/9, was used as the basis for this analysis, as
mentioned earlier. Test Run 5801/9 can be considered a 1:1.5 scale-model
simulation of Mark III pool swell. From the pool profiles and velocity, one
can compute the total time required for the curved pool surface to sweep by a
radial beam. When scaled up to full scale, a value equal to approximately
50 msec was obtained. This may be considered a lower limit for froth impact
duration, as subsequent breakthrough can only enhance pool curvature and
increase the pulse duration.
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3.2.7.3 Transition Zone Impact Loads

Tne transition zone is defined as the region between 18 and 19 feet above the
initial pool surface. The impact load specification for structures in this
zone are given in Figures 3B-74, 38-71, and 38-73 of GESSAR-II. Basically,
the transition zone impact loads are determined by linear interpolation of
values between the bulk impact values and the froth impact values. The linear
interpolation is considered acceptable for the transition zone; however, the
bulk and froth impact must be consistent with Sections 3.2.7.1 and 3.2.7.2,
respectively.

3.2.7.4 Liquid Drag Loads

Following bulk impact, the structures are subject to drag loads. These are
specified in Section 38.10.2 of GESSAR-II. The drag loads (average pressure
differentials) for various structural geometries and a flow velocity of

.

I

40 ft/sec are presented in Figures 38-19, 3B-72 and 3B-75.

The staff finds the GESSAR II specifications acceptable with the following |limitations:

(1) If the local pool velocity, as specified in Section 3.2.1 above, is
greater than 40 ft/sec, the pressure differential obtained by the
GESSAR-II specification shall be multiplied by (V/40)2, where V is the
local velocity in ft/sec.

(2) If the shorter side ("b") of the plate in Figure 38-75 of GESSAR-II is
attached to the wall, the abscissa of the graph shall be 2a/b instead of
a/b. (Also, the abscissa must start at 1.0 and not 0 as shown in Figure
38-75).

3.2.8 Expansive Structures at the HCU Floor Elevation

3.2.8.1 Froth Impact Loads

The expansive structures at HCU floor elevation are subject to the froth
impact as a result of pool swell. The GESSAR-II specification for froth
impact (Section 38.11) is a triangular pulse with a duration of 100 msec and a
peak amplitude of 15 psi (same specification as for structures between the
pool surface and the HCU floor). The basis for the GESSAR-II specification is
Test Run 5706/63

The staff finds the GESSAR-II specification unacceptable. The reasons are
exactly the same as described earlier in Section 3.2.7.2.

Since froth impact is only slightly affected by the geometry of the structure,
the same acceptance criteria that the staff has developed for froth on small
structures between the pool and the HCU floor (see Figure 3-9) shall be used
for expansive structures at the HCU floor elevation.
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3.2.8.2 Froth Drag Loads

The pressurization of the wetwell during froth outflow via the openings at the
,

| HCU floor elevation (see Section 3.2.4) causes a period of steady upward
loading on expansive structural members at the floor level.

An 11 psid pressure differential between the wetwell side and the containment
| side above the HCU floor is specified for these structures, lasting for 3 s
| (Section 38.11, GESSAR-II). This specification is accepted by the NRC as
i conservative (see Section 3.2.4 above). On gratings, the 11 psi is to be

applied on the entire grating, not just the solid portion (see Section 380.3.2.8,
GESSAR-II).

The wetwell pressurization of 11 psi is quite conservative. As has already
been discussed in Section 3.2.4, a computation based on a model which was
rather crude, but whose shortcomings were compensated for by conservative
assumptions, predicted 7.4 psi for the GESSAR 238 plant. This same model
overpredicted the PSTF 1/3 area-scaled tests by some 3 to 3.5 psi on the
average, thus suggesting that an adjusted best estimate for the wetwell pres-
surization might be in the neighborhood of 4. psi. However, given the crude-
ness of the computational model, and the fact that it was " tuned" on, and
compared with, the PSTF tests where the wetwell pressurization conditions were
significantly different from those expected in a full scale plant, the NRC
considers it prudent to maintain the design value at 11 psi.

The froth drag load specification for gratings is conservative for another
reason as well: the pressure which acts on a grating is actually lower than
the bulk wetwell pressure when there is flow through the grating. This is due
to the Bernoulli effect. If V is the approach velocity to the grating (that

| is, the velocity of the fluid before it enters the grating, somewhat upstream
| of it) then the pressure somewhat upstream of the grating will be below the

2wettall pressure by (1/2) pv . If the pressure drop across the grating is
2def'ned as k(1/2)pv , where k is the grating loss coefficient based on the

' approach velocity and the pressure drop from just upstream of the grating to
downstream of it, it follows that the pressure differential across the grating

,

will be
,

k
APg=1k (3-8),

where AP is the pressure differential between the wetwell and the region above
the HCU floor.

The NRC finds Eq. (3-8) to be an acceptable alternative load definition for
gratings at the HCU floor level, provided that the grating loss coefficient k
is evaluated on a plant-specific basis, and provided the conservative value
for op = 11 psi is used. Again, the pressure difference computed from Eq. (3-8)
is to be aoplied on the entire grating, not just the solid portion.

3.2.9 Small Structures at and Above the HCU Floor Elevation
*

Small structures at the HCU floor elevation and higher (if above fully open or
grated areas of the floor) are subject to froth impact. At the HCU floor

; elevation GESSAR-II specifies a triangular force history with a duration'of
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100 msec and a peak amplitude of 15 psi. Above the HCU floor, any structures ,

in the line of sight of froth are subjected to a drag load calculated using '

the standard drag equation:

P=fC Pv (3'9)D

where:

P = Drag pressure load, psid4

C = drag coefficient, given for various geometries in Figure 3B-19 of
D

GESSAR-II

p = froth density, taken at 18.8 lbm/fta
,

V = froth velocity, taken at 50 ft/sec at 19.5 feet'above the pool
and then decelerated to lower velocities by the action of gravity.

The staff finds these specifications unacceptable. The reason why the "small
structure" specification at the HCU floor elevation is unacceptable is exactly
the same as discussed previously in Section 3.2.7.2. For structures above the
HCU floor, the drag specification has several deficiencies. First, the standard
drag equation with the conventional C 's is inappropriate for froth drag.

D
(When one deals with froth, there is really no distinction between impact and
drag. In both cases the load is caused by momentum transfer of individual
particles of water as they impinge on the structure.) The main difficulty,
however, is that the GESSAR-II specification underpredicts pressures when
compared to values determined from test data in conjunction with the " Modified
Froude-Scaled" Analysis. The comparison of the GESSAR-II specification with
what the staff believes to be a realistic assessment of froth impact pressures
is shown in Figure 3-10.

The NRC Acceptance Criteria stipulates that the same froth impact pressure
(vs. elevation) used for small structures between the pool and the HCU floor
(Figure 3-9) be also used for small structures at and above the HCU floor
elevation. For flat structures higher than 26 feet and pipes higher than
28.5 feet above the initial pool surface the GESSAR-II specification is
acceptable.

'

For structures above grated areas of the HCU floor, the pressures shown in
Figure 3-10 may be multiplied by the ratio of grating open area to grating
total area, l

1

3.3 Loads During Fallback |
'

!

During fallback the froth created after breakthrough falls back toward the l

pool bottom. All structures between the bottom vent and the HCU floor can
experience loads as the mixture of air and water fall past the structure.
Sections 38.8.1.3, 38.4.1.6 and 38.6.1.7 of GESSAR-II specify for design.

purposes that the load on all those structures be based on a drag resulting
from water flowing at 35 ft/sec which is the velocity resulting from a 20 ft
free fall. ,
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In the staff's judgment, the conservatisms associated with using the full
water density and the upper bound of the velocity are sufficient to bound any
of the forces that could result from the complicated process of fallback. The
specification is therefore found acceptable.

~

3.4 Loads During Condensation Oscillation (CO)

Following the pool swell transient there is a period during which steam exits
2primarily from the top vents at mass fluxes from 10 to 25 lbm/sec/ft . During

this period of high steam flow rate, the liquid-steam interface is located
inside the suppression pool just beyond the top vent exit. Experiments indi-
cate that the interface oscillates at frequencies ranging primarily from 3 to
20 Hz producing a cyclical loading on all submerged containment structures and
boundaries due either to oscillations in flow or pressure, both of which decay
in magnitude as a function of distance away from the top vent, or source.
This C0' phase persists for up to 1.5 minutes until the mass flux falls below

2the so-called chugging threshold level (i.e., 10 lbm/sec/ft ). At this point,
the relatively regular C0 loads changes to the more stochastic, impulsive
chugging phenomenon.

3.4.1 Loads on Submerged Boundaries
.

The design C0 pressure loads for the submerged boundaries are specified in
Sections 38.4.1.5 (Drywell), 38.5.1.9 (Weir Wall), 38.6.1.9 (Containment) and,

38.7 (Basemat) of GESSAR-II. These loads were developed through a combination
of scale model tests and analyses. The data base consists of measurements in
three test facilities: the 1/9-area scale (Test Series 6003),2s the 1/3-
area scale (Test Series 5807),27 and the full-scale (Test Series 5707)2s
Pressure Suppression Test Facilities (PSTF). The primary data base was
obtained on the 1/3-scale PSTF while the 1/9-scale and full-scale data were
used primarily for the confirmation of proposed scaling laws. In addition,
the 1/9-sc. ale PSTF was used to assess the importance of multiple-vent effects.

The most comprehensive set of tests was conducted in the 1/3-scale PSTF. These
tests covered the full anticipated range of values of the several importanti

parameters which influence C0 loads (vent stcam mass flux G, vent flow air
content C , and bulk pool temperature T). Pressure measurements were made at

A
' numerous locations along the pool boundary: at the drywell wall, the contain-

ment wall, the basemat, and the weir wall. Using measurements from the 1/3-
scale PSTF at the 2 ft. elevation on the containment wall, a regression analy-
sis was performed to obtain empirical correlations for peak pressure amplitude
(PPA) and C0 frequency (f) of the form (GESSAR-3B0.3.2.1-31):.

1/3 WALL = C /G + C /(1 + C ) + C3 4 5
+CT+C (3-10)PPA y 2 A

and

f1/3 = C /G + C7 (14 ) * 8 gT+C (3-11)6 A,

where C through C are the regression coefficients. These regressiony g

equations have been validated over the entire range of important parameters:
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25 < G < 45 lbm/ft -sec

0<CA < 0.16
90* < T < 135*F

To convert expressions shown as Eq. 3-10 and 3-11 to full scale, the following
scaling laws are used for the peak pressure amplitude at the top vent and C0
frequency.

PPAFS, VENT = 0.8 PPA 1/3 VENT ( ~1 )
and

pg)b (3-13)fp3 = f1/3 * (d1/3/d

where d and d are the full-scale and 1/3-scale vent' diameters. Thesepg 1/3
scaling laws were derived by GE from an analysis based on first principles and
confirmed by results from the three PSTF test series. Although we have some
reservations concerning the analytical procedure, the final load specification
can be justified entirely on the basis of experimental data as discussed
below,

i In order to use these scaling laws it is first necessary to determine the peak
ipressure amplitude at the top vent in the 1/3-scale PSTF. Because of the wide '

variability in pressure amplitude in the immediate vicinity of the top vent,
source pressures are inferred from measurements at a remote location. A
potential flow analysis (380.3.2.14-1) was performed to relate pressure at the
2-ft containment elevation to pressure at the top vent. This analysis yields
the following attenuation relationship:

PPA 1/3 WALL = 0.23 , PPA 1/3 VENT (3-14)
; Combining equations 3-12 and 3-14, the following expression is obtained after

the application of a 1.25 multiplier for conservation4

PPAFS, VENT = 5.5 PPA (3-15), 1/3, WALL

Equations 3-13 and 3-15 are used to predict full-scale frequency and top vent
PPA, respectively, from 1/3-scale PSTF test data. With the assumption that
the functional dependence of frequency and PPA on G, C , and T is similar in

A'

all scales, Equations 3-13 and 3-15 then provide a means by which frequency
and PPA in the 238 Standard Plant can be determined. Using these scaling
relationships, the empirically determined functions of Equations 3-10 and
3-11, and the predictions of G, C , and T as functions of time during a DBA

A
using the 238 Standard Plant Analysis the C0 forcing function is finally20;

|. determined (GESSAR-II Subsection 38.4.1.5).

p(7) ,A t) {0.8 Sin (2n:f(t)) + 0.3 Sin (4ntf(t)) (3-16);

+ 0.15 Sin (6ntf(t)) + 0.2 Sin (8ntf(t))}
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1

where

P(t) = pressure amplitude (psid) for consecutive cycles beginning at time t
= 3 sec and ending at Tp

n

A(t) = peak-to peak pressure amplitude variation with time (psid)
= 5.5 [3.395 - 0.106t + 1.15 log t - 7.987 (log t)2
+ 7.688 (log t)3 - 1.344 (log t)4]

f(t) = fundamental frequency variation with time (Hz)
= 0.8 [2.495 - 0.225 t - 0.742 log t + 10.514 (log t)2
- 9.271 (log t)3 + 3.208 (log t)4]

t = time (sec), 3 $ t 1 30, time from initiation of LOCA blowdown

t = time increment for successive periods Tp<t<Tp

; where n is number of cycles between 3 and 30 secT =
p

T Up f(3 + I + + ... I )
n p p -11 2 n

This forcing function attenuates as a function of distance away from the top
vent in a manner predicted by the potential flow analysis. The distribution
of loads thus determined is illustrated in Figure 3B-17 of GESSAR-II.,

To account for the energy content of higher frequency components typically
found in the PSTF data, three higher harmonics have been added to the load
specification. To provide for additional conservatism, the design load was
subjected to a 15% peak broadening.

The load specification described above relies largely upon data from the
1/3 scale PSTF. Confirmation of the 238 Standard Plant load specification was
obtained by using both test results from the 1/9-scale and full scale PSTFs,
and a method of analysis termed the C0 methodology. This refers to the pro-

cedure used to determine the load specification as described above. In this
as a function of timecase, however, the analysis for predicting G, T, and CA

uses the initial conditions for each test rather than the 238 Standard Plant
DBA conditions. This results in a prediction of pressure amplitudes and fre-
quency as a function of time during a particular test which can be directly
compared to test measurements. Comparisons are made using peak pressure ampli-
tudes (PPA), rms pressures (RMS), and amplified response spectra (ARS).* In

*The amplified response spectrum of a dynamic load represents the response of
a single degree of freedom oscillator to this load. Such spectra are tradi-
tionally used to evaluate dynamic loading of structures, a notable applica-
tiun being earthquake analysis. The spectrum exhibits the excitation pro-
duced by the forcing function at different frequencies.
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all scales, the predictions using the C0 methodology generally exceed the
measured values (380.3.2.13-13 to -94). More importantly, the load specifica-
tion for the standard DBA bounded all measurements in which the break param-
eters (initial pool temperature, break size and relative humidity) were within
the anticipated range for a standard plant.

In determining the C0 load specification, it was assumed that multiple-vent
effects were unimportant. This was confirmed by the 1/9-scale PSTF test
results using 1, 2 and 3 rows of vents. These tests demonstrated that pressure
magnitudes in the weir and suppression pool, characterized by average rms

' values, are lower in the multiple-cell configurations than in the single cell
arrangement. Therefore, the omission of multiple-cell effects represents a
slight conservatism.

In the course of the staff's review of this methodology, a number of concerns
were identified regarding the adequacy of the load specification. In order to
resolve these concerns, additional information was requested of the General
Electric Co. The concerns which were raised and the responses obtained from
GE are discussed individually below:

(1) The scaling analysis conducted by GE predicted that C0 frequency would
scale as the inverse of vent diameter. To provide some additional
conservatism in this specification they used a scaling dependence of an

! inverse square root in the determination of the design load. To assess
the accuracy of this prediction, GE compared the observed frequency in
tests of all scales, to that which would be predicted using the C0 method-
ology. This comparison is shown in Figure 38.10(d)-5 of GESSAR II.

We were disturbed by two aspects of this comparison: first, all the
fu11-scale measurements exceeded the predicted values, and second, the
comparison consisted of only three full-scale data points. To resolve
this concern GE was able to demonstrate via their response to Question
38.36 of GESSAR II that if the frequency of the four harmonic C0 forcing
functions was increased by 50% (a figure selected so as to bound the
range of uncertainty), the predicted load is still bounded by the design
load as confirmed by comparison of amplified response spectra (ARS).
This was possible because of the 15% peak broadening which was incorpo-
rated into the initial load specification.

(2) Of all the test runs conducted in the full-scale PSTF, only two exhibited
CO and were also properly instrumented for the analysis of CO. In order,

i to compensate for the uncertainties associated with the small full-scale
data base, GE provided added conservatisms such as the three added har-
monics to boost the energy content of the load specification. In addi-
tion, despite the question raised in (1) above, the experiments on three
scales provided some justification for the scaling laws. These two
factors taken together were sufficient to convince the staff of the
conservatism of the load specification.

| (3) Because of the unique dependence of C0 pressure amplitude and frequency
on the various parameters, it seemed possible that the most severe loads
might occur under conditions other than the standard DBA. For this
reason, GE was asked to conduct a parametric study involving all relevant
plant conditions and break sizes. By doing so, GE was able to demonstrate
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via their response to Question 3B.37 of GESSAR-II that, with one excep-
tion, the standard DBA bounded all other possible accidents. This
exception occurred during the initial phases of an SBA. It was further
demonstrated, however, that the design load ARS exceeds the ARS of the SBA 1

'when considered over the entire period of C0 except for frequencies below
about 2 Hz, a range which GE states has no significance insofar as con-1

tainment and equipment response is concerned.

(4) In response to a request for clarification regarding how the C0 loads are
developed (Question 38.13 (C) of GESSAR-II), GE provided a number of
comparisons between predicted and measured pressure responses. In some
cases these comparisons revealed that the design loads did not always
bound the measurements. In particular, exceedances at high frequency
(above 20 Hz) were observed from full-scale tests, and at low frequency
(below 3 Hz) during 1/3-scale tests. These potential nonconservatisms
were addressed in a follow-up question (Question 38.38 of GESSAR-II). GE
was able to demonstrate that an excitation with frequency less than 3 Hz
is not significant either for the containment or piping and equipment
response. Further, GE was able to demonstrate that the exceedances at
both high and low frequency could be bounded by other applied loading
conditions (pool swell and chugging).

(5) Because the walls of the PSTFs are considerably more flexible than the
walls of the 238 Standard Plant, there is the possibility that pressure
amplitudes measured in the PSTFs might be influenced by fluid / structure
interactions (FSI). If this were to result in a reduction in pressure
amplitudes below that which would be observed in a rigid structure, then
it would be necessary to compensate for this artifact when determining
the design load.

At the request of the NRC staff,29 the importance of FSI in the 1/9-scale and
1/3-scale PSTFs during CO was assessed by GE using coupled fluid-structure
NASTRAN models with harmonic forcing functions imposed at the vent exits. The
analyses yielded transfer functions relating pressure amplitude at the top
vent to pressure amplitude on the containment wall for both rigid- and
flexible-walled structures. The results of this analysis demonstrated that,
although FSI effects are significant within the frequency range of interest,,

' they tend to make the design load more conservative rather than less so, and
therefore need not be considered.

This prediction was confirmed by comparing NASTRAN predicted transfer functions
(soutS wall pressure / north wall pressure; see Figure B-1) to actual PSTF
measurements. Although the trends predicted by the model were not evident in
the experimental data, and despite enormous scatter in the data, it was clear
that FSI plays little or no role in the test measurements. This was true for
both the 1/3- and 1/9-scale PSTFs.

In view of the satisfactory resolution of the issues listed above, the staff
finds the C0 load specification to be acceptable. Although we continue to

;
' have some reservations concerning the correctness of the scaling laws proposed

by GE, the design load contains sufficient conservatisms to compensate for
these uncertainties.
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3.4.2 Loads on Submerged Structures

The methodology for the calculation of condensation oscillation loads on
submerged structures is presented in Section 3BL.2.6 of GESSAR-II. The metho-
dology is fundamentally similar to that described in Section 3.2.5 for LOCA
Bubble Loads. The major differences are:

(1) The oscillating steam condensation interface is represented by sources
with their strength determined from Mark III 1/3 scale tests and with the
frequency varied from 2 to 3.5 Hz.

(2) Only the acceleration forces are computed.

On the basis of concern expressed by the staff a justification for the source
strength used is presented in Section 380.3.2.31(c.i) of GESSAR-II. The
neglect of standard drag is justified on the basis of Mark I Acceptance
Criteria 18 for all structures except the RHR test lines of 1.5 inch diameter.
Standard drag will be calculated for those structures as in the Mark I pro-
cedure. The basis for this is presented in Section 380.3.2.31(c.fi) of
GESSAR-II. The application of the loads to structures with sharp corners is
subject to the same concerns that were expressed in Section 3.? 5 in connec-
tion with LOCA Bubble Loads. The use of an " effective cylinder" as in the
Mark I Acceptance Criterion 2.14.4(2a)ts is accepted as valid for Mark III in
Section 380.3.2.31(c.iii) of GESSAR-II.

The 2 to 3.5 Hz frequency range of this load definition was chosen by GE
because this range covers the primary frequency range of the C0 phenomenon.
This frequency range excludes the higher harmonics that were added to the wall
boundary C0 load definition (Section 3.4.1) for additional conservatism. To
justify not adding any higher harmonics to the C0 submerged structure load defi-
nition, GE provided an analysis 35 demonstrating that frequency components for
submerged structures higher than 3.5 Hz are bounded by the pool swell sub-
merged structure design load. The staff has reviewed this analysis and agrees
with the GE conclusions. Thus, the 2 to 3.5 Hz frequency range is adequate
and acceptable for use in the submerged structure load definition.

The staff finds the C0 loading specification on submerged structures presented
in Section 3BL.2.6 and 380.3.2.31(c) of GESSAR-II acceptable.

3.5 Loads During Chugging

When the steam flux through the top row of vents has fallen below about
i 210 lb/ft /sec, a transition from the relatively stable C0 mode of steam con-

densation to the more erratic chugging mode is observed to occur. In this
case, the steam-water interface does not remain attached to the top vent exit

| but intermittently collapses allowing suppression pool water to flood the vent
and re enter the weir annulus. An extended quiescent period then ensues until
the gradual buildup of the drywell pressure forces the steam-water interface
back into the pool, whereupon.the cycle is repeated. These random, intermittent
and highly impulsive motions create large pressure pulses within the top vent.
These are transmitted to the suppression pool and weir annulus, thereby pro-
ducing loads on both submerged boundaries and any structures as may be sub-
merged within the pool.
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3.5.1 Loads on the Top Vents

The loads on the top vents are specified in Section 38.4.1.9.1 of GESSAR-II.
The loads are of two types, a uniform pressure load which is to be applied to
the inner cylindrical surface of the top vent as well as a total force acting'

vertically upward. The latter represents the imbalance in the inner pressure
loading which is observed experimentally but is conservatively neglected when
developing and applying the inner pressure loads. The two loads, which are
applied concurrently, are spacified in a dynamic fashion. The time dependence
which is prescribed consists of a sequence of four triangular positive
excursions from the zero load condition (relative to local hydrostatic). The
amplitude, duration and interval between these pressure pulses varies with the
first of these, in particular, exhibiting a roughly exponential decay. The
overall duration of the pulse train is approximately 100 msec.*

Two values of peak pressure and force amplitude are prescribed depending on
the intended design application. The higher of these (510 psid and 250 KIPS,
respectively) are to be used for local design evaluation. That is, these
higher loads would be applied to individual vents to determine, for example,
the stresses in the vent lines. The lower values specified (214 psid and
91 KIPS, respectively) are used for global design evaluation. Thus, the load
pulses defined with those lower amplitudes would be applied to all top vents
simultaneously to evaluate, for example, piping and equipment response to
chugging.

The basis for this load specification is the chugging data base selected from
test runs 1 and 2 of the full-scale condensation test series 5707.2s This
data base consists of a total of 39 chugs.** The specified value of peak over-
pressure (540 psid) is equal to the highest pressure recorded within the top
vent during these 39 chugs. The global value (214 psid) corresponds to the
average of the 39 peak values. The specified value of peak force (250 KIPS)
corresponds to the highest load deduced by spatial integration of all pres-
sures (16) recorded inside the top vent for each of the 39 chugs. The global
value is the average of the force computed for the 39 chugs.

The staff has reviewed the load specification and basis in detail and concludes
that it represents a conservative loading suitable for the assessment of
Mark III containment design and response to the chugging loads which would be
experienced during a postulated LOCA. The load specification is therefore con-
sidered acceptable. The basis for the staff's conclusion is outlined below.

It was found during Test Series 5707 that the magnitude of the loads in the
top vent was strongly influenced by pool temperature. The highest loads

*A prechug underpressure (half-sinewave) of amplitude 15 psi is also spect-
fled which approximately doubles the pulse duration.

**A total of 59 chug events were actually observed during these two test runs
but 20 of these were excluded in developing the load specification. These
occurred during the early stages of test 5707/1 and exhibited very low
intensity pulses. It was speculated that this anomalous behaviour was due
to the presence of non prototypical concentrations of air in the steam.
Accordingly, they were eliminated to provide added conservatism.
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tended to occur at the lowest pool temperature. Although Test Runs 1 and 2 were
conducted at temperatures well below that which is expected to occur during an
actual LOCA, these runs were selected to provide the data base for the top vent
chugging load definition. The staff estimates that this represents a conserva-
tive margin of about 100% for the mean pressure and 25% for the peak pressure.

A further conservatism in the specified pressure amplitude stems from the use
of only the single highest pressure recorded during a particular chug from
among all 16 pressure sensors to characterize the pressure for the entire vent.
The staff estimates that this provides an additional margin of at least 15%.

The use of a triangular-shaped pressure and force pulse to represent the load
transient is only an idealization. The actual traces differ significantly
from these nominal forms. This difference also introduces a significant
margin, as demonstrated by GE's response to Question 38.18 of GESSAR-II. ARS

comparison of the design vs. peak observed pressure signature indicates that
the former exhibits significantly higher power (30-100% margin) over the
entire frequency range of interest. The use of the mean value of all observed
chugs for global design evaluation is reasonable given the experimentally
demonstrated stochastic nature of the chug strength (380.3.2.17 of GESSAR-II).
We do not expect all vents to experience the peak chug pulse simultaneously.
Synchronous application of the mean chug strength at all vents represents, in
our judgment, a reasonable but nevertheless conservative representation of the
global loading likely to be experienced during a LOCA. Support for this
conclusion stems from the 1/9-scale multivent test resultsas which show con-
clusively that the chugs in different rows of vents are not synchronized
(380.3.2.16 of GESSAR-II).

In summary, the load specification represents a very conservative interpreta-
tion and application of data obtained under reasonably prototypical full-scale
test conditions. The margins provided by this conservative definition are, in
the staff's judgment, sufficient to bound any low probability, higher intensity
loads that could be anticipated because of the stochastic nature of the chug-
ging phenomenon.

3.5.2 Loads on Submerged Boundaries

3.5.2.1 Weir Annulus

Chugging loads on the weir annulus (weir wall, basemat and inside drywell
wall) are defined in Section 38.5.1.4 of GESSAR-II. The loading is qualita-
tively similar to the pressure pulse train prescribed for the top vent
(Section 3.5.1) but with significantly lower amplitudes. The weir load also

! differs in that negative triangular pressure pulses are included in the pres-
' sure pulse train (Fig. 3B-46 of GESSAR-II). As was the case for the top vont

pressure load, peak (43 psid) and mean (15 psid) pressure amplitudes arei

defined for use in either local or global design evaluation. In contrast to
| the top vent loading, the peak amplitudes vary spatially to reflect the experi-
' mentally observed attenuations. This spatial variation is shown in Figure

3B-50 of GESSAR-II. The highest amplitudes occur in the vicinity of the top
vent and decaying to zero at the pool surface and to about 10% of the maximum
at the basemat. In the circumferential direction, only the peak pressure is
attenuated (to about 10% of maximum at a distance of 13 feet). No circumferen-
tial attenuation of the mean pressure amplitude is prescribed.
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The basis for these loads is identical to that for the top vent loads
(Section 3.5.1) since the weir annulus loads were also highest during the low
pool temperature tests. Thus, the peak amplitude was taken equal to the
highest pressure measured anywhere on the weir annulus during all chug events
observed during Runs 1 and 2 of Test Series 5707.28 The specified mean pres-
sure amplitude represents the average of the individual peaks taken from the
39 selected chug events.

The staff has made a detailed review of the load specification and its basis
and concludes that the specification generally provides a conservative repre-
sentation of the loads which would be experienced by the weir annulus during
the chugging phase of a postulated LOCA. Some potential non-conservatisms
were identified. Their resolution, as well as the staff's basis for finding
the load specification acceptable are enumerated below.

Generally speaking, the conservatisms cited in regard to the top vent load
specification (Section 3.5.1) apply for this case as well. An additional
conservatism relates to the spatial distribution which is employed. Figures
38.41-1 through 4 of GESSAR-II which were prepared in response to the staff's
Question 3B.41 show that the specified distributions would provide very sub-
stantial margin relative to the loads that would actually be experienced. The
most significant conservatism, however, stems from the test facility configu-
ration from which the data base was accumulated. As indicated in Appendix B,
the full-scale PSTF represents a single sector of a Mark III containment
wherein the planes of symmetry between two adjacent rows of vents are replaced
by solid walls. It can be expected that the effect of such a simulation will
be to maximize the boundary loads that will be observed since it corresponds
to all vents chugging synchronously. Since the absence of synchronous chugging
was demonstrated via the 1/9-scale multiple-vent tests,28 and cince the load
specification calls for synchronous application of the loads, a substantial
margin between design and actual loads can be anticipated.

The numerous conservatisms cited above provide confidence that the load spect-
fication is adequate to accommodate the single explicit nonconservatism which
was identified during the staff's evaluation. We refer to the ARS comparison
which was supplied by GE in response to the staff's Question 3B.18 of GESSAR-II
(Figure 38.18-3). This comparison between the design pressure signature and
the pressure trace which gave rise to the peak observed pressure amplitude
showed that the letter exhibits substantially higher power in the 20-30 Hz
frequency range. The staff's concern regarding this exceedance was transmitted
to GE via Question 38.39 of GESSAR-II. Their response included the results of
a structural evaluation of the weir wall which indicates that the frequency
excursion does not affect weir wall integrity and that thermal stress is the
bounding weir wall load conuition. Based on these considerations, we find the
proposed load specification to be acceptable.

3.5.2.2 Suppression Pool

The chugging loads on the suppression pool boundaries are defined in
Section 38.4.1.9.2 of GESSAR-II. In this case, a pressure signature consisting
of a pre-chug expansion (half sine wave) followed by a chug spike (triangular
positive pressure pulse) followed by a post-chug oscillation (damped sine
wave) is specified (Figure 38-27 of GESSAR-II). The peak amplitudes of the
three segments of the wave form vary depending on design application (local vs
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globa1), and location (spatial. attenuation). The duration of the chug spike
and the frequency 'of post-chug oscillation also vary according to boundary
location. The specific values ar'e given in Table 3B-4 and Figures 3B-28
through 38-35 of GESSAR-II._

The basis for this load specification is the chugging data base derived during
Test Runs 11 and 12.of the full-scale PSTF chugging. test program (5707).28
[These test ~ runs correspond to high initial pool temperature during which the
highest loads on the pool boundaries were found.] The peak values specified
for design correspond to the highest value observed during the 113 chugging
events which occurred during these tests while the specified mean values
represent the average. -

The staff has reviewed the specified loading and its basis and concludes that
the design loads provide a conservative representation of the loads that can
be expected to occur during the chugging phase of a postulated LOCA and is
therefore acceptable. The staff's basis for its conclusion is given below.

The conservatisms cited in earlier sections (3.5.1 and 3.5.2.1) are also
applicable he're. The use of the high temperature results from Test Series
570728 is of particular significance. The pool temperature during the
selected tests was.well above that which would be expected during the entire
LOCA blowdown (see' Figure 3B.1(D)-3 of GESSAR-II). This implies margins on
the order of 50% or more for both peak and mean values (see Figure 3B.1(0)-4
of GESSAR-II).

The margin provided by the idealized representation of the pressure spikes is
even more substantial than for the top vent load. In terms of the power con-
tained by the pressure wave form as reflected by its ARS, the margin varies
from 100 to 200% for frequencies up to about 100 Hz (Figure 3B.18-2 of
GESSAR-II).

The information supplied to the staff by GE also provides confirmation that
the use of the mean values can be justified quantitatively. In response to
the staff's Question 38.16 of GESSAR-II, GE developed estimates of the
excitation that would be produced on the Mark III containment when the peak
chugging loads occurred at all vents but with the nonsynchronous behavior
exhibited during the multiple vent tests.* This excitation was compared to
that produced by the design global load. The latter was found to exceed the
Monte Carlo results by a factor of at least two and as much as four throughout

| the frequency range of interest (see Figure 38.16-5 of GESSAR-II).

In view of these considerations, the staff has concluded that the load specifi-
cation is conservative and acceptable.

3.5.3 Fluid / Structure Effects During Chugging

l' TheeffectsofFSIinthefull-scalePSTFduringchuggigwereassessedintwo
ways. First, a single degree-of-freedom model was used in which the chugging
forcing function is applied to a three-element system composed of the test
facility mass, the mass of the surroundings, and the structural compliance.
GE concluded from this model that FSI has about a 20% effect (nonconservative)

* Monte Carlo simulation was employed to develop chug intervals between vents.
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on the pressure spike and a 10% effect (conservative) on the peak underpressure.
These effects were deemed to be of limited value in view of concerns associated
with the model.

In response to questions from the staff, GE prepared a second model employing
a three-dimensional compressible fluid dynamic analysis of the full-scale PSTF
suppression pool (380.3.2.24-1 to -12 of GESSAR-II). Results in the form of
calculated responses to simulated chug forcing functions were subsequently
compared with measured chug pressures. By this analysis, GE found that the
effect of FSI on the measured chug pressures is generally small except on the
drywell wall and that the effect of FSI is to make the load specification more
conservative. They further demonstrated that the post-chug oscillation is a
response of the test facility and is therefore unlikely to be found in the
standard Mark III plant. Inclusion of the post-chug oscillation in the chug
load specification may therefore be regarded as a source of conservatism.

The staff is satisfied with GE's assessment of FSI in the full-scale PSTF. It

was demonstrated that FSI does influence the measurement of chugging pressures
in the full-scale PSTF but since the effect is to amplify the measurements,
there is no need to alter the load specification.

3.5.4 Loads on Submerged Structures

The methodology for the calculation of loads on submerged structures during
chugging is presented in Section 3BL.2.8 of GESSAR-II. This methodology is
based on a simplified superposition of acoustic pulses arriving at the
structure. The pulses that could arrive within their own pulse-width are
taken as simultaneous and in the same direction. The force is computed by
applying, in effect, twice the total pulse pressure difference across the
structure. The pulse strengths are based on experimental chugging data.

The staff expressed concern that the pulse strength chosen did not bound the
highly stochastic data and could thus have a high probability of being exceeded
at some vent during a LOCA. Because of the local nature of loads on submerged
structures, no advantage could be taken of averaging source strengths over
several vents. The concern was addressed in Section 380.3.2. 31(d) of GESSAR- II,
in a formal response to Question 3B.43. The essential conclusion of the above
justification is that while the source strength chosen does not bound all the
chugging data, the simplified formulation of the resulting force has a conser-
vatism of at least a factor of 2.5. This factor holds for a 2 ft diameter
cylindrical structure and is even larger for smaller structures. If one used
this factor to increase the " effective" source strength, the calculated
pressures bound all the chugs except for one chug at one pressure measurement
location.

The staff feels that because of additional conservatisms associated with the
procedures by which forces originating from different vents are summed, the
issue of additional extrapolation of data to a low exceedance probability
during a LOCA need not be considered. The specification is therefore found
acceptable by the staff.

<

3-38

i



3.6 Loads During Drywell Depressurization

3.6.1 Drywell Wall

Following a LOCA, the Emergency Core Cooling System (ECCS) will be required to
provide the necessary water to refill the reactor pressure vessel. The
suppression pool water used by the ECCS will eventually cascade from the break
into the drywell and begin condensing the steam. The condensation will cause
a rapid depressurization of the drywell, thus drawing noncondensable gas from
the containment free space via the drywell vacuum breakers. A conservative
bounding end point calculation was performed for design purposes which assumed
that the noncondensables did not return to the drywell through the vacuum
relief system. The details of the calculation are presented in Attachment G
of Appendix B to GESSAR-II.

The scenario chosen for the drywell negative pressure calculation begins with
the air initially in the drywell being completely purged into the containment
at the time of the steam condensation in the drywell. The maximum containment
pressure, neglecting vacuum relief, is then calculated for the post-blowdown
period assuming 100% relative humidity and a final containment temperature
equal to the suppression pool temperature of 170 F. To evaluate the minimum
drywell pressure at this time, it is assumed, in addition to the above assump-
tions, that all steam in the drywell is instantaneously condensed and that the
ECCS flow out of the vessel is also at a temperature of 170 F. The negative
pressure load across the drywell wall is then equal to the difference between
the pressures of the containment and the drywell. The above calculation
yielded a drywell-to-containment negative pressure differential of 21 psi.
The staff has reviewed the calculation and finds it acceptable based on the
conservative nature of the assumptions.

3.6.2 Weir Wall

The reflood phenomena described above also gives rise to inward acting
impingement loads on the weir wall. The loads are a result of the drywell-to-
containment negative pressure difference acting on the suppression pool water
causing it to flow through the vents into the weir annulus. Eventually, the
water will overflow into the drywell until the top row of drywell vents are
cleared allowing direct communication between the containment and drywell

| volumes until the air flowing through the vents and the vacuum breakers
j equalizes the pressure difference prior to vent clearing, thus terminating
I the vent backflow transient.
|
' To evaluate the weir wall loads during this transient, a simple steady-state

flow analysis was performed to determine the flow velocities in the vent
system. The details of the calculation can be found in Attachment J to
Appendix 38 of GESSAR-II. The calculation described the pressure losses
associated with three flow paths of the Mark III vent system utilizing the
loss coefficients from Idel'Chik.30 The simultaneous solution of these
equations yielded vent velocities of the order of 40 feet /second assuming that
the 21 psi differential existed between the drywell and containment. The
impingement force on the weir wall is then obtained from a simple jet analysis
which assumes that the force on the wall corresponds to a complete change of
the horizontal momentum of the water flowing through the vents. A force of
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12,800 lbf per vent, applied.over the projected circular area of the vents,
- was calculated for the top vent and used to bound the forces corresponding to

,

i

the lower vents. The staff has reviewed the above specification and finds it |
acceptable based on the conservatism inherent in the bounding calculation. j

i

3.6.3 Structures Above the Weir Annulus

3.6.3.1 Weir Annulus Escape Velocity

Two velocities are of interest. One is the transient velocity of the water
surface as it first rises from the weir annulus into the drywell. This velocity,
which GESSAR-II has designated the jet front velocity, is of interest for
-determining _ impact loads on structures above the weir wall. After the initial
entry of the jet into the drywell, the flow continues to accelerate until it
reaches a steady-state velocity corresponding to the (constant) imposed pressure
differential. This velocity is used to determine the d_ rag loads on the structures.

The GESSAR-II specification for the jet front velocity is presented in Section
38.5.1.5, with Figure 3B.52a showing its variation with height above the top of
the weir wall. The jet front velocity was obtained by a simplified one-
dimensional analysis. A constant pressure differential was imposed and the
decelerating effects of gravity were included.

The staff has reviewed the analysis used for the jet front velocity and has
concluded that, on the basis of conservative assumptions with regard to fric-
tional losses and the imposed pressure differential, the resulting velocities
are conservative (high) except very near the weir wall. Thus, the staff finds
the specification (in Figure 38-52a) acceptable, with the stipulation that
V=4 ft/sec whenever the Figures shows V<4 ft/sec.

With regard to the steady-state velocity needed for drag computations, GESSAR-II
stipulates the velocities presented in Figure 38-52. The velocity at the
entrance into the drywell, i.e. , top of the weir wall, is 30 ft/sec. The flow
is then decelerated by the effects of gravity until it comes to rest at 14 feet
above the wall. This velocity was calculated using the drywell depressurization
time-history shown in Figure 3B.51. This pressure transient, in turn, was
calculated from a mass of energy balance of the drywell steam, vessel reflood
break flow, vacuum breaker flow, and suppression pool flow over the weir wall.
The calculation conservatively assumed thermodynamic equilibrium in the-drywell
as well as no heat transfer to the drywell wall, the vessel or the biological
shield wall. In addition, no vent entrance or vent friction effects were
included. Based on the conservative nature of the calculation, the staff
finds the above_ specification acceptable.

3.6.3.2 Impact Loads

As the water slug rises from the weir annulus, it may impact on drywell structures
in its path. The original GESSAR-II did not contain an impact specification,
but in response to NRC Question 3B.30 (see GESSAR-II Section 38.3.2.30) an
impact specification was included in Revision 2. This revised specification
(Section 3B.5.1.5 of GESSAR-II) corresponds to the Mark II acceptance criteria>

for impact 12, with one important exception. Whereas the Mark II acceptance
criteria stimpulate a flat pool at impact, the present specification assumes a
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curved pool with impact. durations obtained from the PSTF tests: 6.8 msec for
radial structures -and 2.0 msec for circumferential.. .(Note that flat pool

,

impact results in the shortest pulse durations and largest stresses in the
impacted structures.),

Since the staff has accepted the basic Mark II impact methodology, the review
focused'on the acceptability of the pulse durations proposed in GESSAR-II. No
quantitiative. justification is offered for these pulse durations except for
the statement'that "... jet will have a curved surface due to the viscous drag '

' .of the drywell wall and the jet pressure gradient..." The staff is unable to
accept this justification for the pulse duration. However, the staff concedes
that the jet front will not be flat once it leaves the. weir annulus. (If the
pool were flat, the stresses due to impact could be several' times greater than
predicted by the GESSAR-II specification.) F

i
; ' The staff contends that the jet . front will not be flat, basically because of

the effects of gravity. .0nce the jet rises above the weir wall, gravity will
' induce a latera,1 velocity from the wall toward the center of the drywell.
This problem could, of course, be analyzed numerically by any of the free-

'

surface computer codes (e.g., FREESURF 32), however, that seems to be
unnecessary. The problem at hand has a similarity to the " dam break problem,"
which has already been worked out with these codes. The differences are:
(1) in the problem at hand, water is not initially at rest but is being accel-
erated upward, and (2) the " dam" is not removed instantaneously but, rather,
as if it were gradually lowered into the ground. The first difference,-the
effect of the acceleration, can be neglected because consideration of additional
acceleration beyond the-32.2-ft/sec2 can only enhance the lateral velocities.
The second difference will be addressed below.

a
,

4 The lowest impacted structure above the weir annulus in the 238 Standard Plant
is 0.25 feet above the weir wall. This is the location where flat pool impact
is most likely to occur. Thus, the height of our hypothetical dam is 0.25 feet.i

From the jet front velocity in Figure 38-52a of GESSAR-II, the velocity at
this height is 4 ft/sec and its takes approximately 0.12 seconds to reach it.
We are now interested in the jet front inclination at 0.12 sec after leaving1

,

the weir annulus. The profiles of the water surface for the dam problem,
after breakage of the dam are available in nondimensional coordinates in the
open literature (e.g., see Figure 7 in Ref. 26). As time progresses, the-
horizontal water surface initially upstream of the dam, assumes a progressively

i greater slope. We must now address the second difference between the dam
breakage problem and the problem at hand: our dam " recedes" into ground in;

i 0.12 sec instead of being removed instantaneously. To compensate for this
difference, we chose to look at the water surface profile at 0.06 sec, which
is half the time that would be appropriate if the wall were_~ removed instanta-
neously. 'Using 0.06 seconds, in conjunction with the curves in Ref. 26, the-
-jet front curvature at the time of impact results in a pulse duration of-
approximately 20 msec for structures that span the weir annulus. This is

. about 3 times greater than the pulse duration of 6.8 rsec proposed by tha
! GESSAR-II. However, the shape of the pressure pulse from this type of impact

-is expected to be quite different than the versed-sine shape in GESSAR-II.~

The shape of the. pressure pulse was estimated from the profile of the jet
front at the time of impact. It was found to have a high impact pressure

.

!

3-41

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



,

initially, with a gradual decrease followed by an elongated tail. Thus, even
though the total pulse duration is 20 msec, most of the impulse was absorbed -

in a much shorter time. In comparing the stresses that would result from
application of this pulse and the GESSAR-II specification, it was found that
below structural natural frequencies of 200 Hz, the GESSAR-II specification is
conservative. Above 200 Hz, the stresses using the " dam break" jet fronts
were somewhat higher. At natural frequencies greater than 500 Hz the stresses
must be multiplied by a factor of 1.8. Between 200 and 500 Hz a linear inter-
polation of the multiplier is required.

For radial structures 1 foot and higher above the weir wall, an analysis
similar to the one above, showed that the GESSAR-II specification over-
predicted the stresses.

The above discussion applies only to structures with a radial orientation,
since the surface inclination is in that direction. The Standard Plant also
has numerous structures with circumferential orientetion above the weir annulus.
For impact on these structures, GESSAR-II stipulates a pulse duration of
2.0 msec (from PSTF data). The staff has compared this value against flat pool
pulse durations derived from Mark II acceptance criteria and found that, for
the specific circumferential structures above the weir annulus in the 238
Standard Plant, the flat pool pulse durations were greater than 2.0 msec.

The staff finds acceptable the GESSAR-II impact specification on structures
above the weir wall, with the exception of radial structures within one foot
of the top of weir wall. The stresses in these structures must be increased
by a multiplier. This multiplier is 1.0 when the natural frequency of the,

structure is less than 200 Hz, 1.8 when the natural frequency is greater than
500 Hz with a linear ramp between these values.

For structures located between zero and 0.25 feet above the wier wall, flat

pool impact should be considered (e.g., the acceptable criteria in Section 2.7
of Appendix A, NUREG-0661 is appropriate for flat pool impact). The velocity
at impact for these structures shall be taken at 4 ft/sec. There are no
structures that fall into this category in the standard plant design.

3.6.3.3 Drag Loads

Following jet front impact, the structures above the weir wall are subject to
drag forces. The velocities associated with the drag forces (Figure 3B-52)
may be considerably higher than what was used for impact because the flow
continues to accelerate until it reaches a steady-state value (30 ft/sec at
the top of the weir wall). The GESSAR-II specification for drag (Section
38.5.1.5) uses the conventional drag formula with a constant drag coefficient
of 1.2 for circular cylinders. Noncircular structures are handled by using
the same drag coefficient in conjunction with an " equivalent" diameter circular
cylinder. For I-beams, for example, the " equivalent" diameter is equal to (2
times the diameter of circle which circumscribes the cross-section of the
I-beam.

The staff's comments on this specification are as follows: Although the drag
coefficient on circular cylinders can exceed 1.2, this occurs at very low
Reynolds numbers where drag would be negligible for any structures of practical

^

i
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interest. Thus, CD = 1.2 is acceptable for pipes. The use of " equivalent"
diameter for noncylindrical structures is also acceptable since it overpredicts
the actual drag by a small amount for I-beams, which are the only noncylindrical
structures above the weir annulus in the Standard Plant.

The staff has concluded that the drag specification on structures above the
weir wall is acceptable.

3.7 Other Priiaary Loads

3.7.1 Weir Wall Pressure Loads During High Vent Flow

Once the vents have been cleared of water, a relatively high flow rate of an
air / stream mixture is established through the weir annulus and the vents.
During this period the static pressure level in the weir annulus drops below
the supply pressure which prevails inside the drywell, in general, and on the
inner weir wall, in particular. This outward pressure differential is specified
for design purposes to be 10 psid and to prevail for 30 seconds (Section 38.5.1.3,
GESSAR-II). The basis for this load specification is an analytical model
developed by GE.20

The staff has reviewed the available information related to this load and
conclude that the load specification is conservative and therefore acceptable.
The basis for the staff's determination is as follows.

A very conservative intepretation of the 1/3-area scale test data base 9 indicates
that the outward Ap likely to be experienced under prototypical DBA LOCA'

conditions will not exceed about 4 psi. The large margin (a factor of 2-1/2
or better) provided by the design specification is not surprising in view of
the conservatisms employed by the analytical model (Appendix D). On the other
hand, the static manner in which the load is applied degrades the margin
substantially since the actual load is dynamic in character (a quasi-triangular
spike with duration of about two seconds). However, since the worst possible
combination of load duration and structure frequency imply a Dynamic Load
Factor (DLF) ~ not exceeding 2, the actual margin could not be reduced to less
than 25%. It is the staff's judgment that this is adequate to account for any
other uncertainties that may prevail (e.g., scaling inconsistencies in the
1/3-scale tests - see Section 3.2.1).

| 3.7.2 Asymmetric Loads During Pool Swell

! An asymmetric load on the entire containment system is specified in Section
i 38.6.1.3 of GESSAR-II. This is to account for the possibility of circumferen-

tially non-uniform venting of the air / stream mixture from the drywell. The
specification assumes that the dynamic pressure loads associated with initial

| bubble formation (Section 3.2.3) apply on 180 degrees of the system while the
net dynamic load on the other 180 degrees is zero. As is the case for normal
pool swell, this load is to be applied dynamically (Fig. 3B-11 of GESSAR-II).

The dynamic loading distribution is obviously conservative and therefore
acceptable to the staff.
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3.7.3 Thermal Loads

3.7.3.1 Suppression Pool Thermal Stratification

In the event of a postulated LOCA, the suppression pool w'ater in the immediate
vicinity of the vents is heated due to the energy release during the steam,

condensation portion of the transient. For the Mark III horizontal vent
configuration, the majority of mass and energy is transferred to the pool
through the top vents. Consequently, the upper portion of the suppression
pool is heated more than the lower portion. Although turbulence and the large
scale mixing induced by chugging tends to smooth out these gradients, experi-
ments indicate that some thermal stratification will persist throughout the
LOCA blowdowns. Structures which are exposed to this temperature gradient
will experience thermal stresses due to non-uniform heating. A prime example
of such a structure is the steel suppression pool liner with which Mark III
plants are equipped.

The design temperature profile to be used for structural evaluation is specified
in Section 38.6.5 and its basis discussed in Attachment I of Appendix 3B of
GESSAR-II. The profile is determined from

T$=T + c; (T-T )/qi (3-18)g g,

where T is the average water temperature in the ith horizontal layer orj
segment of the suppression pool, q is the height of this segment expressedj
as a fraction of overall pool depth, and c$ the corresponding fraction of
total blowdown energy Q.

The latter defines the bulk temperature T from

T=T + Q/m c (3-19)g pp

where m is the total water mass, c the specific heat and T the initial poolp p o
temperature. The values of q$ and c5 are to be taken as follows:

i= 1 (uppermost segment) q; = 0.2 c; = 0.23
i=2 0.2 0.23
i=3 0.2 0.22
i=4 0.2 0.20
i = 5 (lowest segment) 0.2 0.12

The basis for this energy deposition distribution is the temperature data
recorded during the 2.5 inch venturi liquid blowdowns conducted during the
1/3-area scale test series 5807.27 The thermal stratification observed
under these conditions was the most severe both in terms of overall temperature
difference (57 F) and gradient (about 7 F per foot). Note that for structural
evaluation, the temperature gradient is the relevant parameter. The staff has
reviewed this specification and the basis from which it was developed and
concludes that the proposed temperature profile conservatively represents _the
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thermal environment which till be experienced by the Standard Mark III
containment during all postulated LOCA events. The basis for the staff's
conclusfon is outline below.

It was found in Test Series 5807 that the degree of thermal stratification was
strongly influenced by the blowdown mass / energy rate addition to the simulated
drywell. The greatest stratification tended to occur at the higher rates.
Over the range tested, the stratification varied from a low of 20 F to the

maximum cited earlier (57 F). Since this result was obtained with a blowdown
rate corresponding to about a 140% DBA*, use of this data to develop the
design profile is clearly conservative for a DBA LOCA provided the applicability
of the 1/3-area scale data for full scale can be demonstrated. This concern
and its resolution will be discussed next. Finally, the suitability of this
same profile for other postulated LOCAs (IBA, SBA) is examined.

The concern relating to scale arises due to the possibility of nonprototypical
pool mixing caused by the distorted geometry scaling (i.e., shortened horizontal
pool length). In response to the staff's question concerning this issue (see
Attachment 0 of GESSAR-II, Question / Response 3B.28), a numerical analysis was
performed by GE to provide additional insight and justification. The study
utilized the RELAP4/M005 thermal hydraulics computer code. The code was
applied first to the 1/3-area scale Test Run 5807/22 to verify the RELAP code
could adequately predict the PSTF results. Reasonable agreement between the-
results and the PSTF data was achieved with the agreement improving with time.
Then to investigate and confirm that the RELAP model could be scaled up, the
model was applied to the full scale test 5707/1. In a similar manner, the
PSTF data was again reasonably well predicted by the model. The next step in
the study consisted of running a hypothetical full-scale PSTF case having a
blowdown flow rate and energy flux three times that of the 1/3-area scale test
5807/22 in order to simulate a prototypical' full-scale PSTF case. A comparison
of these two simulations having prototypical blowdown energy addition per pool
mass was then made to assess the effect of the distorted geometry on the
stratification. The results indicated that the 1/3-scale distorted geometry
stratification is similar to the full-scale thermal stratification with the
1/3-area scale having greater stratification than prototypical at later times
in the transient.

Experimental confirmation for this trend of increasing stratification with
decreasing scale is provided qualitatively by a comparison of the 1/9-area
scale test results2s with the 1/3-area scale results. Although data scatter
prevents making quantitative statement, it is clear from a careful examination
of the test results that the stratification in 1/9 scale is no less and probably
greater than any observed in 1/3 scale particularly in terms of temperature
gradient. Since this result was obtained with a relatively low blowdown flow
rate (2.5-inch venturi steam vs. 2.5-inch liquid and 3.0-inch steam in the
1/3-area scale tests), it would appear that the inverse trend of stratification
with scale is sufficiently st ong to overcome the opposing trend with blowdown

*As noted in Reference 9, simulation of a BWR/6 recirculation line break
requires use of a 2-1/8-in. venturi. In the worst case test discussed here
a 2-1/2-in. venturi was used so that in terms of break size the blowdown rate
is (2.5/2.125)2 = 1.4 times greater than prototypical.
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flow rate. Accordingly, it is concluded that the analytically derived trend
is correct and that the use of the energy deposition distribution derived from
1/3-area scale provides a conservative representation for the DBA LOCA.

To-justify the use of the same temperature profile for a long-term LOCA (SBA,
-IBA), GE performed an additional RELAP calculation in which a prototype Mark III
IBA was simulated (also Question / Response 3B.28). The simulation was performed I

using standard licensing assumptions but without the effect of vent interactions
during chugging and RHR operation. Both of these effects contribute to mixing
in the suppression pool so that their neglect can be considered a significant
conservatism. The results showed that the maximum stratification in this case
was bounded by the specified temperature profile. The staff therefore concludes
that the specification is applicable and acceptable for all postulated LOCA
events.

3.7.3.2 Top Vent Temperature Cycling

During the chugging portion of the condensation transient, the vicinity of the
top vent experiences a cyclic temperature variation brought about by the
fluctuating steam-water interface. The top vent cycle fluid temperature
time-history and its area of application were derived from the full-scale Test
Series 5705 and are discussed in Section 38.4.6 of GESSAR-II.

The shape of the cycling fluid temperature history as shown in Figure 3B-39 of
GESSAR-II is derived from a statistical analysis of the response of a tempera-
ture sensor located 1 foot into the pool along the top vent centerline for the
185 temperature cycles observed in full-scale Tests 1 through 6. The relative
time durations of the plateaus obtained in this manner were then conservatively
adjusted by doubling the amount of time the structures are exposed to the
steam temperatures. The profile cycles from a maximum temperature of 230 F to
a minimum temperature of 100 F over the period equal to the chugging period
which randomly varies from 1 to 5 seconds. The maximum temperature of 230 F
is the maximum steam temperature entering the pool during chugging in the
full-scale Test Series 5707, whereas, the minimum temperature of 100 F
corresponds to the minimum vent temperature observed during chugging for runs
having an initial pool temperature of 70 F. The design methodology specifies
that this AT amplitude should be reduced due to bulk pool temperature increases
during the transient. Therefore, the bulk temperature, which is a conser-
vatively low estimate of the temperature in the vicinity of the vents, is used
as the lower fluid temperature in the thermal cycling specification. This
specification is applied to all areas where cyclic conditions are expected.

The areas of application of the cycling temperature profile as derived from
the full-scale Test Series 5707 are the following:

1. A 4-foot horizontal band on the weir wall and inside drywell

2. The upper inside vent surface (top vent only)

3. An area of the outside drywell wall just above each top vent as shown in
Figure 3B-39 of GESSAR-II.
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-The areas of application as shown in Figure 3B-39 were determined from a
series of level conductivity probes located in the weir annulus, top vent and
pool and bound all observations of steam-water interface travel in both the

full-scale (Test Series 5707)2s and 1/3 area-scale (Test Series 5807)27
test series.

Additional information concerning both the cycling fluid temperature history
and its area of application can be found in Attachment 0 to Appeadix 3B of
GESSAR-II. More specifically, the information is contained in Responses
3.B.25 through 3.B.27 to the staff's questions concerning the above method-
ology. Based upon the prototypical nature of the full-scale chugging
transient coupled with the conservatisms associated with the specification of
the loarl, the staff finds the above methodology acceptable.

4

3.7.4 Intermediate (IBAs) and Small Break Accidents (SBAs)

In general, the magnitude of dynamic loading conditions associated with a LOCA
decrease with decreasing break size because of the lower drywell pressurization
rates. The only LOCA-related hydrodynamic loads from an IBA or SBA that are
equal in magnitude to those loads assocated with a design-basis accident (DBA)
are C0 and chugging loads. The duration and timing of those loads for IBAs or
SBAs, as well as combining them with other phenomena (e.g., the IBA is examined
in conjunction with actuation of the Automatic Depressurization System) is
different from the DBA case. These features are defined in a series of loading
charts such as those cited acave (Figures 38-36, 44, and 65 for IBA; Figures 3B-37,
43, and 66 for SBA of GESSAR-II).

The staff has reviewed the information described above and concludes that the
loads which are prescribed for IBAs and SBAs are acceptable. The basis for
this conclusion is enumerated below.

The conditions that govern the load characteristics of C0 and chugging loads
were detailed in Sections 3.4 and 3.5, respectively, of this report. For IBAs
and SBAs, the range of parameters that control the load characteristics of C0
and chugging phenomena are within the parameter ranges used by GE to arrive at
the load definitions for these loads. Therefore, we conclude that the magnitude
of C0 and chugging loads for IBAs and SBAs will be equal to or less than the

i magnitude of the loads following a DBA.

The timing and duration of C0 and chugging loads during IBAs and SBAs are
dependent on the mass and energy release from the break in the primary system.
We conclude that the release rates have been conservatively calculated by GE
and that the duration and timing of these loads are acceptable.

The combination of IBA and SBA LOCA-related hydrodynamic loads with other
phenomena has been performed by GE using acceptable procedures, i.e. , single-
failure criteria, system characteristics (e.g., ADS actuation), and 10 CFR
Part 50 requirements (e.g., seismic accelerations).
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j - ?3.8 : Secondary Loads
4 . .

3.8.1 ' Sonic Wave-

:
1

i Immediately following the postulated instantaneous rupture of a large primary
! -system pipe, a sonic wave front m6y be created at the break location and pro-
i pagate through the drywell to the vent system. This phenomenon is neglected

on the' basis that the. finite opening time of a real break' coupled with the4

j rapid attenuation with distance and short duration produces an insignificant
: loading in the drywell. The staff concurs with this assessment and concludes
! that the sonic wave load may be considered negligible.
i '

3.8.2 Compressive Wave
i

| The rapid compression of the drywell air could result in a compressive wave in
1. the weir annulus water. The wave if produced would then travel down the weir
: annulus, through the vents, and through the pool to the containment wall.

This phenomenon is not included in the Mark III cuntainment design on'thei_

basis that the approximately 20 psi /sec pressure rise rate in the drywell is.

{. not sufficiently rapid to generate a significant compressive wave in the
L water. In addition, even if a' wave were generated, the subsequent attenuation

of the wave as it crosses the 18.5 feet wide suppression pool would lead to
insignificant containment wall loads. It is also concluded in Section'38.8.L6
of GESSAR-II from an examination of applicable PSTF data that compression wave
loads on structures in the suppression pool are significantly smaller than;

! loads caused by the water jet for structures close to the drywell and therefore
i they are not included as design loads. Based on these considerations, the
i staff concludes that compression waves may be considered negligible.
i
I 3.8.3 Water Jet Loads During Vent Clearing
1
;

i During the initial phase of pool swell, water in the weir annulus is expelled
j through the vents into the suppression pool. The resulting water jets and ,

i their induced flowfield could potentially produce loads on submerged structures
j in the vicinity of the vents.

t

| Significant loads on submerged structures due to the initial water jets are
i confined to regions either directly within or very near the jet paths. A

|: conservative estimate based on experimental data yields a zone of influencesi

within which these loads could be significant. Section 3B0.3.2.31(a) of
GESSAR-II'shows that for Mark III plants only small portions of the S/RV

! quenchers lie withir. these zones of influence and that at these locations the
,

i. loads are bounded by the subsequent air bubble loads. Therefore, no water jet
load ir, specified. The staff finds this acceptable.

3.8.4 Fallback Loads on Containment Boundaries

The' staff has examined the potential for " water hammer" type loads during the
fallback of the suppression pool. Such loads could occur if the water slug .
remained intact during this phase. All available experimental evidence,

7

| accumulated during the Mark I and Mark II containment loads programs, however,
: suggest that the fallback process consists of a relatively gradual-settling of

the pool water as the remaining air " percolates" upward. CLreful examination

:
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of pool boundary pressures from the Mark III PSTF confirms the absence of any
large overpressures during the fall back phase. The staff concludes that
failback loads on the containment boundaries, if they occur at all, are small
and need not be considered for design evaluation.

3.8.5 Impact Loads During Fallback

For the same reasons discussed in Section 3.8.4 above, intact water slug
impact on any structures between the bottom vent and the HCU floor is not
expected to occur during fallback. Some potential for froth type impact does
exist. However, as indicated in Section 3.3, the drag loads which are
specified by the GESSAR-II methodology, because of the conservatisms which are
employed, represent the bounding design load. Thus, froth type impact loads
need not be considered in the Mark III containment design evaluation.

3.8.6 Post-Pool Swell Waves

Following the pool swell process, the surface of the suppression pool assumes
an agitated state consisting of pool wave action. Visual observations of PSTF
tests indicate that these waves have peak-to peak amplitudes of less than two
feet. Since these wave heights do not generate significant containment loading
conditions, the staff considers a separate wave load specification unnecessary.

3.8.7 Asymmetric Chugging Loads

The methodology of GESSAR-II does not include the specification of an asymmetric
chugging load to account for the possibility that either chugs of unequal
strength occur on opposite sides of the containment or that they occur-in a
nonsynchronous manner. The staff via its Question 3B.42 requested justification
for the absence of such a loading on the containment and GE's response to
these requests have satisfied the staff that it is justified. The basis for
this conclusion is as follows.

GE's approach to eliminate the concern identified above was to generate, by
means of Monte' Carlo simulation, a realistic but nevertheless conservative
estimate of an asymmetric chugging load on an actual Mark III containment. In
generating these simulations, random variation of both the time of chug
occurrence at the various vents, as well as chug amplitude, were employed.
For the former, time windows taken from the 1/9-scale multivent tests were
employed. For chug amplitude, only values of peak pressure ranging from mean
to maximum observed were utilized. The sensitivity of the results to choice
of time window was examined and the worst case value (80 ms) was employed in
the sim"lations.

.

'The results of these simulations were displayed as the ARS of the x and y
overturning nioments acting on the containment and compared with tnat
corresponding to the asymmetric pool swell loads (Figures 38.42.1 and 38.42.2
of GESSAR-II). The results demonstrated unequivncally that the pool swell

.asynnetric load represents the bounding design load. This is true even if the
chugging excitation is combined with the excitation induced by a single SRV
actuation and seismic loading (see Figures 38.42.1 and 38.42.2).
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Thus, the asy metric chugging load is considered a secondary load since.it is.
_' - bounded by another design load.and need not be considered in the Mark III
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4 CONCLUSIONS AND IMPLEMENTATION OF GUIDELINES

The staff and its consultants have reviewed the Mark III containment LOCA-
related hydrodynamic loads criteria contained in Appendix 3B of GESSAR-II and
conclude that, with a few exceptions as noted, these load specifications
provide conservative loading conditions. The staff's acceptance criteria for
LOCA-related hydrodynamic loads are contained in Appendix C of this report.

The loads definitions presented in this report were based on the physical
characteristics of the standard GESSAR-238 Mark III containment design detailed
in the GESSAR-II document. However, the conservative assumptions used in
developing these loads definitions and the minor deviations from the standard
design seen by the staff to date should make the loads definition acceptance
criteria contained in Appendix C applicable to all Mark III plants. Each
applicant using the Mark III containment design, however, will be required to
justify the use of the staff's acceptance criteria if deviations from the
standard design exist. These loads definitions are to be applied in the
response analyses of containment structures and components. These analyses
need not be performed if it can be shown to the staff that a previously analyzed
Mark III plant has sufficient similiarity in plant characteristics to make the
analyses performed for that plant design applicable to the Mark III plant
design under consideration.

The staff will review each applicant's use of the NRC acceptance criteria for
applicability to their plant design. Mark III applicants for a construction
permit need only furnish a commitment to use the staff's acceptance criteria
in the design of their containment. Mark III applicants for an operating
license will be required to show how the NRC acceptance criteria were applied
and to justify any deviations taken. For both CP and OL applicants, the
information required shall be submitted in a timely manner to allow for the
evaluation to be included in the plant's Safety Evaluation Report, or supple-
monts thereto.

The staff is reviewing, separately from the generic B-10 review, concerns
raised by Mr. J. Humphrey regarding the Mark III containment design, which
include concerns related to LOCA-related hydrodynamic loads. The staff does

| not anticipate that the ultimate resolution of the Humphrey concerns will
| require any modifications to the generic load definition contained herein.

This review is being handled on a plant-unique basis and the final results
will be plant unique only, not generic.

.

,

|
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Appendix A

Containment /Drywell Pressure Transient During a DBA

1 DESCRIPTION OF DBA EVENT

For the standard BWR 6/ Mark III containment design, the assumed sudden double-
ended rupture of a main steam line between the reactor vessel and the flow
limiter would result in the maximum flow rate of primary system fluid and
energy to the drywell. This would, in turn, result in the maximum positive
drywell differential pressure. The sequence of events immediately following
the rupture of a main steam line between the reactor vessel and the flow
limiter has been determined. The flow in both sides of the break will accele-
rate to the maximum allowed by the critical flow considerations. In the side

| adjace" to the reactor vessel, the flow will correspond to critical flow in
L the steam line break area. Blowdown through the other side of the break will
| occur because the steam lines are all interconnected at a point upstream of
' thr turbine by the bypass header. This interconnection allows primary system

f'did to flow from the three unbroken steam lines, through the header and back
into the drywell via the broken line. Flow will be limited by critical flow in
the steam line flow restrictor. The total effective flow area is given in
Figure A-1.

The reactor blowdown rate is calculated using the following assumptions:

(a) The vessel depressurization flow rates are calculated using Moody's
critical flow model.Al During the first second of blowdown, the flow
consists of saturated steam. Immediately following the break, the total
steam flow rate leaving the vessel would exceed the steam generation rate
in the core, causing the initial depressurization of the reactor pressure

i vessel (RPV). Void formation in the reactor vessel water causes a rapid
rise in the water level, and it is conservatively assumed that the water
level reaches the vessel steam nozzles one second after the break occurs.
The water level rise time of one second is the minimum that could occur
under any reactor operating condition. From that time on, a two phase

! mixture would be discharged from the break.

(b) The main steam isolation valves (MSIVs) are assumed to start closing at
0.5 second after the accident and be fully closed in the maximum time of
five seconds following closure initiation. By assuming slow closure of
these valves, a large effective break area is maintained for a longer
period of time. The peak drywell pressure occurs before the reduction in
effective break area and is, therefore, insensitive to any additional
delay in closure of the isolation valves.

(c) The reactor is assumed to be at 102% of rated power.

!
>
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(d) Reactor power generation is assumed to cease at the time of accident
initiation because of void formation in the core region. Scram also
would occur in less than one second from receipt of the high drywell
pressure signal. The difference between the shutdown times is negligible.

(e) A complete loss of offsite power is assumed to occur simultaneously with
the pipe break. This condition results in the loss of power conversion
system equipment and also requires that all vital systems for long-term
cooling be supported by onsite pcwer supplies.

(f) The core decay heat and the sensible heat released in cooling the fuel to
initial average coolant temperature are included in the RPV depressurization
calculation. The rate of energy release is calculated using a conservatively
high heat transfer coefficient throughout the depressurization period.
The resulting high energy release rate causes the RPV to maintain nearly
rated pressure for approximately 20 seconds. The high RPV pressure increase,
the calculated blowdown flow rate, which is again conservative for analysis
purposes. The sensible energy of the fuel stored at temperatures below
the. initial average coolant temperature is released to the vessel fluid
along with the stored energy in the vessel and internals as vessel fluid
temperatures decrease during the remainder of the transient calculation.

The pressure response of the containment during the blowdown period of the
accident is analyzed using the following assumptions:

(a) Thermodynamic equilibrium exists in the drywell and containment. Since
highly turbulent conditions are expected due to the blowdown flow, the
analysis assumes complete mixing.

(b) The fluid flowing through the drywell-to-suppression pool vents is formed
from a homogeneous mixture of the fluid in the drywell. The use of this
assumption results in complete carryover of the drywell air and a high
positive flow rate of liquid droplets, which conservatively maximizes
vent pressure losses.

4

(c) The fluid flow in the drywell-to-suppression pool vents is assumed compres-
sible except for the liquid phase.

(d) Heat sinks are neglected inside the containment. In reality, condensation
of some steam on the drywell and containment surfaces would be expected
to occur.

2 SHORT-TERM ACCIDENT RESPONSE

Figure A-2 shows the pressure responses of the drywell and suppression chamber-
during the primary system blowdown phase of the steam line break accident
(LOCA) and Figure A-3 shows the drywell differential pressure response using
the GE Pressure Suppression Containment System Analytical Model.A2, A3

The peak differential pressure occurs shortly after the vent-clearing transient.
As the blowdown proceeds, the primary system pressure and fluid inventory will
decrease, resulting in reduced break flow rates. As a consequence, the flow
rate in the vent system and the differential pressure between the drywell and
suppression chamber begin to decrease.

A-3
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After the primary system pressure has dropped to.the'drywel'1 pressure, the
~

;

blowdown will be over. At this: time, the.drywell will contain saturated
steam, and the drywell and containment pressures:will stabilize. aThe pressure

_

.,

. difference corresponds t'o the hydrostatic pressure of vent submergence.
,

. . i

The drywell and suppression pool will remain-in this equilibrium condition
until the reactor vessel refloods. During-this period, the emergency core
cooling pumps will be injecting cooling water from the suppression pool into
the reactor. This injection of water will eventually' flood the reactor vessel

,

i to the -level _ of-the steamline nozzles and the ECCS flow will spill into the
drywell. The water spillage will condense.the steam in the drywell and thus
reduce _ the drywell pressure. As soon as the drywell pressure drops below the

; containment pressure, the.drywell vacuum breakers will. open, and noncondensible

j '
gases from the containment will flow back into the drywell until the pressures-

iii the two regions equalize.

| 3' DESCRIPTION OF DRYWELL PRESSURE' TRANSIENT ANALYTICAL MODELS
-i

| The pressure reponse of the standard Mark III containment drywell and containment
! is calculated by General Electric (GE) using the GE Pressure Suppression

A2, A3-Containment System Analytical Model and the results are confirmed by
A4!' the NRC sta'ff,using the CONTEMPT-LT/028A computer code. Both models use- .

' similar assumptions' in calculating the pressure of the drywell atmosphere and
j the flow of water / air / steam through the horizontal vents and a general descrip-

tion of the assumptions used, which apply to both models, is contained below.

! The overall approach to the simulation of the Mark III drywell transient is to
assume the drywell to be a single pressure system whose total energy and mass of

i ' air, vapor,:and water are known at.all times from an. integration of the.various
j -flows across the system boundary. Equations giving the rate of change of

total drywell energy, water inventory, and air inventory are solved with'
,

, finite time step techniques. Once the thermodynamic condition of the drywell
4 constituents is known (i.e., whether the water phase is saturated or superheated)
' the drywell temperature and pressure may be calculated. Although the vent
|- clearing. transient is a three-dimensional event, the analytical models assume

~

,

one-dimensional flow. Multidimensional vent effects are approximated, however. ;'

:The major assumptions used to develop the multinode modeling of the horizontal '

! vent c.learing transient are:
i
I (a) Incompressible transient flow of a pure liquid

'

(b) Adiabatic conditions
1

|
(c) One-dimensional conservation equations for each node

' -(d) Vents clear as plugs

1 (e) Multidimensional vent effects are represented by irreversible loss terms.
i.

The final vent clearing equations solved are dependent on the wetwell and'

drywell vapor region pressures.
t

s
i'
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Once the increasing drywell pressure has accelerated enough water from the vent
system to clear the first row of vents, the process of air / steam flow through
the vents will begin. Similarly as the second and third vents are cleared of
water, flow of drywell atmosphere will flow through these vents.

The overall approach to the analytical simulation of the containment response
is to continuously integrate the air, water . vapor, and liquid in both the
drywell and containment. Thus, at any time during the transient, the pressure
at both ends of the vent system are known and the vent flow that will occur as
a result of this pressure difference can be calculated. This flow rate is
then used to advance (over a very small time step) the integration of drywell
and containment inventories. The containment airspace is divided by the HCU
floor into two modes with a simulated flow restriction in the GE analytical
model, whereas the CONTEMPT-LT/28 code models this airspace as one node. The
GE approach is more. realistic, and conservative, since the short-term pressure'

differential in the containment (Fig. A-2) due to the HCU floor flow restriction
leads to higher peak drywell pressures by delaying the vent clearing process.

A4A comparison of the results between GE's analytical model and CONTEMPT-LT/28
for the short-term pressure transient for a typical Mark III plant (Grand Gulf
1&2) design is provided in Figure A-4. Table A-1 contains a comparison of the
vent clearing times using the two models. As can be seen from Figure A-4, the
GE analytical model predicts a peak drywell pressure of 22 psig for Grand Gulf
while a CONTEMPT-LT/28 run, using the same mass and energy release rates from

i the reactor vessel, predicts a peak pressure of 18.5 psig inside the drywell.
The higher pressure prediction of the GE model is in large part due to the
slower vent clearing times calculated by their vent clearing model (approxi-
mately 0.1 seconds slower than the CONTEMPT-28 calculation -see Table A-1),
which is mainly a result of the two node modeling of the containment in-the GE
approach, as discussed earlier.

Another conservatism in the GE model has to do with the change in the state of
the break effluent which is described below.

Immediately following a steam line break, the blowdown flow will be saturated
reactor steam. The rapid reactor vessel depressurization associated with
steam blowdown will cause the reactor water level to rise and the level is
conservatively assumed to reach the elevation of the main steam line nozzles
one second after the break. This will result in the blowdown flow changing
from steam to a two phase mixture of steam and water. Prior to the two phasei

'

flow at one second, the reactor steam creates a superheated condition in the
drywell atmosphere. Immediately following the two phase flow, the decompressing
reactor steam and liquid will remain in the saturated state and at typical
drywell pressures the liquid will decompress to approximately 40% steam by
weight. At the time this two phase blowdown starts, the drywell is full of
superheated steam and noncondensible gases at calculated tempertures approaching
330 F. If instantaneous and complete mixing between these gases and the
two phase blowdown is assumed, as the CONTEMPT-28 code does, then there will
be a drywell pressure decrease of up to 2 psig when two phase flow begins.
The GE model conservatively modiff s this phenomenon by assuming that the
decompressed reactor liquid does not contribute to the drywell' thermodynamic
transient when calculating the drywell pressure. However, in order to maintain
conservation of mass and energy, the blowdown liquid is continuously monitored

A-7
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Table A-1 _Typ'ical-Mark III vent clearing' times

Time of full vent clearina
- Mo' del Top Vent Middle Vent Bottom. Vent

- GE Model 0.86 seconds 1.08 seconds. 1.44 seconds

CONTEMPT-28 0.77 seconds 0.96 seconds 1.27 seconds

,

,
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* and is used when calculating the drywell density for the: vent flow model.
~

'This monitored: mass also allows for a subsequent return to.the assumption of
homogenous mixing in the-drywell following. the peak calculated drywell

a- pressure.
J

- i

Based.on:the'drywell pressure transient comparison between the GE analyticai
. i

model and the-CONTEMPT-LT/28 code,- the staff concludes that the design drywell/-
containment pressure transient used in the. formulation of the hydrodynamic
load' definitions is. acceptable.
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; , Appendix B-

~ Description of Test Program'

;

1 INTRODUCTION '
'

'

|. Theldata base for Mark III containment- LOCA-related hydrodynamic loads was
* obtained at~the Pressure Suppres'sion Test Facility (PSTF) constructed by
L General Electric (GE) in San Jose, California. The objective of the test
! , program conducted at the PSTF was to evaluate pool dynamic effects-on the '

Mark-III containment geometry due to a LOCA.

2 TEST FACILITY DESCRIPTION -

Figure B-1 is.a~ schematic view of the PSTF. The nominal volumetric-scale,

; factor for the facility is 1:130. In brief, the PSTF consists of a 160 ft3
electrically heated steam generator or pressurizer vessel. connected to a-

2365 ft3 drywell. by.an 8-in. ' blowdown ine, which includes a critical flow
| venturi,-rupture disc assembly, and 8-in. gate valve. The blowdown line~is-

connected to a 10.357-in. riser inside the pressurizer, which-allows blowdowns
from the top of the vessel (the riser tube.is removed when11iquid blowdowns.

are desired) and to a 10-in. riser inside the drywell, which allows blowdown
!' flowfto be injected at the top of the drywell. The pressurizer.can be charged
| with air or saturated water. The drywell'is a cylindrical vessel having a

10-ft diameter and a 26-ft height, with a 6-ft diameter vent duct, which
enters the suppression pool building and is connected =to the vent test section.4

I In the full-scale chugging tests (Test Series 5707), B1, B2, B3 the drywell
~

3was augmented with the 2000 ft ' Temporary Tall Test Tank used in Mark II experi-
ments. The suppression pool building simulates both the-pool and wetwell air
space. The 213 blowdowns completed in the PSTF between 1973 and 1980 were
done in three differently sized suppression poo1~ segments, a full-scale model
(Fig. B-1), a one-third area scale model, and a one ninth area scale model.

b. The three different configurations are shown in Figure B-2.
,

I-

L - The full-scale model vent systems simulated the weir annulus and a single
-

column of horizontal vents of the Mark IIILcontainment. Three full-scale
.27.5 in. i.d.-horizontal vents with'4.5 ft spacing between the vent center-
lines were used. The vents had full.-scale lengths of-5 ft. The pool in the
full scale model represented an 8 degree sector of the Mark III suppression ,

-pool with-full-scale: depth and surface area. The baffles that formed the
sides of.the 8 degree pool sector' extended only a few feet beyond the normal
water level.

s

-The one-third area scale pool segment used. full-scale submergence and vent
lengths with the annulus area, vent area, and pool surface. area scaled by
one-third. As in the full-scale:model, the:one-third area. scale pool segment
model contained a single column of horizontal' vents'and represented an 8 degree .,

B-1
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sector,of the Mark III suppression pool. Unlike the full-scale model, the
baffles that formed the sides of the 8 degree sector in the one-third area
scaled segment extended all the way up to the PSTF roof to allow evaluation of
pool _ swell phenomena.

i

The one-ninth area scale pool segment model consisted of a 24 degree segment
of the prototype weir annulus and suppression pool with the annulus, vent and
pool surface areas reduced by a factor of one ninth from the full-scale model.
The one-ninth scale model contained three columns of horizontal vents with i
full-scale vertical spacing between the' vents and full-scale vent lengths.
The radial spacing of the vents within the suppression pool is proportional
to scale. Due to the non geometric scaling of the vent length, the radial vent
spacing within the weir annulus is less than that which is proportional to
scale.

r

More detailed information on the PSTF test facility including test procedures
~

and instrumentation arrangements can be found in References B3 (for the full-
scale model), 84 (for the one-third scale model), and B8 (for the one-ninth
scale model).

,

'

3 PSTF TEST RESULTS

The PSTF was used to gather data on a spectrum of hydrodynamic phenomena for
load definition purposes. Test Series 5701-5703,B1 5705-5706 and 5707B2 B3

were performed with the full-scale PSTF arrangement. Test Series 5801-5804,B4
5805,B5 5806 and 5807 were performed with the one-third area scale PSTFB6 87

B8 B9' arrangment; and Test Series 6002 and 6003 were performed with the one-
ninth area scale PSTF arrangement. The principal variables for these runs
were pressure vessel blowdown rate (achieved by varying blowdown line flow
restrictor diameter) and horizontal vent initial submergence.

Test Series 5701-5703 were begun in November 1973 and were the first tests run
] at the PSTF. Test Series 5701 consisted of 21 steam blowdown runs with the

top two of the three horizontal vents in the full-scale test section plugged.
With this configuration, the vent area open to flow represented the scaled
area of the Mark III design with the nominal scale factor of 1:130. Test
Series 5702 consisted of 17 steam blowdown runs with the top vent plugged.
Test Series 5703 included three steam blowdown runs with all three full-size
vents open to flow. The results of these tests were used to obtain vent
clearing and condensation effectiveness data.

Test Series 5705-6, performed in 1974, consisted of four and seven air blowdown
runs, respectively, with the top vent plugged. The primary objective of 5705
was scoping the pool swell effects and was used by GE to derive their design
pool swell velocity of 40 ft/sec. Test Series 5706 also provided data on pool
swell and was used by GE to develop the pool swell solid water impact and
froth impact specifications for structures over the pool.

|
Performed in 1977, Test Series 5707 consisted of 22 steam blowdowns with all
three full-size vents open. Chugging phenomena, pool swell and thermal strati-
fication were investigated and the parametric effects were evaluated during
this test series. The primary emphasis was placed on chugging phenomena, and
the resulting vent system, pool boundary, and submerged structure loads. The

B-4
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principal variable was initial pool temperature. The Mark III chugging load
definition is based on the results of Test Series 5707.

The first series of tests using the one-third area scaled version of the PSTF
(Test Series 5801-5804) was performed in 1974. Primary emphasis during this
phase was on the interaction of pool swell with flow restrictions above the
suppression pool surface. Other areas of interest were vent clearing, drywell
pressurization and jet forces on pool walls. Data from these experiments were
also used by GE to justify the froth impact load definition. The principal
variables for these tests were steam generator blowdown rate (varied by changing
blowdown line restrictor diameter), horizontal vent initial submergence and
pool roof opening ratio.

Test Series 5801 consisted of 19 steam blowdown runs with a matrix of test
conditions intended to provide data to evaluate the pressure drop due to the
flow of two phase air / water mixture through a restriction above the suppression
pool. Since it was expected that the pressure drop would be a strong function
of mixture density, efforts were made to measure the void fraction of the flow
as it passed through the restriction.

Test Series 5802 consisted of three steam blowdown runs intended to generate
pool swell maps and provide two phase flow through the roof to supplement the
matrix of Test-Series 5801. Test Series 5803 consisted of two. liquid blowdown
runs to gather preliminary saturated liquid critical flow data and to compare
the transient response of simulated recirculation line breaks with steam line
breaks. Test Series 5804 consisted of five steam blowdown runs to fill out the
5801 test matrix and to provide test repeatability data.

Test Series 5805 was conducted in 1975 and consisted of 51 steam blowdowns
with the intention of providing additional data on impact loads on structures
above the initial pool surface. Conducted in the same year, Test Series 5806
consisted of 12 air blowdowns. Primary emphasis during Test Series 5806 was
to obtain pool velocity and slug thickness values to use with the one-third
area scale steam test values from Test Series 5805. This information was used
to investigate the influence of vent flow composition on the effects associated
with the pool swell phenomenon.

Test Series 5807 was performed in late 1976 and consisted of 20 steam and
liquid blowdowns. Test objectives were to: (1) examine the effects of initial
suppression pool tenperature, blowdown flow rate, and blowdown type (saturated
liquid vs. saturated vapor) on suppression pool thermal stratification; and
(2) investigate condensation phenomena and associated loads. This test series
is the basis for GE's condensation oscillation load definition.

The one-ninth area scale tests, Test Series 6002 and 6003; were conducted in
1978 and 1979 to investigate the multicell effects on hydrodynamic phenomena.

!

| Test Series 6002 consisted of 14 steam blowdowns and was separated into two
phases. For Phase 1, the suppression pool and weir annulus were divided byI

| partitions to provide separate one- and two-cell sections. Both sections were
| supplied steam simultaneously from the drywell during a blowdown transient.
' Break size and vent submergence were varied during this phase to study the

L 8-5
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influence of these factors on hydrodynamic phenomena. For Phase 2, the parti-
tions.were removed to provide a three-cell configuration, and a test program
comparable to Phase 1 was carried out. The objective of Test Series 6002 was |,

'to demonstrate that single-cell pool swell results are conservative relative
to multicell results and to evaluate the effects of cell interaction on pool

Isurface shape, pool surface displacement, water slug thickness, velocity ar.d
wall loads.

Test-Series 6003 was divided into two phases similar to 6002 and 12 steam
,

|' blowdown runs were performed. The primary objectives of Test Series 6003 were
to: (1) confirm that single-cell loads due to condensation are conservative
when compared to multicell test data; (2) study vent interaction and its
effects during the condensation phases of the LOCA transient; and (3) evaluate
the multicell effects on pool thermal stratification.

.
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Appendix C

NRC Acceptance Criteria for LOCA-Related
Mark III Containment Pool Dynamic Loads

The following acceptance criteria were developed from the staff's review of
Appendix 38 of GESSAR-II 238 Nuclear Island (GESSAR) and the supporting
analytical and experimental programs as referenced therein. The staff has

_

determined that the procedures described in the GESSAR document are acceptable
( for evaluation of the Mark III containment response to LOCA-related pool dynamic

loads with the following exceptions, modifications, qualifications-and/or
clarifications:

1 P0OL SWELL LOADS

1.1 Pool Swell Velocity

The water slug velocity V to be used for the determination of slug drag loads,
as well as slug impact loads as prescribed in 1.2, 1.3 and 1.5 below, shall be
determined from the relation:

V = 5 H (2.6 - 0.506 /H); H < 10 ft, and (C-1)

V = 50 ft/sec H > 10 ft

In these relations, V is the slug velocity in feet per second (fps), H denotes
the height (in feet) above the initial pool surface.

1.2 Pool Swell Loads on Structures Attached to the Containment Walls

The GESSAR-II specification for these loads is given in Section 38.6.1.5. It
is based on steady drag at a flow velocity of 40 ft/sec. This specification
should be modified as described below;

| (1) If the local pool swell velocity, as specified in Section 1.1 above, is
greater than 40 ft/sec, the drag pressures obtained by the GESSAR
specification shall be multiplied (V/40)2, where V is the local pool
velocity in ft/sec.

|

|- (2) If the frontal area of the structure is not immersed prior to pool swell,
; it will experience an impact force. This must be included in the specifi-
| cation.
!

| For half-wedge protrusions the force history during impact shall be
' determined from Figure C-1. The local' velocity of impact (needed in

Figure C-1) shall be taken from the' specification in Section 1.1, corres-
ponding to the height where the wedge is first fully submerged. If the
lower portion of the wedge is initially submerge'd, the same impact history

C-1
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is applied except the abscissa is replaced by Vt/h, where h is the
"unsubmerged height" of the wedge.

1

If the wedge angle is other than 45 , the following ratios can be used
'after obtaining the force history for a 45 wedge from Figure C-1.

(~)
'= (90 p ) cot p

t
g = Cot (C-3)
t
45

Where p is the wedge angle.

For horizontal ledges the impact force shall be determined in the following
manner:

(a) The force-history will have a triangular shape as shown in Figure C-2.

(b). Determine the hydrodynamic mass of impact (per unit area) for flat
targets from Figure 6-8 of NEDE-13426. Use b (and not b/2) for target width.

(c) Calculate the impulse using the equation

_ "H 1 (C-4)I
p X- * (32.2)(144)

where:

I = impulse per unit area, psi-sec
p

b=hydrodynamicmassperunitarea,lbm/ft,from(b)above.2

A

V = impact velocity, ft/sec, determined according to Section 1.1. |

(d) Calculate the pulse duration from the equation

t=0.02h(h) (C-5)

where:

pulse duration, secI =
height above the pool, feetH =

b/2 = width of the ledge, feet
V = impact velocity, ft/sec, determined according to Section 1.1

.
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;

t = time, sec
3 8 #p = density, slugs /ft

F = impact force, Ib,/ft
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Figure C-1 Impact force (per unit length) on Wedge-Shaped Protrusions
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(e) The value of P,,x will be obtained using the following equation:

P =2I/t (C-6)max p

where:

P = the peak pressure amplitude, psi. ,

max

'1.3 Bulk Impact Loads on Small Structures

"Small structures," in the present context, are defined as beams and pipes with
lateral dimensions no larger than 20 inches. For these structures the bulk
impact specification, as described in Section 38.10.11 of GESSAR-II, is acceptable.
with the specific limitations discussed in Section 380.3.2.33 of Attachment 0
(Question / Response 3!!.33).

These limitations are:

(1) Targets must have combinations of widths and natural frequencies such that '

Figures 38.33-1, 2, 3 and 4 indicate them to be in the "GESSAR conservative"
region with respect to the V = 50 ft/sec pool velocity curve.

(2) There are no structures smaller than 4 feet long.
,

; (3) There are no structures closer than 6 feet above the pool.

All structures above the containment pool in GESSAR-II standard plant design
satisfy limitations (1) through (3). In plant designs where some specific
structures may not meet limitations (2) and/or (3), the pulse duration must
be shortened with an appropriate adjustment to the pressure amplitude. The
load specifications for these structures will be reviewed by the staff on a
plant unique basis.

'

For structures less than 10 feet above the pool, the peak pressure amplitude
may be reduced by

.

P
(2.6 - 1.6 )2 (C-7)= =

p
; max max

where P is the pressure amplitude at a structure H feet above the pool surface
and P is the GE-specified pressure amplitude for bulk impact on smallmax

! structures above the pool.

1.4 Froth Impact Loads
,

The froth impact specification is applicable between an elevation of 19 feet
| above the pool and the HCU floor. Over open or grated areas of the HCU floor

this specification extends to an elevation of 26 feet for flat structures and'

28.5 feet for pipes. Between these elevations and 30 feet the froth drag-

specification in GESSAR-II, Section 38.12 is applicable.

|

C-5

-. ------.- - - . - -- - ---



The forcing function for froth impact shall be an isosceles triangle with a
maximum pressure amplitude given in Figure C-3. The pulse duration shall be |
chosen such as to give a maximum DLF with a triangular pulse. For elongated I
structures that span the annulus of the wetwell, pulse durations shorter than '

50 msec need not be considered.

For structures above grated areas at the HCU floor the pressures from Figure
C-3 may be multiplied by the ratio of grating open area to grating total area.

1. 5 Drag Loads

The GESSAR-II specification for drag loads on small structures, as described
in Section 3B.10.2, is acceptable with the following limitation. If the local

pool velocity, as specified in Section 1.1 above is greater than 40 ft/sec,
the drag forces obtained by the GESSAR-II specification shall be multiplied by
(V/40)2, where V is the local velocity in ft/sec.

.

If Figure 38-75 in GESSAR-II is used for drag loads on plates and if the
shorter side (b) is attached to a wall, the abscissa of the graph becomes 2a/b'

instead of a/b.

2.0 LOADS ON SUBMERGED STRUCTURES

The procedures for the computation of loads on submerged structures as de-
scribed in Sections 3.B.8 to 3.B.8.1.7 and Attachment L of GESSAR are acceptable
subject to the limitations and/or modifications of Section 3.B.0.3.2.31 of
Attachment 0. In particular, the computation of acceleration loads on non-
cylindrical structures and the evaluation of standard drag for C0 loads must

|
be based on the Mark I Acceptance Criteria.(NUREG-0661) as described in the
responses to questions 3.B.31(b.ii), (c.fi) and (c.iii) in Attachment 0.

3.0 IMPACT LOADS ON STRUCTURES AB0VE THE WEIR ANNULUS

The staff finds acceptable the GESSAR-II impact specification on structures
above the weir wall, with the exception of radial structures within one foot
of the top of weir wal' The stresses in these structures must be incre? sed by
a multiplier. This mult. ,) lier is 1.0 when the natural frequency of the structure

i is less than 200 Hz, 1.8 when the natural frequency is greater than 500 Hz
with a linear ramp between these values.

For structures located between zero and 0.25 feet above the weir wall, flat

pool impact should be considered (e.g., the acceptance criteria in Section 2.7
of Appendix A, NUREG-0661 is appropriate for flat pool impact). The velocity
at impact for these structures shall be taken at 4 ft/sec.

.

C-6
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This report, prepared by the staf of the Office o uclear Reactor Regulation
and its consultants at the Brookhav n National Laborato provides a discussion
of LOCA-related suppression pool I rodynamic. loads in b
facilities with the Mark III pres re-suppressioncontainm,lingwaterreactor(BWR)t design. Its
issuance completes NRC Generic T hnical Activity B-10, "Be vior of BWR Mark III
Containment."

On the basis of certain lar -scale tests conducted between .973 and 1979, the
General Electric Company deve' ped LOCA-related hydrodynamic lo' definitions for

j useinthedesignofthestajardMarkIIIcontainment. The sta . and its
consultants have reviewed t rse load definitions and their bases a conclude' that, with a few specified langes, the proposed load definitions p vide
conservative loading condi ons. iThe staff approved acc )tance criteria for LOCA-related hydrodynamf(loads are,

provided in Appendix C of this report.
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