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1 INTRODUCTION AND BACKGROUND

Following & loss-of-coolant accident in & 1ight-water reactor (LWR) plant, com-
bustible geses, principally hydrogen, may accumulate inside the primary reactor
containment &s a result of (1) metal-water reaction involving the fuel element
cladding; (2) the radiolytic decomposition of the sater in both the reactor core
and the containment sump; (3) the corrosion of certain materials within the
containment by sprays; and (4) any synergistic chemical, thermal, and radio-

Tytic effects of post-accident environmental conditions on protective coating.
and electric cable insulation,

To provide protection st this possible hydrogen as a result of an accident,
Title 10 of the Code 31 Regulations (10 CFR) Section 50,44, "Standards
for combustible gas tem 1n li1ght-water-cooled power reactors,” and

GDC 41, "Containment - cleanup,” Appendix A to 10 CFR Part 50, require
that systems be prov, ' ed tu control hyorogen concentrations in the containment
atmosphere following a postulated accident to e ¢ that containment integrity
is maintained. Conventional hydrogen control s, ms (e.g., hydrogen recombiners)
historically have been installed to provide the ¢ pability to control the rela-
tively lov ‘e of hydrogen sccumulation (or oxygen accumulation in inerted
containme ) resulting from radiolytic decomposition of water, corrosion of
metals insive containment, and environmental effects on coatings and insulation.
However, the net free volume inside containment (or inerting of the containment
volum:) 1s used to control the rapid hydrogen production resulting from a metal-
water reaction of the fuel cladding, That is, the containment volume is large
enough so that the hydrogen generated early would not reach the lower 1imit of
fiammability (or the inerting would prevent combustible mixtures). The rationale
for this approach is that the rate of hydrogen release resulting from cladding
reaction wes assumed to be too rapic (on the orger of minutes) following 2 pos-
tuleteg eccident to allow for an active control system. Thus, hydrogen control
systems (recombiners) would only be actuated later in the event to control the

slow hydrogen/or oxygen release associated with radiolysis and reaction of
materials insi1de containment,

To quantify the metal-water source for design-basis accidents, 10 CFR 50.44,
coa1fied in October 1978, requires thet the combustible gas contrel system be
cepable of handling the hydrogen generated from five times the amount calcula-
ted 1n demonstrating compliance with 10 CFR 50.46 or the amount corresponding
to the total reaction of the cladding to a depth of 0.23 mils, whicnever amount

was greater. Typically, this would translate to a 1 to 5% metal-water reaction
of the active clad.

However, the accident at Three Mile Island Unit 2 (TM1-2) on March 28, 1979,
resuited 1n a metal-water reaction that involved approximately 45% of the fue!
cladding (1.e., ebout 990 1bs), which resulted in hydrogen generation well 1in
excess of the amounts specified in 10 CFR 50.44. The combustion of this
hydrogen produced a significant pressure spike inside containment. As a result,
1t beceme apparent that additional design measures were needed te handle larger
hydrogen releases, particularly for smaller volume containments and those with
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Tower design pressures. The Nuclesr Regulatery Commission (NRC) determined

that a rulemaking proceeding should be undertaken to define the manner and extent
to which hydrogen evolution and other effects of & degraded core need to be
considered in plant design. An advance notice of the rulemaking proceeding on
degraded core issues was published in the Federa) %;gjster on Dctober 2, 1880.

In addition, & new unresolved safety issue was Instituted (A-48, “Hydrogen Con-

trol Measures and Effects of Hydrogen Burns on Safety Equipment”) to evaluate
this new concern.

To formalize its requirements for additional hydrogen contro) measures to deal
with degraded core accidents affecting pressurized-water reactors (PWRs) with
ice conden~~r containmente and BWRs with Mark 111 containments, the NRC pub-
1ished an amendment to th nydrogen rule (10 CFR 50.44) on January 25, 1985

(50 FR 2438). The amended rule required that a hydrogen control system be pro-
vided and that the system be capable of accommodating, without loss of containe-
ment structural integrity, the amount of hydrogen generated from a metal-water
reaction of up to 75% of the active fue)l cladding. In addition, systems and
components necessary to establish and maintain safe shutdown must be capabie of
performing their function regardless of hydrogen burning.

Pursuant to the provisions of the rule, each utility with a Mark 111 contain-
ment has installed a hydrogen ignition system (MIS) and submitted a preliminary
analysis and a schedule for meeting the full requirements of the rule. The
affected plants with Mark I11 containments are Grand Gul¥ Ruclear Station,
River Bend Station, Perry Nuclear Power Plant, and Clinton Power Station. The
staff's interim evaluations nf these initial plant responses are documented in

supplements to the safety evaluation reports for each of these plants (NUREG-0831,
NUREG-088S, NUREG-0887, and NUREG-0853, respectively).

These responses were aided by the efforts of the Mark 111 Containment Hydrogen
Control Owners Group (HCOG), formed in May 1981 by the utilities with Mark gll
containments to collectively perform testing and analyses to demonstrate the
effectiveness and reliability of the hydrogen ignition systems.

In addition, each licensee with a Mark 111 containment is required to provide

a final analysis [10 CFR 50.44(c)(3)(vii)(B)] to confirm the conclusions of the
preliminary analysis and/or, if necessary, to institute modifications to ensure
compliance with the rule. The scope of this analysis is specified in 10 CFR
50.44(c)(3) (vi)(B). The generic findings from the HCOG's pro?ram will be
utilized for this final analysis, supplemented by plant-specific design
considerations as addressed in the licensee's IPE program.

The following staff evaluation focuses on the assessment of “he completed gen-
eric testing and analyses performed by the H. )G in support of the plant unique
analysis. The HCOG activities have been summarized in a topical report trans-
mitted by letter dated Fehruary 23, 1987, correspondence identification HGN-112+NP,
"Generic Hydrogan Control Information for BWR-6 Mark 111 Containments." The
topical report is a summary document of all of the individual generic submittals
that have been sent to the staff by the ACOG. It should be noted that HCOG
correspondence identification designators with a "P" suffix (HON-XXX-P) are

proprietary to HCOG. Whereas, those without a suffix or with an “NP" suffix
are nonproprietary.
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fs part of the review of the HCOG program, the staff obtained technical assist-
gnce from the Sandia Wational Laboratory (SNL), the principal contractor for the
NRC research program on hydrogen control and combustion phenomena. SNL provided
the NRC with an independent assessment of technical issues contained in selected
HCOG submittals pertaining to hydrogen behavior.

The staff evaluation of the generic considerations of the hydrogen control system
for the Mark 111 containment can best be understood {f categorized as follows:

general description of the hydrogen ignition system
combustion and igniter testing

containment structural capacity
degraded core events and hydro?en generation
containment response-analytical modeling
survivability of essential equipment

. overall conclusions

Therefore, the following discussion will follow this general outline.

2 GENERAL DESCRIPTION OF THE MYDROGEN IGNITION SYSTEM
The regulation, 10 CFR 50.44(c)(3)(iv)(A), states:

Each licensee with @ boiling 1ight-water nuclear power reactor with

a Mark 111 type of containment..., shall provide its nuclear power
reactor with a hydrogen control system justified vy a suitable pro-
gram of experiment and analysis. The hydrogen control system must be
capable of handling without loss of containment structural integrity
an amount of hydrogen equivalent to that generated from a metal-water
reaction involving 75% of the fue)l cladding surrounding the active fuel
region [excluding the cladding surrounding the plenum volume].

The concept employed by the licensees with & Mark 111 containment, and similarly
the ice condenser 1icensees, is to intentionally ignite hydrogen generated
inside containment. This method precludes buildup of relatively high concen-
trations of hydrogen during degraded core accident scenarios.

To accomplish this early ignition & hydrogen ignition system (HIS) is installed
in each of the four plants with Mark 111 containments. The HIS is a system

which consists of approximately 100 igniter assemblies distributed throughout
the drywell and containment regions.

The main element of the igniter assembly is the Model 7G thermal igniter glow
plug (common'y used in diese) engines) manufactured by the General Motors AC
Division. Each Mark 111 containment has an identical igniter assembly design.
Each igniter is powered directly from a 120/12-V stepdown transformer and de-
signed to provide a minimum surface temperature of 1700°F. The igniter assem-
bly (see Figure 2.1) consists of a 1/8-inch-thick stainless steel box that con-
tains the transformer and all electrical connections and is manufactured by the
Pawar Systems Division of Morrison Knudsen., Igniter assemblies are Class 1E,
seismic Category I, and meet the requirements of the I stitute of Electrical

v Electronics Engineers (IEEE) Std 323-1974 and NUREG-0588 for environmental
oualification.
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The igniter assemblies are divided into two groups; each group being powered from

@ separate Class 1E division power supply. The intent is to have at least two
fgniters located in each enclosed volume or area within the containment that could
be subject to possible hydrogen pocketing, and each igniter be powered from a
separate power division. In open areas within the containment and drywell regions,
fgniter assemblies at the same elevation are designed to have alternating power
division sources. lgniters are separated by about 30 feet when both engineered
safety feature (ESF) power divisions are operable or by about 60 feet when one power
¢ivision is inoperable. Igniter placement is ¢e.igned to be more widely spaced in
the large open regions, such as above the refueling floor, and in the lower regions
of the drywell that are subject to flooding. Requirements of placement a3 well as
other parameters of the system are contained in the technical specifications for

the hydrogen ignition system, as proposed by the kC0G, and addressed 1n Appendix A
of this report,

Each fgniter power division has a corresponding onsite emergency diesel generator.
Incorporation of the emergency diesels into the design addresses the question

of igniter power for many sequences, but not for station blackout conditions.
Under blackout conditions, the HIS would not be operable. On the basis of a
separate evaluation of this possibility in the context of the NRC Containrant
Performance Improvement (CPI? program, the staff has recommended that the
vulnerability to interruption of power to the hydrogen igniters be evaluated
further on a plant-specific bas’ . as part of the Individua) Plant Exami.ations

of the Mark III plants. (See Jeneric Letter 88-20, Supplement 3)

The HIS is designed for manual actuation from the main control room. Actuation
by the operator is required by plant emergency procedures when the reactor pres-
sure vessel (RPV) water level reaches the top of active fuel (TAF). The proposed
combustible gas control emergency procedures for plants with Mark 111 contain-
ments are fur** _.r discussed in Appendix B.

By letter ¢ .d March 5, 1986 (HGN-073), the HCOG provided the following justi-
fication tc .upport manual actuation. Actuation is linked to indication of the
RPV water level, which is a key safety parameter and is closely monitored by
the operators. Also, HIS actuation requires only the positioning of two hand-
switches, Furthermore, operators should not hesitate to energize the system
during accident scenarios in which the hydrogen threat is uncertain or marginal
because there would be no adverse effect on the plant as a result of unnecessary
igniter actuation. Time available to actuate the HIS is the other significant
parameter. uoased on the hydrogen events considered, the HCOG estimated this
time to be approximately no less than 25 minutes; that is, after the water level
reaches TAF to the lower hydrogen flammability 1imit reached in the wetwell
volume, The HCOG also noted that hydrogen would migrate to the upper portions
of the containment before the wetwell reaches hydrogen combustion conditions.
This effect was scen in the quarter-scale tests. Therefore, the time interval
s expected to be somewhat greater than 25 minutes.

Because (1) manual actuation is a simple task, ,2) the operator has sufficient
time to perform the task, /3) and there are no negative effects {1f the system

s inadvertently or unnecessarily actuated, the staff finds manua) operator
actuation acceptable.
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) Des?gn Assessment

The staff finds these hydrogen igniter systems currently installed in the
plants with @ Mark 111 containment to be acceptable, with the coveat that the
vulnerability to interruption of power to the hydrogen igniters be further
evaluated on 2 plant-specific basis as part of IPEs of the Mark 111 plants.
(See Supplement No. 3 to Generic Letter 88-20)

3 COMBUSTION/IGNITER TESTING

Numerous research programs have been conducted since 1980 to better understand
hydrogen combustion behavior and the performance of ignition devices. Because
these programs were varied in scope, Sandia National Laboratory (SNL) summarized
the findings of recent hydrogen combustion test programs in NUREG/CR-5079. This
report &1so provides additional backgrounc. information and insights related to
hydrogen behavior,

The specific test programs considered ne_essary by HCOG to support the unique
plant characteristics of a Mark 11l ez  inment are discussed below.

3.1 Small-Scale Tests

Small-scale hydrogen combustion tests were performed at Whiteshell Laboratories
and documented by the HCOG in a letter dated June 7, 1984 (4GN-017-NP). The
program was intended to invesiigate ignition and combustion behavior of mixtures
gredominant1y composed of hydrogen and steam, ¢.e., with 1imited available oxygen.

his condition may exist for a pc:tulated dryw.i1 break event in which air is
initially swept from the drywell and then later reintroduced into the steam-
hydrogen environment., These tests confirmed that such hydrogen-air-steam mix-
tures can be successfully ignited as fong as the oxygen concentration exceeds
approximately 5-6 volume percent.

A 1/20th-scale Mark 111 hydrogen combustion program was conducted by Acurex
Corporation and documented by the HCOG in a letter dated February 9, 1984
(HGN-014-NP), The objective of this program was to provide a visual

record of hydrogen combustion behavior in a 360-degree model of a Mark 111
containment. Modelling included the suppression pool and major blockages 1in
the annular region between the drywell and outer containment walls. Hydrogen
was admitted through simulated quenchers and/or vents into the suppresiion pool
and ignited by prototypical ignition sources.

The most important result obtained from the 1/20-scale test was the confirmation
of continuous hydrogen burning in the form of steady diffusion flames above the
suppression pool., The s‘gnificance of this mode of hydrogen burning is the
observed severe thermal loads that occur near the diffusion flames and could
threaten the integrity of the containment and equipment. Diffusion flames were
observed when hydrogen flow rates of 0.4 1b/sec (full-scale equivalent) or
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greater ware ysed. Combuction was initiated by the igniters and rapidly prop-
8gated to the pool surface end formed steady diffusion flames that were an-
chored at the surface of the pool and Tocated above the submerged spargers that
released the hydrogen. Hydrogen burning was observed to intensify as the hydro-
gen injection flow rate was increased, as evidenced by taller flames and higher
temperatures,

As part of the 1/20~scale program to determine the sensitivity of scalin?. 8
1/5-scale single-sparger mockup was constructed. A significant result o these
tests was that &pproximately one-half the flame height of what would have been
predicted based on results of 1/20-scale tests was observed. (n the basis of
these tests, it became necessary for the HCOG to pursue a larger-scale test
program to obtain therma) environmental data more representative of a Mark 111
containment. Subsequently, the HCOG undertook an extensive program to better
define the conditions that could exist during a de?raded core accident. A major
element of this effort was the quarter-scale Mark 1]] containment combustion
test program.

3.2 Quarter-Scale Test Facility

The quarter-scale test program became the major element of the HCOG's hydrofen
research program. The primary objective of this program was the investigation
and characterization of the environment that could result from diffusive burning
on the suppression pool in a Mark I1I containment. Ultimately, the information
?athered from the quarter-scale test fac111t{ (QSTF) would be used in determin-

ng the survivability of select equipment. Test facility description and the
combustion test results may be found in the HCOG's letters HGN-~088-P, July 18,
1886, HGN-115-NP, February 10, 1987; and HGN-121-P, July 22, 1987.

The test facility is a quarter-linear-scale model of 2 Mark 111 containment, de-
signed and constructed by Factory Mutua) Research Corporation (FMRC), and located
in West Cloucester, niode Island. The test enclosure s designed to operate at
pressures up to 40 Psig and consists of an outside tank, 31.5 feet in diameter,
49.4 feet high, containing a smalier tank, about 21 feet in diameter by 23 feet
high. The space between the two tanks is the test volume; which contains floors
and other large blockages simulating the obstructions that exist in the actua)
containments. Because of the unique features of the four plants studied, modular
construction of the annular floors is used to modify the vessel interior when
needed. At the bottom of the two tanks, the suppression pool is simulated.
Several views of the facility are shown in Figures 3.1 and 3.2.

Facility design features inc)ude:

. containment sprays
. simulated Tcss~of-coo?ant-accident (LOCA) vents (top row only, numbering
48)

simulated spargers (uniformly spaced every 15 degrees azimuthally and
totalling 24) -
. unit coolers (for the River Bend configuration)

The facility is heavily irstrumented to measure gas and surface temperatures,

gas velocities, ¢as concentrations, heat fluxes, pressure, and five video
cameras are used for a visua) record.
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3.2.1 Scaling Methodology

The the -etical basie for modeling hydrogen flames in the test facility is based

on Frou 2 scaling. The modeling assumes fully developed, buoyancy dominated,
turbule t flows are achieved to preserve the equivalent value for the Froude number
in the 1 'del and in the full-scale plant. The technique of Froude scaling is
supporteu by numerous experimental demonstrations in the field of fire research.

Using this type of modelling full scale was scaled to quarter scale, a 4-to-1
linear scaling resulting in:

32-to-1 reduction in mass and volume flow rates

64-to-1 reduction in total hydrogen released

2-to-1 reduction in the time scale

2-to0-1 reduction in gas velocities

1-to-1 relationship for gas temperatures and gas concentrations

Flame heights and global flow patterns also were determined by Froude scaling.
Generally, Froude scaling was used to reasonably and practically design the
QSTF (e.g., spray flow and droplet sizes, heat sink therma) characteristics,
blockages). However, the following discrepancies were noted:

(1) The quarter-scale tests revealed that the insulation used in the facility
became wet and its thermal properties departed from dry insulation.

(2) The QSTF had only 30% of the mass as prescribed by Froude scaling.

(3) The scaling method did not rigorously simulate convective and radiative
heat losses to structural heat sinks. -

To assess the impact of these discrepancies, the HCOG provided a comprehensive
analysis as documented by KCOG letter HGN-085, dated May 5, 1986. The HCOG
determined that compensating effects existed in the treatment of heat sinks.
Thus, the data obtained from the QSTF does provide a reasonabl{ accurate
description of the full-scale thermal environment when extrapolated by Froude
scaling.

To assist the staff in the review of this complex matter, SNL studied the subject
analysis and submitted various comments. On October 7, 1987, a meeting between
the HCOG, SNL, and the staff took place to resolve the SNL's comments. Subse-
quently, HCOG documented its responses in a letter (HGN-128) dated November 6,
1887. On the basis of the additional information, SNL concluded and the staff
concurs that the application of quarter-scale experimental data directly to
full-scale equipment survivability can be done conserwatively in spite of the
above discrepancies. SNL's assessment is document.d in correspondence dated
December 23, 1987.

3.2.2 Quarter-Scale Testing Approach

Tests were performed in the QSTF for the four different plants with a Mark 111
containment; i.e., the QSTF was customized to reasonably represent the plant-
specific characteristics of each Mark IIl configuration. During the tests,
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hydrogen was released through spargers used to simulale the sutomatic depres-
surization system (ADS, and a stuck-open relief valve (SORV) or through the
simulated LOCA vents. 'wo hydrogen release profiles were used in the facility,
2 low-reflood case (150 gpm) and a hi? ~reflood case (5000 gpm). A discussion
of the development of thise profiles is contained in Section 5.

However, before the plant unique or production tests were conducted, a series

of scoping tests were performed to assess data repeatability and the significance
of various parameters. Results from these tests formed the basis for developing
the final test matrix that were used in the production test program. Also, in
the early development of postulated degraded core events, spray availability

was uncertain, therefore tests were performed with and without sprays activated.
In the production tests, each plant had its own specific array of tests, focusing
on the SORV Tocations, the combination of ADS spargers and LOCA vent releases,
and the effect of sprays/coolers. The data obtained from these production tests
formed a basis for determining the full-scale thermal environment and became a
central element of each licensee's final analysis. This information was used as
input to analytical evaluations of equipment thermal response for assessing sur-
vivability of critical equipment. Further discussions on the use of this data
are ' ontained in Section 7.

3.2.3 Quarter-Scale Test Results

The scoping test and partial production test results are summarized and presented
in the HCOG's correspondence (HGN-098-P, and HGN-121-P). These results demon-
strated that the distributed glow plug igniter system can provide an effective
means for limiting accumulation of hydrogen in plants with Mark III containments.
Hydrogen concentrations throughout the facility were maintained near or below 5
volume percent (dry basis) for all tests and steam concentrations were deter-
mined to be about 10-15 volume percant for selected tests. Although low hydro-
gen concentrations were maintained, different types of combustion behavior were
observed during the tests, depending on the synergistic conditions. The various
observed combustion modes are described below.

Diffusion Flames

When hydrogen was released into selected spargers, hydrogen combustion would
initiate as a mild deflagration or 1ightoff (pressure rise about 1 psi) in the
wetwell region between the hydraulic control unit (HCU) floor and the suppres-
sion pool surface and would persist in the form of standing diffusion flames
anchored t> the pool surface. This was the dominant mode of combustion and
occurred for bulk oxygen concentrations of 8 volume percent (dry) and hydrogen
injection rates greater than 0.15 1b/sec. It should be noted that the hydrogen
flow rates are full-scale equivalent values (i.e., a 32:1 increase). In this
regime of steady flames, combustion was essentially complete. For an injection
rate of 1 1b/sec, a flame height of about 8 feet (full scale) was reached.

As the hydrogen injection rate was decreased to about 0.15 1b/secs-combustion
became less complete and the flames iess stable. As the rate was further de-
creased, diffusion flames on the pool surface could not be maintained. This
point is known as the flame extinguishment 1imit. Moreover, it was observed
that this 1imit was strongly influenced by background gas concentrations.
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August 20, 1990

Docket No. 50-461 DISTRIBUTION

Docket FiTe Region 111, DRP
Mr. Frank A, Spangenberg NRC & Local PDRs JHannon
Manager - Licensing and Safety PD33 Reading 0GC
Clinton Power Station DCrutchfield EJordan
P.0. Box 678 JZwolinski ACRS (10)
Mail Code V920 PKreutzer PD33 Gray File
Ciinton, I1linois 61727 JHickman

Dear Mr. Spangenberg:

SUBJECT: CLINTON POWER STATION HYDROGEN CONTROL FINAL ANALYSIS REQUIRED BY
10 CFR 50.44 (TAC NO. 62988)

The NRC staff has completed its review of the Mark 111 Containment Hydrogen
Control Owners Group (HCOG) Topical Report HGN-112-NP. Enclosed is a copy of

the staff's Safety Evaluation Report (SER) transmitted to HCOG by letter dated
August 6, 1990,

By letter dated August 24, 1987, you committed to provide, within 6 months of
SER issuance, the final analysis of the Clinton Power Station combustible gas
control system required by 10 CFR 50.44, Accordingly, you are requested to

provide the final analysis by March 1, 1991, addressing each of the key elements
identified in the staff's SER, Section 8.0.

The reporting and/or recordkeeping requirements contained in this letter affect
fewer than ten respondents; therefore, OMB clearance is not required under
P.L. 96-511.

Sincerely,

John B, Hickman, Project Manager

Project Directorate 111-3

Division of Reactor Projects III,
IV, V and Special Projects

O0ffice of Nuclear Reactor Regulation
Enclosure:

As stated
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Mr. J. A. Miller

Manager-Nuclear Station Engineering Dept.

Clinton Power Station
P. 0. Box 678
Clinton, I11linois 61727

Sheldon Zabel, Esquire
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7200 Sears Tower
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Resident Inspector

U. S. Nuclear Regulatory Commission
RR#3, Box 229 A

Clintor I1linois 61727

Mr. L. Larson

Project Manager

General Electric Company
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Robert Neumann
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Project Manager
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UNITED STATES
NUCLEAR REGULATORY COMMISSION
WASHINGTON, D. C. 20605

August 6, 1990

Mr. J. R. Langley

rnject Manager, Mark 111 Containment
Hydrogen Control Owners Group (HCOG)
c/0 Gulf States Utilities
North Access Road at Highway 61
St. Francisville, LA 70775

Dear Mr. Langley:

SUBJECT: ACCEPTANCE FOR REFERENCING OF LICENSING TOPICAL REPORT TITLED,

"GENERIC HYDROGEN CONTROL INFORMATION FOR BWR-p MARK 111
CONTATNMENTS", HGN-112-KP

We have completed our review of the subject topical report submitted by your
letter dated February 23, 1987,

We find the report acceptable for referencing in licensee analyses of hydrogen
cont=ol systems for BWR Mark 11l containments under the limitations delineated
in the report and its references and the associated NRC evaluation, which is
enclosed. The evaluation defines the basis for acceptance of the Feport.

Furthermore, each licensee should provide a plant-specific analysis and an
assessment ¢’ the need for an independent power supply for the hydrogen
ignition system. The plant-specific analysis may use test data described in
the topical report to confirm that the equipment necessary to establish and
maintain safe shutdown and to maintain containment integrity will be capable
of performing their functions during and after exposure to the environmental
conditions created by the hydrogen in a1l credible severe accident scenarios.

Recent risk studies reported in NUREG-1150 have shown that the overall core
melt frequency for one Mark III plant (the Grand Gulf Nuclear Station) is
very low, i.e., 1E-6/year. However, a potential vulnerability for Mark 111
plants involves station blackout (SBO), during which the igniters would be
inoperable; and this condition appears to dominate the residual risk from
severe accident in the Mark 111 plants., Under SBO conditions, a detonable
mixture of hydrogen could develop which could be ignited upon restoration of
power resulting in loss of containment integrity. On the basis of a separate
eveluation of this possibility in the context of the NRC staff Containment
Performance Improvement (CPI) program, the staff has recommended that the
vulnerability to interruption of power to the hydrogen igniters be evaluated
further on a plant-specific basis as part of the Individual P.ant
Examinations (IPEs) of the Mark 11l plants, The staff has requested that

the licensees consider this fssue as part of the IPE in Generic Letter 88-20,
Supplruent 3,




July 27, 1980

Mr. J. R. Langley -2«

We do not intend to repeat our review of the matters described in the report
and found acceptable when the report is referenced in licensee requests for

approval of finz) analyses of the hydrogen control system, except to ensure

that the materia)l presented is applicable to the specific plant involved.

Our acceptance applies only to the matters described in the report and its
references.

in eccordance with procedures established in nurze-v390, we request that HCOG
submit to the NRC accepted versions of this report within tihree months of
receipt of this letter. The accepted versions should incorporate this letter
and the enclosed evaluation between the title page and the abstract. The
accepted versions should also incorporate as appendices those references used
8s 8 bacis for the staff's evaluation., The accepted version should include an
-A (designating accepted) following the report identification mumber. Your
submittal should include an application for withholding the proprietary
information accompanied by an affidavit meeting the requirements of 10 CFR
2.790(b). This fina) report submittal should also include a non-proprietary
version of the proprietary reports referenced and incorporated in the approved
topical report and intended to be employed as a part of a licensee application.

Should our criteria or regulations change such that our conclusions as to

the acceptability of the report are invalidated, HCOG and/or the licensees
referencing the topical report will be expected to revise and resubmit their
respective documentation, or submit justification for the continued effective

applicability of the topical report without revision of their respective
documentation,

Sincerely,

/Db

Ashok(C. Thadani, Director
Division of Systems Technology
Office of Nuclear Reactor Regulation




THE GENERIC
SAFETY EVALUATION REPORT RELATING TO
THE MARK II1 CONTAINMENT HYDRUGEN CONTROL



CONTENTS

Page
1 1~TRODUCT10N AND BACKGROUNDO.Cl.ol....'..l!0.0QQ.O.....O..O..OQII
2 GENERAL DESCRIPTION OF THE HYDROGEN IGNITION SYSTEM..eveeevvees 3
3 COPBUSTION/IBNITER TEBTINE. o040t cacikosnsassnosanssssosossesisscel

3.1 sma“.sca]e Te‘t‘....iOOO.0..‘.0...0...'......‘4!.Ot....l.' 6
3.2 Quarter-5cale Test Fact ity ceessssossosscossssoocecsesssces 7

3'2|1 sc‘]‘ng "ethodo]ogyitl.l..ot..“.....l'l......l...lo
3.2.2 Quarter-Scale Testing ApProach...ceeeeesvseceeeessll

3.2. Quarter-Scale Test ReSUILS.uuvuueeeeecncenceccensall
4 CONTAINMENT STRUCTURAL CAPACITY .. uueeevcesssosscoscoossnsossesadsld
5 DEGRADED CORE EVENTS AND HYDROGEN GENERATION. .2vvvvevocevnsaeasllb

501 Introduct’on......Q....Q...'......0.l.....'.......l........ 15
5!2 Eva1u°t‘°n.l...‘..l..l".C....‘...............Q."...'..... 18

5.2.1 Acceptable HGE S@QUENCe..vvveveneersscnnccccennessld
5.2.1.1 The HCOG's Base-Case Scenari0.....oceeeeess 19
5-2'102 Station B‘leOUt .nd NUREG'IISOO.‘O..‘....O 20
5.2.1.3 TBU the "Acceptable Sequence”......eeeeeees 20
5.2.1.4 Hydrogen Generation Profiles.....cceeeevee. 21
5.2.1.5 Non-Mechanistic Hydrogen Release Profile... 22

5.2.2 BWR Core Heatup Code (BWRCHUC)...evveeeesenneneass2B

5020201 Intr\)ductionlﬁt..O.'OOC.O..OOC.OQO.I....... 25
5.2.2.2 Phenomenvlogical AsSumptionS....eeeeivessss 26
9.2.28.3 Steam Production..csescoccessssccrcsscances 26
5.2.2.4 Hydrogen GeneratioN..cccseeessccccsescosees 28

5.3 Summary and Conclusions..... EEANBEIP AN s ErEesEessassavets BF
6 CONTAINMENT RESPONSE - ANALYTICAL MODELINGDOOOOOOQC000..00.00'.030
6:1 Loca"‘zed combust1on/cLASIx.3000'0.....C.l....l......'..... 30
6.2 Containment Pressure and Temperature Calculations.......... 33

6J3 Drywe1] Ana‘ysis'l.‘l.l.l'......Ol.’........l..l..’....‘... 33
6!4 EX1stence of Drwe1l Diffus’on F]ames...0.0‘.0.."..0.'.... 3‘

Mark 111 SER 1



CONTEKTS (Cont'd)

Page
SURVIVABILITY OF ESSENTIAL EQUIPMENT . cveveeecocecnacacocessncessdB

7.1 Identification of Essential EQUIpMENt..ccceceseccsnececascs 3B

7.2 Generic Equipment Survivab111ty Analvsis (Localized
Combustion).eevesvees S As i abbininssdssssns DO

7.3 Diffusion Flame Thermal Env{ronment Methodo1ogy ssesscsssso #)

7.4 Spray Availability

7.5 Pressure EffectS.veececes

7.6 Detonations..ecevees T

SO0 8000 N DD ONR D e S 3880000008 NNS 42
PPN B 000NN OONNIIOESPNIAORGNERNOGRNORNODBDLODOD 53

L B PP 28600080 CTERERNSENES RN ‘3

CONCLUSIONOlo..O..‘.OBI... ..... L

U.O'.0.0.0...6'..00‘..0000.6.43

APPENDICES

GENERIC HYDROGEN IGNITION SYSTEM TECHNICAL SPECIFICATIONS

MARK 111 COMBUSTIBLE GAS CONTROL EMERGENCY PROCEDURE GUIDELINE
BIBLIOGRAPHY

» CRONYM LIST

LIST OF FIGURES
General Hydrogen Ignitor Assembly

Elevation Views of the Quarter-Scale Test Facility..
Facility Configuration Tests S$.01=S.11.cevuues

Typical Mark I11 Containment Configuration..eeeeeeeeseeccscnsees 17

Hydrogen Generation Rate (150 GPM Ref1004).uecevenss A
Hydrogen Generation Rate (5000 GPM Reflood)...

perry CLASIX 3 Mode]loto 0000000000 ..Q.Ql.Ol.t...l0'000000000035
SORV With No Spray-Wetwell Temperature .......... ISP s P s |
SORV Rith No Spray-Wetwell Pressur€....oveeeecesesconess

S0 s e s .

2.
3.
3.
4,
5,
S,
6.
6.
6.

LIST OF TABLES
Comparison of BWR Mark 111 Containment Characteristics..........16

Hydrogen Release ProfileS....eeeeseseecenssess NPT sesssssssensBl

Mark 111 SER




1 INTRODUCTION AND BACKGROUND

Following 2 loss-of-coolant accident in a light-water reactor (LWR) plant, com-
bustible geses, principally hydrogen, may accumulate inside the primary reactor
containment &s a result of (1{ metal-water reactien involving the fuel element
cladding; (2) the radiolytic decomposition of the water in both the reactor core
&nd the containment sump; (3) the corrosion of certain materials within the
containment by sprays; and (4) any synergistic chemical, thermal, and radio-
lytic effects of post-accident environmental conditions on protective coatings
and electric cable insulation.

To provide protection against this possible hydrogen as a result of an accident,
Title 10 of the Code of Federa) Regulations (10 CFR) Section 50.44, "Standards
for combustible gas contrcl system in 1ight-water-cooled power reactors," and
GDC 41, "Containment atmosphere cleanup,” Appendix A to 10 CFR Part 50, require
that systems be provided to contro) hydrogen concentrations in the containment
atmosphere following a postulated accident to ensure that containment integrity
is maintained. Conventional hydrogen control systems (e.g., hydrogen recombiners)
historically have been installed to provide the cupability to contro)l the rela-
tively low rate of hydrogen accumulation (or oxygen accumulation in inerted
containments) resulting from radiolytic decomposition of water, corrosion of
metals inside containment, and environmental effects on coatings and insulation,
However, the net free volume inside containment (or inerting of the containment
volume) 1s used to control the rapid hydrogen production resu1t1n? from a metal-
weter reaction of the fuel cladding. That 1s, the containment volume 1s large
€nough so that the hydrogen generated early would not reach the lower 1imit of
flammability (or the inerting would prevent combustible mixtures). The rationale
for this approach 1s that the rate of hydrogen release resulting from cladding
resction wes assumed to be too rapid (on the order of minutes) following a pos-
tulated eccrdent to allow for an active contro) system. Thus, hydrogen contro)
systems (recombiners) would only be actuated later in the event to control the
slow hydrogen/or oxygen release associated with radiolysis and reaction of
materials 1nside containment.

To quantify the metal-water source for design-basis accidents, 10 CFR 50.44,
coorfied in October 1978, requires that the combustible gas control system be
capable of herdling the hydrogen generated from five times the amount calcula-
ted in demonstrating compliance with 10 CFR 50,46 or the amount corresponding
to the totel resction of the cladding to a depth of 0.23 mils, whichever amount
was greater. Typically, this would translate to a 1 to 5% metal-water reaction
of the active clad,

However, the accident at Three Mile Island Unit 2 (TM1-2) on March 28, 1979,
resulted 1n a metal-water reaction that involved approximately 45% of the fuel
cladding (1.e., ebout 980 1bs), which resulted in hydrogen generation well in
excess of the amounts specified 1n 10 CFR 50.44. The combustion of this
hydrogen produced a significant pressure spike inside containment, As a result,
1t became apparent that additional design measures were needed to handle larger
hydrogen releases, particularly for smaller volume containments and those with
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lower design pressures. The Nuclear Regulatory Commission (NRC) determined

that a rulemaking proceeding should be undertzken to define the manner and extent
to which hydrogen evolution and other effects of a degraded core need to be
considered in plant design. An advance notice of the rulemaking proceeding on
degraded core issues was published in the Federa) %%gister on October 2, 1580.

In addition, & new unresolved safety issue was instituted (A-48, “Hydrogen Con-
Lol Measures and Efferts of Hydrogen Burns on Safety Equipment”) to evaluate
this new concern.

To formalize its requirements for additional hydrogen control measures to dea)
with degraded core accidents affecting pressurized-water reactors (PWRs) with
ice condenser containments and BwRs with Mark 111 containments, the NRC pub-
lished an amendment to the hydrogen rule (10 CFR 50.44) on January 25, 1985

(50 FR 3458). The amended rule required that a hydrogen control system be pro-
vided and that the system be capable of accommodating, without loss of contain-
ment structural integrity. the amount of hydrogen generated from a metal-water
reaction of up to 75% of the active fuel cladding. In addition, systems and
components necessary to establish and maintain safe shutdown must be capable of
performing their function regardiess of hydrogen burning.

Pursuant to the provisions of the rule, each utility with a Mark III contain-
ment has instailed a hydrogen ignition system (HIS) and submitted a preliminary
analysis and a schedule for meeting the full requirements of the rule. The
affected plants with Mark III containments are Grand Gulf Nuclear Station,

River Bend Station, Perry Nuclear Power Plant, and Clinton Power Station. The
staff's interim evaluations of these initial plant responses are documented in
supplenents to the safety evaluation reports for each of these plants (NUREG-0831,
NUREG-0983, NUREG-0607, and NUREG-0853, respectively).

These responses were aided by the efforts of the Mark 111 Containment Hydro?en
Control Owners Group (HCOG), formed in May 1981 by the vtilities with Mark 111
containments to collectively perform testing and analyses to demonstrate the
effectiveness and reliability of the hydrogen ignition systems.

In addition, each licensee with a Mark III containment is required to provide

a final analysis [10 CFR 50.44(c)(3)(vii)(B)] to confirm the conclusions of the
preliminary analysis and/or, if necessary, to institute modifications to ensure
compliance with the rule. The scope of this analysis is specified in 10 CFR
50.44(2)(3) (vi)(B). The generic findings from the HCOG's program will be
utilized for this final analysis, supplemented by plan* specific design
considerations as addressed in the licensee's IPE prog:am.

The following staff evaluation focuses on the assessment of the completed gen-
eric testing and analyses performed by the HCOG in support of the plant un que
analysis. The HCOG activities have been summarized in a topical report trans-
mitted by letter dated February 23, 1887, correspondence identification HGN=112-NP,
"Generfc Hydrogen Control Information for BWR-6 Mark I1I Containments.” The
topical report is a summary document of all of the individual generic submittals
that have been sert to the staff by the HCOG. It should be noted that HCUG
correspondence identification designators with a "P" suffix (HGN-XXX-P) are
proprietary to HCOG. Whereas, those without a suffix or with an “NP" suffix

are nonproprietary.
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ks part of the review of the HCOG program, the staff oLtained technical assist-
ance from the Sandia National Laboratory (SNL), the principal contractor for the
NRC research pro?ram on hydrogen control and combustion phenomena. SNL provided
the NRC with an independent assessment of technica)l issues contained in selected
HCOG submittals pertaining to hydrogen behavior.

The staff evaluation rf the generic considerations of the hydrogen control system
for the Mark III conteinment can best be understood if categorized as follows:

general description of the hydrogen ignition system
combustion and igniter testing

containment structura) capacity

degraded core events and hydrogen generation
containment response-analytical modeling
survivability of essential equipment

overall conclusions

Therefore, the following discussion will follow this general outline.

2 GENERAL DESCRIPTION OF THE HYDROGEN ICNITION SYSTEM
The regulation, 10 CFR 50.44(c)(3)(iv)(A), states:

Each licensee with a boiling light-water nuclear power reactor with

a Mark 111 type of containment..., shall provide its nuclear power
reactor with a hydrogen control system justified by a suitable pro-
gram ¢f experiment and analysis. The hydrogen control system must be
capable of handling without loss of containment structural integrity
an amount of hydrogen equivalent to that generated from a metal-water
reaction involving 75% of the fuel cladding surrounding the active fuel
region [excluding the cladding surrounding the plenum volume).

The concept employed by the licensees with a Mark III containment, and similarly
the ice condenser licensees, is to intentionally ignite hydrogen generated
inside containment. This meth. J precludes buildup of relatively high concen-
trations of hydrogen during degraded core accident scenarios.

To accomplish this early ignition a hydrogen ignition system (HIS) is installed
in each of the four plants with Mark III containments. The HIS is a system
which consists of approximately 100 igniter assemblies distributed throughout
the drywell and containment regions.

The main eleMent of the igniter assembly is the Model 7G thermal igniter glow
p1u? (commonly used in diesel engines) manufactured by the General Motors AC
Division. Each Mark III containment has an identical igniter assembly design.
Each igniter is powered directly from a 120/12-V stepdown transformer and de-
signed to provide a minimum surface temperature of 1700°F. The igniter assem-
bly (see Figure 2.1) consists of a 1/8-inch-thick stainless steel box that con-
tains the transformer and all electrical connections and is manufactured by the
Power Systems Division of Morrison Knudsen. Igniter assemblies are Class 1E,
seismic Category I, and meet the requirements of the Institute of Electrical
and Electronics Engineers (IEEE) Std 323-1974 and NUREG-0588 for environmental
gualification.
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The igniter assemblies are divided into two groups; each group being ?ou!red from
@ separate Class 1E division power supply. The intent is to have at east two
fgniters located in each enclosed volume or area within the containment that could
be subject to possible hydrogen pocketing, and each igniter be powered from a
separate power division, In open areas within the containment and drywell regions,
igniter assemblies at the same elevation are designed to have alternating power
division sources. Igniters are separated by about 30 feet when both engineered
safety feature (ESF) power divisions are operable or by about 60 feet when one power
¢ivision is inoperable. Igniter placement is designed to be more widely snaced in
the large open regions, such as above the refueling floor, and in the lower regions
of the drywell that are sut ‘ect to flooding. Reguirements of placement as well as
other parameters of the system are contained in the technical specifications for

t:e ..rogen ignition system, as proposed by the HCOG, and addressed in Appendix A

of t' ., report.

Each igniter power division has a corresponding onsite emergency diesel generator,
Incorporation of the emergency diesels into the design addresses the Quéstion

of igniter power for many sequences, but not for station blackout conditions.
Under blackout conditions, the M1S would not be operable. On the basis of a
separate evaluation of this possibility in the context of the NRC Containment
Performance Improvement (CPI? program, the staff has recommended that the
vulnerability to interruption of power to the hydrogen igniters be evaluated
further on 2 plant-specific basis as part of the Individual Plant Examinations

of the Mark I1I plants. (See Generic Letter 88-20, Suppiement 3)

The HIS 1s designed for manual actuation from the main control room. Actuation
by the operator {s required by plant emergency procedures when the reactor pres-
sure vessel (RPV) water level reaches the top of active fuel (TAF). The proposed
combustible gas control emergency procedures for plants with Mark 11l contain-
ments are further discussed in Appendix B.

By letter dated March 5, 1986 (HGN-073), the HCOG provided the following justi-
fication to support manual actuation. Actuation is linked to indication of the
RPY water level, which is a key safety parameter and is closely monitored by
the operators. Also, HIS actuation requires only the posfitioning of two hand-
switches  Furthermore, operators should not hesitate to energize the system
during  .1dent scenarios in which the hydrogen threat is uncertain or marginal
becav  there would be no adverse effect on the plant as a resylt of unnecessary
fgniver actuation, Time available to actuate the HIS 1s the other significant
parameter. Based on the hydrogen events considered, the HCOG estimated this
time o be approximately no less than 25 minutes; that is, after the water leve)
reaches TAF to the lower hydrogen flammability 1imit reached in the wetwell
volume, The HCOG also noted that hydrogen would migrate to the upper portions
of the containment before the wetwell reaches hydrogen combustion conditions.
This effect was seen in the quarter-scale tests, Therefore, the time interval
1s expected to be somewhat greater than 25 minutes.

Because (1) manual actuation is a simple task, (2) the operator has sufficient
time to perform the task, (3) and there are no negative effects {f the system
1s inadvertently or unnecessarily actuated, the staff finds manual operatcr
actuation acceptable.
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H1S Design Assessment

The staff finds these hydrogen igniter systems currently installed 1n the
plants with 2 Ma k 111 containment to be acceptable, with the coveat that the
vulnerability to interruption of power to the hydrogen igniters be further
eveluated on 2 plant- pecitic basis as part of IPEs of the Mark 111 plants,
(See Supplement No. 3 to Generic Letter 88-20)

3 COMBUSTION/IGNITER TESTING

Numerous research programs have been conducted since 1980 to bette~ understand
hydrogen combustion behavior and the performance of ignition devices. Because
these p oorems were varied in scope, Sandia National Laboratory (SNL) summarized
the findings of recent hydrogen combustion test programs in NUREG/CR-5079. This

report also provides aoditional beckground information and insights related to
hydrogen behavior,

The specific test programs considered necessary by HCOG to support the unique
plant characteristics of a Mark 111 containment are discussed below.

3.1 Small-Scale Tests

Small-scale hydrogen combustion tests were performed at Whiteshell Laboratories
and documented by the HCOG in a letter dated June 7, 1984 (HGN-017-NP). The
program was intended to investigate ignition and combustion behivior of mixtures
predominantly composed of hydrogen and steam, 1.2., with Timited available oxygen.
This condition may exist for a postulated drywell break event in which air is
initially swept from the drywel)l and then later reintroduced into the steam-
hydrogen environment, These tests confirmed that such hydrogen-air-steam mix-

tures can be successfully ignited as lor; as the oxygen concentration exceeds
epproximately 5-6 volume percent,

A 1/20th-scale Mark 111 hydrogen combustion program was conducted by Acurex
Corporation and documented by the HCOG in a letter dated February 9, 1984
(HGN-~014-N®), The objective of this program was to provide a visua)

record of hydrogen combustion behavior in a 360-degree model of a Mark 111
contafnment. Modelling included the suppression pool and major blockages in
the annular region between the drywel) and outer containment walls. Hydrogen

was admitted through simulated quenchers and/or vents into the suppression pool
and ignited by prototypical ignition sources.

The most important resu)t obtained from the 1/20-scale test was the confirmation
of continuous hydr0$(1 dburning in the form of steady diffusion flames above the
suppression pool., The significance of this mode of hydrogen burning is the
observed severe thermal loads that occur near the diffusion flames and could
threaten the integrity of the containment and equipment. Diffusion flames were
observed when hydrogen flow rates of 0.4 1b/sec (full-scale equivalent) or
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greater were yced. Combustion was fnitiated by the igniters and rapidly prop-
8gat.d to the pool surface and formed stesdy diffusion flames that were an-
chored at the surface of the poo) and located above the submerged spargers that
released the hydrogen, Hydrogen burning was observed to intensify as the hydro-
gon injection flow rate was increased, as evidenced by taller flames ang higher
emperatures.

45 part of the 1/20~scale program to determine the sensitivity of sculing. )

S5-scale single~sparger PotkUp was constructed. A significant result o these
tests was that approx mately one-half the f]ame height of what would have been
predicted based on resylts of 1/20-scale tests was observed. On the basis of
these tests, it became necessary for the HJ0G to pursue a larger-scale test
program to obtain therma) environnenta) data more representative of a Mark 111
containment, Subsequently, the HCOG undertook an extensive program to better
define the conditions thet could exist during & degraded core accident. A major
element of this effort was the quarter-scale Mark I1 containment combustion
test program,

3.2 Quarter-Scale Test Facility

The quarter-scale test program became the major element of the HCOG's hydro?en
research program. The primary objective of this program was the investigation
and characterization of the environment that could result from diffusive burning
on the suppression poo) in a Mark 111 containment. Ultimately, the information
gcthered from the quarter-scale test fac111t¥ (QSTF) would be used in determin-

ng the survivabilit{ of select equipment. est facility description and the
combustion test resyults may be found in the HCOG's letters HGN-098-P, July 18,
1986 ; HGN=115-NP, February 10, 1987; and HGN-121-P, July 22, 1987.

The test facility s a quarter-Tinear-scale mode) of & Mark 111 containment, de-
signed and constructed by Factory Mutua) Research Corporation (FMRC), and located
in West Gloucester, Rhode lsland, The tesi enclosure 1s designed to operate at
pressures up to 40 Psig and consists of an outside tank, 31.5 feet in diameter,
49.4 feet hign, containing a smaller tank . about 21 feet in diameter by 23 feet
high. The space between the two tanks is the test volume; which contains floors
and other large blockages simulating the cbstructions that exist in the actua)l
containments. Because of the unique features of the Tour plants studied, modular
construction of the annular floors 14 vied to modify the vessel interior when
Needed. At the bottom of the two tanks, the suppression pool 1s simulated.
Several views of the facility are shown in Figures 3.1 and 3.2.

Facility design features include:

. containment sprays
. siTu7ated Toss-of-coo1ant-accident (LOCA) vents (top row oniy, numbering
48

. siéuYated spargers (uniformly spaced every 15 degree . azimuthally and
totalling 24) -
. unit coolers (for the River Bend configura*ion)

The facility s heavily instrumented to measure gas and s.rface temperatures,

gac velocities, yas concentrations, heat fluxes, pressure, and five video
cameras are used for a visua) record.
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3.&.1 Scaling Methodology

The theoretica)l basis for modeling hydrogen flames in the test facility is based

on Froude scaling. The mudeling sssumes fully developed, buoyancy dominated,
turbulent flows are achieved to preserve the equivalent value for the Froude number
in the model and in the full-scale plant. The technique of Froude scaling is
supported by numerous experimental demonstrations in the field of fire research.

Using this type of modelling full sca'e was scaled to quarter scale, a 4-to-1
Tinear scaling resulting in:

32-to-1 reduction in mass and volume flow rates

64-to-1 reduction in tota) hydro?on released

2-to~1 reduction in the time scale

2-to-1 reduction in gas velosities

1-to-1 relationship for gas temperatures and gas concentrations

Flame he.ghts and global flow patterns also were determined by Froude scaling.
Generally, Froude scaling was used to reasonably and practically design the
QSTF (e.g., spray flow and droplet sizes, heat sink thermal characteristics,
blockages). However, the following discrepancies were noted:

(1) The quarter-scale tests revealed that the insulation used in the facility
became wot and its thermal properties departed from dry insulation.

{2) The QSTF had only 20% of the mass as prescribed by Froude scaling.

(3) Tne scaling method did rot rigorously simulate convective and radiative
hest losses to structural heat sinks.

To assess the impact of these discrepancies, the HCOG provided a comprehensive
analysic as documented by HCOG letter HGN-085, dated May 5, 1986. The HCOG
determined that compensating effects existed in the treatment of heat sinks.
Thus, the data obtained from the QSTF does provide a reasonlbl{ accurate
desgfiptiun of the full-scale thermal environment when extrapolated by Froude
scaling.

To assist the staff in the review of this complex matter, SNL studied the subject
analysis and submitted various comments. On October 7, 1887, a meeting between
the HCOG, SNL, and the staff took place to resolve the SNL's comments. Subse-
quently, HCOG documented its responses in a letter (hGN-128) dated November 6,
1887. On the basis of the additional information, SNL concluded and the staff
concurs thail the application of quarter-scale experimental data directly to
full-scale equipment survivability can be done conservatively in spite of the
above discrepancies. SNL's assessment is documented in correspondence dated
December 23, 1987.

3.2.2 Quarter-Scale Testing Aporoach

Tests were performed in the QSTF for the four different plants with a Mark 111
containment; i.e., the QSTF was customized to reasonably represent the plant-
specific characteristics of each Mark 1II configuration. During the tests,
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hydrogen was released through spargers used to simulate the automatic depres-
surization system (ADS) and a stuck-open relief valve (SORV) or through the
simulated LOCA vunts. Two hydrogen release profiles we:e used in the facility,
¢ low-reflood case (150 gpm) and a hi*h-r'flood case (5000 gpm). A discussion
of the development of these profiles s contained in Section 5.

However, before the plant unique or production tests were conducted, a series

of scoping tests were performed to assess data repeatability and the significance
of various parameters. Results from these tests formed the basis for developing
the final test matrix that were used in the production test program. Also, in
the early development of postulated degraded core events, spray availability

was uncertain, therefore tests were performed with and without sprays activai.:.
In the nroduction tests, each plant had its own specific array of tests, focusing
on the SORV Tocations, the combination of ADS spargers and LOCA vent releases,
and the effect of sprays/coolers. The data obtained from these prodiction tests
formed a basis for determining the full-scale thermal environment and became a
central element of each licensee's fina) aralysis. This information was used as
input to analytical evaluations of oqufgmont thermal response for assessing sure
vivability of critical equipment. Further discussions on the use of this data
are contained in Section 7.

3.2.3 Quarter-Scale Test Results

The scoping test and partial production test results are summarized and presented
in the HCOG's correspondence (HCN-098-P, and HGN-121-P). These results demon=
strated that the distributed glow plug igniter system can provide an effective
means for 1imiting accumulation of hydrogen in plants with Mark 111 containments.
Hydrogen concentrations throughout the facility were maintained near or below 5
volume percent (dry basis) for all tests and steam concentrations were deter-
mined to be about 10-15 volume percent for selected tests. Although low hydro=
gen concentrations were maintained, different types of combustion behavior were
observed during the tests, dependin? on the synergistic conditions. The various
observed combustion modes are described below.

Diffusion Flames

When hydrogen was released into selected spargers, hydrogen combustion would
initiate as a mild deflagration or 1ightoff (pressure rise about 1 psi) in the
wetwell region between the hyd aulic contro)l unit (HCU) floor and ihe sippres-
sion pool surface and would persist in the form of standing diffusion flames
anchored to the poo) surface. Ihis was the dominant mode of combustion and
occurred for bulk oxygen concentrations of 8 volume percent (dry) and h{drogen
injection rates greater than 0.15 1b/sec. It should be noted that the hydrogen
flow rates are full-scale equivalent values (i.e., a 32:1 increase). In this
regime of steady flames, combustion was essentially complete. For an injection
rate of 1 1b/sec, a flame height of about 8 feet (full scale) was reached.

As the hydrogen injection rate was decreased to about 0.15 1b/sec;-combustion
became less complete and the flames less stable. As the rate was further de-
creased, diffusion flames on the pool surface could not be maintained. This

point is known as the flame extinguishment limit. Moreover, it was observed

that this 1imit was strongly influenced by background gas concentrations.

Mark 111 SER 11



To 1lustrate %ne various relationships, the following was extracted fror, the
QSTF scopiny test veport:

(1) The flame extinguishment 1imit ranges from ~ 0.07 to ~ 0.15 b/
sec for ambient hydrogen concentrations below ~ 4.1 volume per-
cent dry (high oxygen conditions).

(2) The flame extinguishment Vimit decreases with increasing hydrogen
concentration to & minimum between ~ 0.025 and ~ 0.03 1b/sec 2t &

hydrogen concentration of ~ 4.5 volume percent (high exygen
conditions.)

(3) For comparable ambient hydrogen concentrations, the flame extin-
guishment 1imit 1s s1ightly higher at low oxygen conditions.

Another effect that accompanied hydrogen burning was the formation of bulk

air currents. Horizonta) air flow was crested above the poo) surface &llowing
diffusion burning to continue by providing & source of oxygen. Another pattern
of circulation was the creation of chimneys, which provide for flow to and Trom
the region of burning and exchange flow with the upper containment, that is,
hot (upward flow) and cold (downward flow) chimneys.

Localized Combustion

Below the flame extinguishment 1imit, flames on the pool were not observed
The prevalent burning mode ** very low hydrogen release rates has been termed
localized combustion. This yhenomenon is characterized as weak flar.. o volume

burning through a marginally combustidble hydrogen/air/steam mix®. ¢. This t)pe
of combustion was detected only in regions at or above the WCU loor and concent
trated mostly in chimney sreas. This was evident by temperature measurements;

localized combustion was not observed by video recordings. Localized combus-
tion appeared to be relatively benign (i.e., less than 250°F at instrumented
locations). Burning was more widespread and somewhat more intense at Tow

oxygen conditions and was accompanied by slightly higher background hydrogen
concentrations (i.e., near 5%).

The QSTF was oriented to investigate the burning phenomena in the area immedi-
ately above the suppression pool. As & result, the instrumentation layout above
the HCU floor was not sufficient to provide & detailed mapping ¢f the conditions
in that region. Consequently, a rigorous investigation of localized combustion
was not possible; however, the instrumentation that was present, along with

(0G's analytical effort (see Section 6), provided a reasonable characterization
of the phenomena. Localized combustion is discussed further in Section & as it
relatcs to the analytical methods used by the HCOG.

Secondary Burning

During the quarter-scale testing, an additional combustion phenomgnon was ob-
served late in one of the tests. When the bulk oxygen concentration dropped
below 8 volume percent (dry), flames extinguished on the surface of the pool but

formed at the HCU floor elevation. This type of burning has been termed secon-
dary burning.
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During a June 1986 meeting with the staff, HCOG revealed the presence of secondary
burning in one of the Perry production tests. This phenomenon was not observed
in previous production tests or in the scoping test phase. Unti) this particu-
lar test, only in a scoping test did the containment oxygen concentration drop
below BX. Oxygen concentrations - re generally maintained above 8 percent due
to a unique need associated with the video coverage. Each of the five video
cameras vsed in the QSTF required a continuous air purio for the camera lenses
to prevent a condensation on the Tens. This resulted in a continuous inflow of
ox{?en in the facility, thus precluding the atmospheric oxygen concentration to
fall below 8. However, the camera air purges were not run continuously in the
subject test; subsequently, late in this test the oxygen concentration fell
below BX. Additicna) information is provided by HCOG submitta) HGN-106-P dated
September 29, 1986, and 21so discussed in detail 1n the quarter-scale combustion
test report.

To present its overal] assessment of the significance of secondary purning,

HCOG be*an by aooressin? ihe limitations of the QSTF. The QSTF has various
physical and practical limitations associated with the investigation of secondary
burning. The instrumentation in the facility was geared to define the therma)
environment produced by diffusion flames anchored to the surface of the suppres-
sion pool, which is the dominant combustion mode. Therefore, more instrumenta-
tion would be needed to investigate burning above the HCU floor. Since al)
plants with Mark 111 containments have different containment volumes, simulation
of the expected oxy?en depletion profile for each plant would be difficult.
Therefore, HCOG evaluated the need to further consider the secondary burning
phenomenon. The following ident‘fies the various factors considered and their
relationship to the four plants with Mark 111 conta'nments:

(1) Secondary burning is expected to occur over a narrow range of oxygen
concentrations, agproximately from 6 to 8X. Based on the hydrogen
generated by a 75% metal-water reaction, a Mark III containment would
experience this oxygen concentration interval late in the iransient or not
at all. Assuming the drywell air is not added to the containment inven-
tory, @& metal-water reaction of 55 to 67% would be reached before the
Oxygen concentration is expected to fall below 8%. This range applies to
three of the four plants. Because ot the larger containment volume-to~
power ratio, Clinton is not expected to fall below 10X oxygen; thus,
secondary burning is not anticipated. When the drywell air inventory is
included in the containment regic., a metal-water reaction of 67% would be
reached for Perry before the oxygen concentration is expected to fall below
8%, River Bend and Grand Gulf would have already consumed the equivalent
hydrogen required by the rule (i.e., 75% of the fuel cladding surrounding
the active fuel region).

(2) Considerable uncertainty is inherent in predicting the long-term
hydrogen profile, especially in the latter phase of the profile (refer
to Section 5). For example, an alternate accident sequence such as a
drywell break sequence, different hydrogen release rates, the use of the
drywell mixing system, or not even reaching a2 75% metal-water-reaction
value, could reduce or possibly eliminate secondary burning.
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(3) Also, not a)) conditions expected to exist in an actua) plant existed in
the test when seconcary burning was observed. For example, sprays were not
activated and the burning on the HCU floor was in a sector where the hydrogen
release was most concentrated. This sector was in the 45-degree chimney
in which the SORV was located and the steam tunnel structure would reduce
the upward cross-sectional flow area. Therefore, it 1s expected that these
factors contributed to the locally high concentration of hydrogen that s
required for secondary burning. ft should also be noted that the overall
shape of the flames occupied a relatively small area, forming & flame zone
near the corner of the steam tunnel and drywell wall. On the basis of
these differences, the following significant mitigating factors can be
inferred to reduce the consequence of secondary burning:

(2) Increased turbulence inside containment through spray operation or
unit ~oc1in? could potentially delay or preclude secondary burning.
This was evident to some degree in one of the scoping tests during
which conditions were similar to those during the Perry test where
secondary burning was present. This scogina test had sprays func-
tiening &nd the oxygen concentration fell to approximately 7.8X.
Secondary burning did not occur. Also, sprays/unit coolers would
provide cooling to mitigate the consequences of secondary burning {f
it were to occur.

(b) Secondary burning appears to be extremely localized. It occurred in
the region above the location where three adjacent safety relief
valves (SRVs) spargers released hydrogen. Further, secondary burning
occupied only a small zone. Because of equipment redundancy and
sep:rut1on. secondary burning is expected to affect only one train of
equipment. :

On the basis of its findings, the HCCG determined further experimental investi-
gation of secondery burning was not necessary.

The staff's review of the evidence indicated that secondary burning is not ex-
pected tv present a significant additional threat and, if this combustion mode
were to occur, it is expected that the thermal zone of influence would be lim-
ited. Therefore, the staff agrees that further detail study of secondary
burning is unwarranted. However, since the redundancy of equipment (i.e.,
spatial separation of equipment performing the same function) is the most
important element, the staff requests that the Perry, River Bend, and Grand
Gulf licensees (excluding Clinton) confirm that sufficient separation (i.e.,
at least a 50° azimuthal displacement) exists between the redundant equipment
expected to be affected by secondary burning.

4 CONTAINMENT STRUCTURAL CAPACITY

The burning of hydrogen inside containment has the potentia) to induce pressure
excursions in excess of the containment/drywel) design values. To determine
the pressure capability of the containment structures, required by 10 CFR 50.44
(c)(3)(iv)(B), each licensee provided :*« plant-specific analysis for staff
review. The details of the staff's evaluations regarding the containment and
drywell ultimate capacities are documented in each of the plant's respective
SER supplements. Rather than repeating these evaluations, a brief description
of the Mark 1J1 containment wil) be provided.
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In the Mark 111 containment design, the containment completely surrounds the
drywell. At the bottom of the containment, a 360-degree annular suppression
pool is located between the containment wall and dryweil wall. Below the poo)
surface, horizontal vents ace constructed in the drywell wall. The principa)
difference between the four plants is in the characteristics of the containment
shell, as llustrated in Table 4.1. For Grand Gulf and Clinton, the primary
containment is a steel-lined, reinforced concrete structure consisting of a
verticel cylinder and a hemispherical dome top. For River Bend and Perry, the
primary containment is a free-standing steel vessel consisting of a vertica.
cylinder and a torus-spherical dome surrounded by a concrete shield buildi.g.
The interna) containment design pressure of 15 psig is the same for each plant.
The ultimate pressure capacity was determined to be about three times design
(i.e., approximately 50-60 psig) for eech plant. Since the drywell structure
is designed to greater pressure values than the containment vessel, the drywel)
uitimate capacities also are ?reltcr and are not limiting in the forward or
reverse direction. The containment pressure capacity, taking into consideration
limit1ng containment penetrations, is used as the 11m1t1n$ parameter when
evaluating the consequences of hydrogen deflagrations inside containment.
Figure 4.1 is an i1lustration of a Mark III containment configuration.

5 DEGRADED CORE EVENTS AND HYDROGEN GENERATION
5.1 Introduction

To determine the consequences of hydrogen burning, the hydrogen generation
release must be addressed to establish a representative hydrogen-generation
event (HGE) and define representative hydrogen release profiles.

The regulation, 10 CFR 50.44(c)(3)(vi)(B), specifically requires that the fal-
Towing be considered in the analysis:

(1) large arounts of hydrogen generated after the start of an accident (hydrogen
resulting from the metal-water reaction of up to and including 75% of ihe
fuel cladding surrounding the active fuel region, excluding the cladding
surrounding the plenum volume);

(2) the period of recov -y from the degraded condition;

(3) accident scenarios that are accepted by the NRC staff and that are accom-
panied by sufficient supporting justification to show that they describe
the behavior of the reactor system during and following an accident result-
ing in @ degraded core.

The HCOG analyzed two degraded core accident sequences (HCOG transmittals
HGN-003, -006, -018-P, =031, -052, =055, =072, -104-P, =112-NP, =129-P and -132).
The bsse-case scenario begins with a loss of offsite power, followed by reactor
scram, isolation of both the containment and MSIVs, and power conversion system
unavailability., One diesel generator fails to start and the relief valves cycle
on high reactor pressure as a result of MSIV isolation. Relief valve cycling
results in one stuck-open relief valve (SORV). The second scenario models a
small break in the drywell by using the same total hydrogen and steam release
histories as the previous case but the predicted hydrogen and steam release is
mechanistically split between the drywell and t. e containment.
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fab1¢ 4.1 Comparison of BWR Mark 11l Conteinment Characteristics

Characteristic Grand Gu)f Perry River Bend  Clinton
Rated thermal output, Mwt 3,833 3,579 2,8%4 2,894
Number of fuel bundles 800 748 €24 624
Drywell structure:
Design pressure, psig 30 30 25 30
Ex}:rnal design pressure, 21 21 20 17
ps
Air volume, ft” 270,000 277,685 236,196 246,500
Suppression pool volume
(includes vents), ftd 1. 3E4 1.12€4 1.3E4 1.1E4
Suppression pool surface
area, ft? 553 482 522 455
Holdup volume, ft® 50,000 40,564 20,353 33,804
Holdup surface area, ft? 3,145 2,617 2,564 2,490
Containment vessel:
Design pressure, psig 15 15 15 15
Ultimate pressure capacity,
psig 56 50 53 63
Externa) design pressure,
psid 3 0.8 0.6 . 3
Tota) 2ir volume, ft® 1.486 1.141E6 1.192E6 1.551E6
Air volume below hydraulic
control unit floor, ft? 151,644 181,626 183,792 173,000
Suppression pool volume,
ftd 1. 24E5 1.06E5 1.28E5 1.35E5
Suppression poo) surface
area, ft? 6,667 5,900 6,408 7,175
Upper pool makeup volume,
ft3 36,380 32,830 0 14,655
Containment spray flow
rate (1 train), gpm 5,650 5,250 0 3,800
Number of loss-of-coolant-
accident vents 135 120 129 102
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Figure 4.1 = Typical Mark 111 Containment Configuration
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The transients resulting in an SORV were selected (1) to ensure a rapid Toss of
inventory and (2) to account for and create a Timiting loce] t! ma) containment
environment for analysis and testing. Small-break loss-of-coolant accidents
(SELOCAs) were selected as an alternate sequence to address the potentia) and
consequences for hydrogen combustion in the drywell. Otherwise the SBLOCA
sequence is fdentical to the SORV sequence.

For the base-rase scenario, 21l ac-powered reactor makeup systems are assumed

to inftially fail. According to emergency procedures, the operator will depres-
surize the reactor when water level decreases to the top of the active fuel or
when conditions requiriug steam cooling are met. Foilowing vessel depressuriza-
tion, low-pressuie system injection 1s assumed to fail. The scenario continues
with the core becor.ing u:covered and core heatup beginning at about 35 minutes
into the transient. Limited hydrogen is produced during core heatup. At about
65 minutes into the event, the core 1s reflooded before it becomes nonrecover-
able (exceeding a 50% zirconiun [Zr] melt fraction). During reflooding of the
core 2 significant amount of hydrogen is generated. This hydrogen is transported
to the suppression pool through the safety relief valve spargers and into con-
teinment where it 1s ignited and burned.

The selection of the SORV sequence was based on the reactor safety study methodol-
ogy applications program (RSSMAP) study. In 1986, the staff questioned the
absence of the station blackout (SBO) sequence (letter dated February 21, 1986),
HCOG held the view that SBO is not a Tinely HGE contributor based on its
relatively low core melt frequency (HGN-055). This conclusion 1s based on the
results of the RSSMAP study (NUREG/CR-1659), which assumed Grand Gulf to be
representative of the four plants with Mark 111 containments. The results of

the GESSAR-I] PRA (NUREG-0979) als~ .ound that SBO s a dominant contributor

to the probebility of core damage, although the core damage probability is

quite Tow. The PRA results were reinforced by the staff findings reported in

an NRC report (NUREG-1150). In view of these studies, the HCOG revised 1ts
submittal to account for SBO. These revised results are contained in two reports
transmitted by letters dated January 8 and September 9, 1987. The staff's

review focused on those revised results and also drew on information from
previous submittals,

Additionally, the review effort focused on the hydrogen production profiles that
were derived using the BWR core heatup code (BHRCHUC? described in Science
Application Inc, and International Technica) Services (ITS) reports to the staff;
HGN-020, -031, -032, -034, -088, -096, and -132; and MCOG/NRC meeting August 28,
1984). The objective of this review was to ascertain the capabilities and the
acceptability of the BWRCHUC for use 1in generating the hydrogen generation pro-
files. Particular BWRCHUC concerns were (1) the ircaloy oxidation model, (2)
the transient simulation capabilities, 53; the abiiity to predict the maximum
expected hydrogen production rate, and (4) the ability to predict the total
amount of hydrogen produced in each transient.

5.2 Evalyation
The evaluation was divided into two parts: (1) the establishment of an accept-

able HGE scenario and (2) the scceptability of the EWRCHUC to estimate hydrogen
production histories.
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£.2.1 Acceptable HGE Sequence

The anelysis required by 50.44 is to be based upon an accidert sequence which
is “acceptable to the staff" and s at the same time limited to “recoverable”
events, The rule, however, does not provide criteria for the determination of
“acceptebility" or "recoverability.*®

The steff position with regard to recoverability s that there should be a
ressonable expectation that the original core geometry is generally maintained.
However, 2 guantitative definition of a degraded core state that s recoverable
15 not required. The degraded ¢ -¢ condition is a condition in which the
reactor core has experienced or . a2t the onset of experiencing damege from
excessive temperature (including permanent deformation or localized melting).
Inherently in the dcgraded core condition 1s an extended loss of coolant
injection without @ chance of immediate recovery. The purpose here is not

to associate core recoverability with detailed phenomens of cladding or fuel
meiting and relocation, but rather to provide a reasonable cut-off as far as
the deterministic calculation of hydrogen production is concerned. The total
amount of hydrogen production which must be considered is specified in the rule
itself. It is in this limited sense that the term “recoverable* is used in
this evaluation,

HCOG proposed & definition of recoverability in terms of the fraction of
Iircaloy cladding which has reached or exceeded the Zircaloy melting tempera-
ture of 2170 degrees k. The staff accepted a 50% Zircaloy clad melt fraction
&8s the cut-off point for "recoverability" based on HCOG's report that

eralyses inuicate that ot this point significant fuel melting is in progress.
It is the staff's judgement that the maintenance of the original core geometry
efter damage to this extent is unlikely. Therefore, for the purposes of
hydrogen rule considerations and hydrogen generation rate estimates, the 50%
2ircaloy melt fraction criterion is acceptable.

With regard to the “acceptability® of sequences, the staff considered two cri-
teria: (1) the likelihood of & given sequence and (2) the contribution to
risk from 3 given sequence. 8ased upon NUREG-1150, tne staff concluded that
(1) the most likely KGEs would occur with the reactor vessel depressurized,
(2) the potentia) for greater consequences 1s associated with HGEs at high
pressure, and (3) the risk from a1l HGEs 1s estimated to be extremely low.

In assessing which sequences should be considered by HCOG, the staff also con-
sidered the uncertainties associated with low- and high-pressure events, For
low-pressure events the requirements of tne rule force conditions which are
physically unrealistic (e.g. that the core be recoverable yet 75% of the
Zircaloy is nxidized). This resu’ts in sequences which are somewhat artificial
end therefore considerably uncertain, For high-pressure events these uncer-
tainties are further complicated by a further lack of experimenta) data.

The staff therefore iudged that {1t is sufficient to consider only low-pressure
sequences because (1) the overal) risk from HCEs is believed to ge Tow, (2) from
@ risk perspective the reduced likelthood of a high-pressure HGE 1s 1ikely to
offset the potentially higher consequenres of such an event, and (3) the
additional uncertainties associated w'. . high-pressure event progression.

$.2.1.1 The HCOG's Base-Cose Scenario

The base case scenario proposed by HCOG results from 2 transient caused by loss
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of offsite power, subsequent reactor scram, MSIV and conrtainment isolation, and
one SORV. A1l zc-powered reactor makeup systems are assuned to fail initially,
However, the reactor core isolation cooling (RCIC) system which 1s dc powered
and/or the fire truck diesel supply are available &t Grand Gulf. Emergency
operating procedures require depressurization when the water level reaches the
to? of the active fuel region and some low oressure injection system 1s svail-
eble. It is assumed that following depres. =-izatien, the Tow-pressure systems
fail to inject. The core becomes uncovered *nd cove temperature begins to rise
2t about 35 minutes into the transient. As the core temperature continues to
rise some hydrogen is produced. At about €5 minutes into the transient, +*-
core 15 assumed to be reflooded at a high flow rate. During the reflez.ing of
the core, large amounts of hydrogen are produced and transported tc tne con-
tainment through the safety relief valves. At this point in time, the core has
reacheg t?e recoverability criterfon (i.e., the Zircaloy melt fraction is at
about 50%).

A varfation to the SORV sequence 1s the SBLOCA scenario resulting from a hypo-
thetical drywell break. The drywell break is essentfally the same as the SORY
sequence except that the hydrogen is discharged into the drywell as well as
through the safety relief valves (SRVs). The staff considered this conservative
sequence in order to eva'uate the effect of hydrogen burning in the drywel)
where essential control equipment cabling is found.

$.2.1.2 Station Blackout and NUREG-1150

The results of the GESSAR-I1 PRA (NUREG-0979) also found that SBO {s & dominant
contributor to the probability of core damage, although the core damage
probability 1s quite low. These results were reinforced by Grand Gulf findings
gocumented in NUREG-1150. Subsequently, the HCOG submitted information to
account for SBO to the staff by letters dated January 8 and September 9, 1987.

The results of analyses of Grand Gulf documented in NUREG-1150 frdicate that
the most probable HGEs result from SBO. The most Tikely of these segquences
(designated as TBU sequences) consists of loss of offsite power followed by the
failure of onsite ac power in divisions 1 and 2, the failue of high-pressure
core spray (HPCS) and reactor core isolation cooling (RCIC), and depressuriza-
tion of the reactor vessel. TBU represents more than 90% of all MGE sequences
end more than 931 of all low-pressure HGE sequences. The development of the
loss-cf-offsite-power (degressurized vessel) sequence begins by boiling off the
entire reactor vessel coolant inventory, With the core dry but at pressure,
the operator depressurizes the reactor to increase the length of time available
10 support core recovery before the initiation of core damage. Following vessel
depressurization the core begins to heatup causing oxidation of incore Zircaloy
and core damage. Before core damage progresses to a2 point where a nonrecover-
able core geometry could develop, 2 reactor vesse) reflood system is assumed to
br “ecovered. This refloo. system then covers the fuel region with water termi-
naving the event with a degraded, but recoverable, core geometry. .

5.2.1.3 TBU the “"Acceptable Sequence"

The HCOG had considered the applicability of the various significant sequences
fdentified in the draft version of NUREG-1150 to the MCOG program, The scenarics
were divided into three categories; the short-term (about 1 hr) damage states
TBU, TBUX, TCUX, the intermediate (4-6 hre), and the Tong-term (8-10 hrs) se-
quences TB, TBU1, and TQUX (KGN-123), Differences, however became apparent
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when the results of the revised NUREC were reviewed. The revised version of
NUREG-1150 estimates TBU to be the dominant HGE seguence, which accounts for
93% of core damage frequency. The phenomenclogy of the fBU sequence 1s
similar to that of the HCOC base case with regard to the SORV. However, the
HCOG experimenta) testing and analyses, which encompasses the TBU sequence,
assumed the fgniters were continuously powered, including during the portion
of the transient when ac power was not available.

In addition, the rule requires that the containment structural integrity and 2
safe shutdown be established and maintained. The ability to satisfy these
requirements depend on both the total amount and the rate of hydrogen production.
To estimate the maximum hydrogen production rate and the total amount of hydro-
gen produced, the rate of water supply in the recovery phase of the HGE is
critical. For purposes of the hydrogen control rule, the TEU sequence as
described in NUREG-1150 (which encompasses the SORV as described by the HCOG)

is an acceptable sequence leading up to core recovery. In summary, the TBU is
acceptable for the time sequence of events and for the hydrogen production rate
and total amount.

(In grobab11istic risk assessment notation, the terms TB, TBU, TBUX, TBU1l, TCUX
and TQUX denote the following: TB - Station Blackout. TBU = Loss of offsite
pewer (LOSP) with failure of all high pressure functions. The SRVs are opera-
tiona) and the vesse)l is depressurized. TBUX = LOSP with loss of all AC
divisions and failure to depressurize. TBUl - LOSP with failure of AC divisions
1 and 2 and of the high pressure core spray (HFCS). The reactor core isclation
cooling (RCIC) operates for 6-8 hours before fa11ing due to high pressure in
the tubine exhaust., TCUX = ATWS witn LOSP loss of AC and HPCS and RCIC fail-
ures. TQUX - Failure of all ECCS functions except power.)

5.2.1.4 Hydrogen Generation Profiles

Recovery of cooling water flow is effectively bounded between 150 gpm from a

single control rod drive coolina pump to 5000 gpm from the emergency core cooling

system (ECCS) low-pressure hig. flow-rate core recovery system. The hydrogen

generation profiles for these extremes are qualitatively and quantitatively

different. The probability of a high-flow-rate recovery is expected to be higher

than that of a low-flow-rate system, because *here are more higch-flow systems

(or combinations of systems) to inject wate= into a depressurized vessel; hence,

it is reasonable to assume that the operator will attempt more often to recover

one of the high-flow-rate systems. A high-flow reflood rate is associated with

e high, narrow spike of hydrogen release, while the low-flow reflood rate will
feld lower hydro¥en production rates but for longer times (see Figures 5.1 and
.2) (HGN-=132). These profiles have been estimated by the HCOG using the BWRCHUC

code, which is discussed in Section 5.2.2. The tota) mechanistic estimated

amount of hydrogen released in the low-rate reflcod case is higher than that

released in the high-rate reflood case. The hydrogen peak release of the high-

of the high-reflood case is about 35 seconds wide at half maximum, while for

the low-reflood case significant hydrogen release lasts about 8.5 minutes.

Table 5.1 shows a summary of the main features of both cases.
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Table 5.1 Hydrogen Release Profiles

Length of Total Peak width at
Reflood Transient n¥drogcn Rate Half Max
Rate (gom) (min.) (1bs) (1bs/sec) (sec)
150 80.0 903.4 0.95 510
5,000 25.8 604.8 8.00 35

5.2.1.5 Non-Mechanistic Mydrogen Release Profile

The hydrogen rule requires consideration of metal-water reaction (MWR) for 75%
of the Zircaloy cladding surrounding the active fuel region. However, the esti-
mated amount of metal-to-water reaction in either reflood rate scenario is far
less than the required 75%. For Grand Gulf, the active core region cladding s
79,100 1bs. For the oxida“fon to proceed as: ZIr + 2H,0+2r0, + 2H,, the amounts
of Ir that correspond tv the hydrogen released in Fig;res 5.1 ang g.2 are
20,450 los and 13,700 1bs which represent about 26.0% MWR and 17.0% MWR re-
spectively.® (This MWR 1icorporates rhanne) box and stainless stee) oxidation.)
A mechanism was needed to increase the release profiles tc 75% MWR of the active
core region cladding, as rejuired by the rule. The 75% MWR of the Zr in Grand
Gulf is 59,300 Ybs, which when ~xidized will create about 2,600 1bs of hydro?en.
It must be pointed out that mechanistic models that account for 75% MwR of clad-
ding oxidaiion result in a severely damaged core exceeding the recoverability
criterion. There are many possible scenarios inat can be hypothesized to yield
75% MWR cledding oxidation; however, no attempt is made to estimate the phenom-
ena associated with such an oxidation lev-' “=2{ause 1t would r quire an
unreasonable recovery criterion.

As discussed previously, after core quenching in the low-rate reflood case, the
calculated maximum amount of metal-water reaction is 1imited to about 26%. To
meet the rule requirement of 75% MwWR, the HCOG submitted a nonmechanistic mode)
used to predict hydrogen production based on an energy balance in a severely
damaged core. It assumed that such a core has energy losses at least adequate
to remove decay energy in the core, the energy produced by continued oxidatien
of Zircaloy, and excess stored enargy in the core. It 2)so assumed that termi-
nation of oxidation at 75% MWR takes place by quenching of the core and remova)
of all excess energy (HGN-034). Considering the above, the oxidation rate will
support a constant hydrogen release of about 0.10 1bs/sec. The staff finds
that tnis]re1ease rate is acceptable for hydrogen release to 75% MWR, as required
by the rule. '

Therefore, for the scenarios shown in Figures 5.1 and 5.2 the "tails" correspond
to 1700 1bs and 2000 1bs of hydrogen, i.e., an extension of about 17,000 seconds
(4.7 hours) and 20,000 seconds (5.6 hours), respectively.

The staff concludes that (1) mechanistic models can not predict the required

75% MWR of cladding oxidation in the active fuel region without core damage

*Zircaloy is assumed to consist of 100X Zr. The actual composition of Zircaloy-2
in weight percent includes, Sn: 1.2-1.7, Fe: 0.02-0.07, and Ni: 0.05-0.15
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beyond the recoverability criterion and (2) the use of & non-mechanistic release
mode) based on heat balance is reasonable and acceptable. This leads to &n oxi-
dation rate producing 0.10 1bs of hydrogen per second, requiring an extension of
about 4.7 and 5.6 hours for the scenarios of Figures 5.1 and 5.2, respectively.

5.2.2 BWR Core Heatup Code (BWRCHUC)
5.2.2.1 Introduction

The BWRCHUC has been used by the HCOG te calculate hydrogen rate release profiles
for the hydrogen generation sequences described previously. The areas the staff
considered in the review of the BWRCHUC is discussed below.

The BWRCHUC was not validated or benchmarked to global core experimental data,
rather &t relies on collective engineering judgment and understanding of the
phenomena taking place in a core disruptive accident. The lack of benchmarking
or validation is due to the absence of suitable experimental data. This lack of
benchmarking prevents the results of the code from being used directiy without
appropriate consideration of selected input parameters. The results of the
BWRCHUC should be seen as an engineering estimate of the anticipated phenomena,
Accordingly, the code review was aimed &t the reasonableness of the modeling,
the physical significance of the assumptions, and possible conservatisms in the
estimate. Reasonableness was assessed in terms of models and hypotheses that
have been advanced by other researchers in this field and any other evidence
that could be gleaned from whatever Timited and partial experimental informa-
tion was available. For code modeling, the TBU sequence for an HGE was consid-
ered equivalent to the SORV sequence ?paragraph 5.2.1.4) with respect to the
depressurization and core uncovery time, thus similar &s far as hydrogen
generation is concerned. This sequence is the simplest and most straight-
forward, thus having the highest probability of being modeled correctly.

The BWRCHUC is & well-written computer code in that (1) it faithfully represents
the BWR geometric core design and (2) the models included in the code are ade-
quate to cover the specific HGEs selected for analysis by the HCOG and repre-
sented by the TBU sequence. Modular architecture has been used extensively,

where each module (subrcutine) in the code treats a different phenomenon or as-
pect of the problem. "¢+ -ode is built by connecting the various medules with
executive routines. .. numerica) solution technique applied in the BWRCHUC is
apparently as good as »ny employed in severe accident codes. Numerical stability,

as reported by MCOG, 1s evidenced by the graphs of code output and the fact
that reflooding calculations can be run,

The BWR core geometry is very complex. Some subileties of the geometry have

the potential to affect the predictior of hydrogen generation. Therefore, it

is appropriate that a best-estimate code contain a representation of the geome-
try that is as complete as is reasona»), achievable. This has been done in the
BWRCHUC. Considerable attention has .een drawn to the fact that the BWRCHUC
allows for a different two-phase wat r Jevel to be predicted in each fuel assem-
bly represented. A separate level f ' the core bypass level varies according to
the bundle power since the water in an assembly is assumed to be saturated at
the system pressure. Water levels may also vary because the void fraction of
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the water in an assembly is a function »f assembly power. The bypass leve) c: .-
culation further assumes that water in the bypass is subcooled and thus corres-
ponds to the collapsed water level in the core. There is a hydraulic connec~
tion between the assemblies and the bypass so that the water level in the bypass
15 reduced as the core water inventory is boiled away by the decay heat gcnerltod
within the assemblies. This representation closely corresponds to a partially
covered BWR/6 core at low pressure before any structures in the core reach tem-
peratures significantly greater than saturation.

5.2.2.2 Phenomenological Assumptions

A mode]l for channel blockage was included in the code, but has not been employed
in the calculations since experimental results did not sugport total flow
blockage. The blockage mode) assumed that the fuel rod cladding melts while

the channe) box remains intact. Molten cladding 1s then assumed to slump and
refreeze within the channel forming a complete blockage, which prevents steam
from reaching the Zircaloy surfaces within the assembly. In addition, steam
generation below the blockage pressurizes that portion of the assembly forcing
the two-phase level in that assembly below the core plate. Since no steam enters
the channel, all oxidation would stop. Experimenta) results from the PBF tests
(HCOC presentation to NRC January 14, 1985) indicated that a reduction in the
flow area as a result of Zircaloy slumping did occur, but that complete blockage
did not form. Without the channe) blockage mode] hydrogen production is maximized
811 other conuitions being the same. The lack of clad motion or channe)

blockage is a very conservative assumption with regard to hydrogen productien.

It is assumed that the control rods will remain intact since it s consistent
with the recovery criterion. Under certain conditions, experimental evidence

(R. 0. Gaunt) suggests that BWR control rod blades could melt early in the core
heatup phase of a transient. This would lead to the possibility of loca)

loss of control; thus, when the core is reflooded, local criticality could result
in intense heat production and core damage beyond the limits of recoverability.
Therefore, control rod melt would be beyond the scope of this program.

£.2.2.3 Steam Production

The modeling of steam generation within the reactor pressure vessel (RPV) can
have a significant impact on the quantity of hydrogen generated. While some
aspects of steam generation are accurately modeled in the BWRCHUC, other sources
of steam are not modeled at all. The steam generation modeling generally is
incomplete; however, for the most 1ikely HGE considered, the steam scurces not
represented do not significantly impact production of hydrogen.

Within the BWRCHUC, the following five sources of steam generation are modeled:

. deposition of the decay power from that portion of the fuel assembly below
the two-phase level into the saturated water within an assembly

. heat transfer (by nucleate boiling) from portions of fuel roz;. channels,

control blades, and the core shroud that are at temperatures greater than
saturation when they are covered by the two-phase level
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. radiative heat transfer from portions of control blades that have tempera-
tures higher than saturation to surrounding channel walls when the two-phase
level within the channe) 1s at or above the portion (at elevated tempera-
tures) of the control blade

. flashing of water in th . downcomer and lower plenum as a result of reduce
tions in the RPV pre.- ‘e (Pressure-time history is provided by user input.)

. evaporation of core spray droplets entering the top of a fue) assembly
during reflooding of the core

Steam ?eneration resuiting from flashing of the water inventory within the fue)
assemblies and in the bypass region is not modeled. If s{stom pressure would
decrease, flashing would occur. However, the selected i'G sequence does not
involve changes in pressure vesse)l pressure after hydrogen genorltion has begun.
It is assumed that the RPV pressure is constant for at least 10 minutes, which
is the time required to remove the bulk of the heat in the lower plenum struc-
tures. Therefore, the lack of a flashing mode! is not a factor.

Downward relocation of molten Zircaloy can have a large effect on steam genera-
tion. If the two-phase level is above the core support plate, molten Zircaloy
can run into water. Quenching or relocating Zircaloy in water would enhance
steam and hydro?on generation. This phenomenon is not modeled in tne BWRCHUC.
However, there s no water above the core support plate when Zircaloy nc?ting
occurs. Modeling of the melt relocation into the water would not increase the
quantity of hydrogen produced compared to that which wil) be produced in the
core reflood because of the more favorable surface-to-volume ratio.

An oxida.ion cutoff temperature is used in the BWRCHUC as surrogate for the
effect of cladding and channel box relocation and subsequent quenching thereby
removing the Zircaloy from the oxidizing environment (R.0. Gaunt and HCOG pre-
sentation to NRC January 14, 1985). The HCOG estimated Zircaloy oxidation vs.
Zircaloy temperature and concluded that 2400°K is a conservative reprasentation
to account for this effect (HGN-032, ftem 4). Based on the evaluation performed
by ITS, the staff has accepted the 2400°K as the irreversible oxidation cut-off
temperature (letter to HCOG June 4, 1885).

In the reflood stage, quenching of Zircaloy that is at temperatures higher than
the saturation temperature is nonmechanistically estimated. This can lead to
overprediction nf the steam generation rate durin? the reflood phr.c For nodes
that are more than 100°K above saturation, quench ng 1s assumed t. take place

in a single time step thus accelerating the heat transfer process arv steam
production,

Steam flow in the bypass region is underpredicted. However, the effect of this
underprediction of the bypass steam flow rate on the overall preci~tion of
hydrogen release is smal{. Overal) steam generation rates in an overheated
core could be underoredicted for transients in which the two-phase.level s
above the core suppurt plate. In the staff's judoment, the extent of this
underprediction is small compared with the uncertainties associated with
predictions of this nature.
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In summary, steam generation before reflood is reasonably well predicted provided
the RPV pressure has been constant for approximately 10 minutes. In the sequence
considered, the RPV is depressurized and stean and hydrogen production take

place under conditions of constant pressure.

5.2.2.4 Hydrogen Generation

As with the modeling of steam generation, the approach to modeling hydrogen
generation is reasonable considering the aifficulty of ropresentfng the phenom=-
ena to modelling techniques. The lack of mocels for a few relevant phenomena
combined with some of the assumptions made for phenomena that are modeled, leads
to some uncertainty with regard to the predictions of the hydrogen generation
rate during the dominant HGE. This uncertainty is expected to de negligible
(1.e., possess compensating effects) in the present context. However, consider-
ing the conservative assumption of no clad motion, we concluded that the overal)
hydrogen generation estimate is conservative.

The considerations/phenomena that are related to hydrogen generation and are
not modeled or are underpredicted are listed below.

. Oxidation below the location at which melting occurs is not modeled.

. Because of the underprediction of steam in the bypass channel, oxidation
of stainless steel and the outside of the channel is probably underpredicted.

. Ballooning of the cladding and localized failure resulting in simultaneous
interior and exterior oxidation is not modeled, thus limited hydrogen
underprediction may result,

Film boiling in & quenching mode s not modeled. This leads to higher
rate of hydro?en production for shorter time periods. It is not cleer
that an overall underprediction will result.

In the reflooding stage, vaporization of droplets that enter the top of

fuel assemblies by radiant heat transfer does not remove heat from fue)

rods. This results in a conservative hydropen production if the maximum
temperature is below the cut-off and possibly not conservative 1f it is
above the cut-off. It is not clear if the overall effect is nonconservative.

Reaction rates of Zircaloy and stainless steel with steam are calculated using
the Arrhenius relationship. The reaction rate constants used in these expres-
sions were derived by others from experimental results. This mode11n? of reac-
tion rates and the associated heat generation is appropriate and consistent with
what s used'in other severe accident modeling codes. A hydrogen blanketing fac-
tor is included in the formulation of the Arrhenius reaction rate expression.
Hydrogen blanketing refers to the possible limitation of the oxidation rate from
the dirfusion rate of steam through the hydrogen emitted from the oxidizing sur-
face. While the process represented by the hydro?en bIanketin? factor is real,
8 reduction of the oxidation rate is almost certainly not realized under the
conditions expected during core damage in BwRs. Diffusion of steam through the
oxide layer is the rate-1imiting process. Therefore, the hydrogen blanketing
effect was not considered in the HCOG calculations, which represents a slight
conservatism,
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Becouse the oxidation rate varies exponentially with temperature, the represen-
tation of intact Zircaloy nodes reaching temperatures significantly higher

than the melting temperature leads to higher uxidation than would be predicted
1f melting were explicitly treated. Therefore, this is & conservative assump-
tion. However, because the oxide layer is generally thick at these times, the
ectual guantity of additional oxidation is considered to be small. One could
view this enhanced oxidatior 2s & ronrechenistic approach to representing the
in111=1 enhancement in oxidation that probably accompanies slumping molten
2ircaloy.

Heating of the cladding reduces the tensile strength and increases ductility.
Simultaneous heating of the fuel end gases within the cladding leads to pres-
surizatfon of the rod from within, Ballooning of the cladding and localized
failure may occur before melting. Failure of the cladding would allow the in-
terior surface to be exposed to steam. It is therefore entirely possible that
both the interior and exterior surfaces of the cladding will undergo oxidation,
Since this possibility is not modeled in the BWRCHUC, hydrogen generation rates
and total hydrogen generation could be underpredicted. However, in the staff's
Judgment, the conservatism in the assumption that there is no clad slumping will
ddequately compensate for this potential underpredictior.

Overall, it is the staff's judgment that the modeling of the hydrogen genera-
tion rete in BWRCHUC is reasonable and the tota) and peak hydrogen production
estimates ere expected to be conservative.

.3 Summary and Conclusions

There was & twofold objective in this portion of the evaluatinn corresponding
to two requirements of 10 CFR 50.44: '

(1) "Use accident scenarios that are accepted by the NRC staff.” Paragraph
(¢)(3){vi)(B)(3).

(2) "Provide an evaluation of the consequences of large amounts of hydrogen
generated after the start of an accident...up to and including 75% of the
fuel c1adding surrounding the active fuel region...." Tlaragraph
(¢)(3)(vi)(B)(1).

The first requirement corresponds to the dominant accident sequence that leads
to an HGE, The information for such 2 sequence was derived from KCOG submit-
tels and conferms to the revised (final) version of NUREG-1150. The TBU se-
quence was found to represent 93% of 211 HGE sequences and censists of loss of
offsite power followed by failure of onsite ac power in divisions 1 and 2 and
failure of the HPCS and RCIC. The TBU sequence was found to be similar to the
SORV, which was initially proposed by HCOG. Thus, for hydrogen generation
purposes the TBU sequence satisfies the requirements of 10 CFR 50.44.

The second requirement is limited to the acceptability of the BWRCHUC to ertimate

hydrogen gereration profiles., The essential characteristics of such profiles are
the peak rate, its duration, and the total amount of hydrogen produced.
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The staff reviewed the BWRCHUC code on the basis of these requirements and
information submitted by the HCOG. The staff finds the BWRCHUC code acceptable
for use in calculating hydrogen production profiles. Therefore, the staff
finds that the profiles estimated by HCOG using the BWRCHUC are acceptable for
use in demonstrating compliance with 10 CFR 50.44.

6 CONTAINMENT RESPONSE = ANALYTICAL MODELING

In view of the quarter-scale test program, the emphasis on analytical methods

for predicting containment response to hydrogen burning has significantly di-
minished. This conclusion is based on the broad range of hydarcgen release

rates in which diffusive combustion iz expected to occur. The staff believes

the evaluation of the survivability of essential equipm =t should be based on the
QSTF data. Therefore, there is limited value in gur:uin; such anslytical meth-
ods as the CLASIX-3 code; thus, the following evaluation addresses HCOG's ef-
fort to resolve the CLASIX-3 code analysis generically. As such, this effort

is on:{ :oIevant at low hydrogen flow rates that are near the flame extinguish-
ment limit.

As documented by various staff evaluations performed before the completion of
the quirter-scale test program, the CLASIX code has been the principal analyti-
cal tool in predicting the containment response as a consequence of burnin
hydrogen for plants with an ice condenser or Mark 111 containment. The CLASIX
code or the TLASIX-3 code (which is the latest modified version that includes
Mark 111 containment features) deals with deflagration (discrete-type) hydrogen
burning. The code is a multivolume containment code that 1s used to calculate
the containment pressure and temperature response in separate compartments.
Moreover, the code has the capability to model characteristics that are unique
to Mark 111 containments while tracking the distribution of the atmospheric
constituents (i.e., oxygen, nitrogen, hydrogen, steam).

The staff's desire to demonstrate verification/validation of the CLASIX code
has been an extensive effort. CLASIX results have compared well with results
of other NRC-accepted analytical codes and hydrogen burning experiments. Fur-
thermore, the HCOG has performed additional code validation by comparing the
more recent Nevada Test Site large-scale hydrogen experiments to CLASIX-3 code
predictions. This is documented in HCOG's letter (HGN-113) dated January 8,
1987. With regard to hydrogen burning, the focus on code validation has been
on pressure predictions because temperature comparisons are more difficult to
predict due to their time and spatially dependent fluctuations.

As discussed earlier, the major element of the HCOG's program is the quarter-
scale test program. The data obtained from teste were used to perform equip-
ment survivability analysis (see Section 7). These tests revealed that
diffusion flames on the suppression pool surface can exist at a hydrogen injec-
tion rate as low as 0.02 1b/sec under certain background conditions. As such,
it is expected for a significant portion of postulated degraded core hydrogen
profiles that diffusion flames will be the dominant combustion mode. Since
CLASIX-3 does not model diffusion flames, these results have a significant
bearing on the extent to which the CLASIX-3 code can be relied upon to predict
containment temperature environments, which further emphasizes the importance
of the test program.
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$.1 Localized Combustion/CLASIX-3

As noted in Section 3.1, testing performed in the QSTF revealed that combustion
which occurred below the flame extinguishment 1imit was not global deflagration-
type combustion; but “"localized combustion.” Localized combustion is character-
fzed as weak flames or weak volume burning through @ marginally combustible
hydrogen-air-steam mixture. By letters dated June 10, 1986 (HGN-0392-P), and
December 15, 1987 (HGN-111-P), the HMCOC provided various analyses to demonstrate
that the CLASIX-3 mode) provided a boundary calculation for the combustion
occurring below the diffusion flame threshold. This mode] employed & combustion
mechanism that produce: a more severe global thermal environment than has been
measured locally in the QSTF for localized combustion.

The sta?f requested Sandia to review this approach. In i1ts HGN-092-P submit-
tal, the HCOG compared CLASIX-3 predictions for & quarter-scale model to exper
imental results of the corresponding tes* “~¢ CLASIX-3 predictions of the
wetwell volume showed that the temps - .~ *le exceeded the volume-weighted
average of experimental (.ta. On ¢ © nis analysis, the HCOG eonclud-
ed that CLASIX-3 yields cunservat ’ ‘f thermal environments inside
containment for very low hydrogen : ¢ ptaff questioned the appli-
cability of usin? experimental data - * 1 loca) phenomena to demon=-
tirate the capability of a lumped vo : L shared the staff's concerns
and recommended that the local combust, wwe2n observed in the QSTF
warranted further evaluation.

In its HGN-111-P submittal, the HCOG provided & comprehensive assessment of
localized combustion seen in severa) quarter-scale tests. In these tests, com
bustion activity, as evident by thermocouple responses, is widespread during
periods of low hydrogen flow. Test data do not indicate that concentrated
flame energy deposition occurs at fixed locations. Energy deposition appears
to be rapid and diffuse and is dominated by convective mixing, combustion-
{nduced turbulence, plume influence, and background gas flows. Typically,

peak temperatures recorded during localized combustion are relatively low and

persist for shert durations. The temperature responses are cyclic and return
to relatively low background levels.

The HCOG analyzed five quarter-scale tests conducted during the scoping test
phase of the program in an effort to better understand Toc.lized combustion.
At the low hydrogen flow rates, these tests demonstrated certain repeatable
trends and the thermocouple activity observed recurrent and generally predict-

able. Some of the findings resulting from the evaluation of localized combus-
tion are briefly described below.

(1) In tests without sprays, combustion was generally widespread. Whereas,
when sprays were activated, combustion appeared to be suppressed in open
chimneys (i.e., annular quadrants) as a result of cooling effects and
shifts in global flow patterns. Also, enhanced mixing resulting from
sprays induced slightly higher temperatures in some areas, but not appre-
ciably higher than those recorded when sprays were off.

Comparing the scoping test results, it appeared that the location of the

SORVs did not have as significant an effect as other parameters, such as
variation in hydrogen flow rates.
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(3) Probably the most important finding pertzined to combustion activity in
the vicinity of the hydrogen 1gn1ters. The closest thermocouple located
to a neardy igniter was about 15 inches laterally or about & inches later-
ally and 15 inches above the 1?n1tcr. Data indicated that temperatures
close to igniters were generally no more severe than recordings severa)
feet away. Also, when comparing the effects of blockages above igniters
to open fiow regions, » significant increase in temperature was mot ob-
served. Combustion energy dispersion was prevalent.

To further support its Tindings of turbulent mixing induced by combustion, the
HCOG included a discussion of a test in which pool flames were observed. A
thermocouple was placed about 1 foot direct1{ above the pool surface over an
active sparger. Readings indicated that at low hydrogen flows the flames at
this location asppeared to be intermittent and unstable. The temperature ve-
sponse did not exceed 425°F as & result of these unsteady pool flames. The
HCOG contends that, because of the efficient mixing, one should expect Toca)
hydrogen concentrations elsewhere in the facility to be less than at the sup-
pression poo! surface. Moreover, this fact coupled with temperature readings
(discussed above) and the absence of visual indications regarding flame forma~
tions above the HCU floor, 1s not strongly supportive of & hypothesis that sus-
tained high-temperature localized combustion zones will * - established at very
low hydrogen flow rates. 1In addition, HCOG indicates thi. the temperatures
?enerated from pool burning at low hydrogen flow rates (i.e., about 0.15

b/sec) from resultant hot plumes represent a more severe thermal environment
than lTocalized combustion.

As part of this assessment, HCOG provided additional information with regard to

the role of the CLASIX-3 code in 1ts analyses and the conservatisms used for
containment modeling. While global or Iarge volume deflagration, as modeled Ly
CLASIX-3, did not occur in the QSTF, the HCOG contends that the CLASIX-3 model-
ling would conservatively bound the observed localized combustion environment.

To assess tne severity of the environment from an 2quipment survivability per-
spective, the HCOG compared the therma)l Yoads created by the most severe local-
fzed combustion measurements at the QSTF to the corresponding CLASIX-3 temperature
profile. The results of this comparison show the CLASIX-3 profile generates a
significantly more severe environment than that produced by localized combustion.

The staff requested that SNL review this {ssue along with the consideration of
scaling aspects. SNL determined that the HCOG adequately addressed the Tikely
locations for localized combustion and identified reasonable bounds for the
most threatenin? thermal environment for equipment located near regions of lo-
calized combustion or in the resultant hot plumes. Moreover, the thermal loca)
comparison in combination with the HCOG's discussion of localized combustion
provide adequate justification that the CLASIX-3 thermal load would be more
severe than that experienced in the QSTF for low hydrogen injection rates. In
conjunction with discussions contained in the QSTF test report (HGN-121-P), SNL
asserts that there is rezsonable assurance that the therma) response at full
scale will be no more threavening than that experienced in the QSIF. The staff
has also evaluated this issue and concurs with SNL's assessment. Based on the
modeling methodology used in the referenced submittals (e.g., low hydrogen flow
rates and the focus on the wetwel) profile), the staff finds that the CLASIX-3
predictions would be acceptable in determining the containment environmental
crnditions as a consequence of localized hydrogen burning. Accordingly, these
rsrofiles could be used to evaluate the survivability of equipment.
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6.2 Containment Pressure and Temperature Calculations

Letters HON-082-P and HGN-109-P documented the HCOG's calculations of the con-
tainment pressure and temperature response based on postulated degraded core
scenar®ys that are discussed in Section 5 using the CLASIX-3 code. To deter-
mine the adequacy of the hydrogen 1?nition system (HIS), the HCOG considered
two types of accidents in its generic analysis: a stuck-open relief valve
(SORV) transient and a sma)l-break loss-of-coolant accident (SBLOCA) in the
drywell. The component of the hydrogen release history that is of interest in
this analysis is referred to as the "tail" portion and represents a
nonmechanistically defined constant hydroyen production =ate. As discussed
above, the CLASIX-3 results bound the therms' environment that may be produced
for 1?: ?ydrogen release rates that are below the diffusion flame extinguish-
ment limit.

HCOG provided a generic ez.sitivity study using the Perry Nuclear Power Plant
containment characteristics for the CLASIX-3 mode). In this sensitivity study,
dgifferent parametzrs were varied to assess the effects on the calculated re-
sults. The stz(f focused on the most important parameter consicered, which was
the assumed availability of the containment sprays. HCOG had chosen ta use the
CLASIX-3 code predictions without sprays (i.e., for the SORV case) in its ge-
neric survivability study (discussed in Section 7). For the equipment surviv-
ability analysis to be generic, it became necessary to consider the no-spray
case because fan coolers rather than sprays are part of the River Bend con-
tainment design.

For the SORV case, all mass and energy releases were directed into the suppres-
sion pool. The CLASIX-3 model used in the generic analysis simulated four com-
partments of the Perry containment: the drywell volume, the wetwell volume
(bounded by the HCU floor and the surface of the suppression pool), the inter-
mediate vclume (bounded by the HCU floor and the refueling floor), and the con-
tainment volume (above the refueling floor). Figure 6.1 presents a schematic
representation of the model. Ignition of hydrogen combustion was assumed to
occur at a 6% hydrogen concentration with 65% combustion completeness. The
CLASIX=3 SORV base-case mode) produce a transient in which the hydrogen was
ignited in a series of burns in the wetwell volume. Figures 6.2 and 6.3 show
the computed wetwell temperature and pressure profiles. The early portion of
the transient resulted in the highest wetwell temperature. This is symptomatic
of the hydrogen spiked release in the early phase of the release profile. Dif-
fusion flames would be prevalent in this interval and would be beyond the range
of use for the CLASIX-3 methodology. For the major portion of Lhe temperature
profile, the wetwell burns produce a peak wetwell temperature of above 800°F.

At the end of the hydrogen release period, the calculated hydrogen concentration
in the containment volume did not reach the ignition criterian of 6%. In the
CLASIX-3 calculation, the HCOG assumed a containment burn to occur at this lower
concentration which resulted in the most severe pressure excursion, to approxi-
mately £3 psig. -

£.3 Drywell Analysis

For the base-case analysis of a small pipe break in the drywe)l (DWB) the CLASIX-3
containment model was similar to the SORV case except tne hydrogen/steam scurce
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terms are directed to both the drywell volume and the suppression pool. The
DWE scenar . was chosen because of the potential and consegquences Yor hydrogen
combustion in the drywell, Of the cases studied, only the 2-inch DWE case had
congitions where a hydrogen burn was predicted to occur. Ignition in the dry-
well was 1imited by lack of oxygen (4.e., below 53) because air is forced from
the arywell by vesse) blowdown. The only burn predicted by CLASIX-3 for the
2-inch DWE case resulted in & peak drywel) temperature of about 1050°F and &
pesk drywe)) pressure of about 12 psig. For the events considered, where high
steem flows are directed into the drywell along with the diversion of most of
the hydrogen to the suppression pool, the hydrogen threat to tne drywell appears
to be relatively small, As indicated in Section 7, HCOG performed thermal re-

sponse analysis of selected drywel] equipment. The resuits demonsirated that
the equipment would survive the drywell burn.

6.4 Existence of Dryw 11 Diffusion Flames

'+ the DWE case, air would be raintroduced in the drywell through vacuum breaker
actuation or operation of the drywell mixing system, The drywell environment

1¢ predicted to be a hydrogen-rich/oxygen-lean mixture. When oxygen is re-
introduced in the presence of an ignition source, & dif‘usion flame may result Sl
in the vicinity of the oxygen source. This possible comoustion phenomenon 1s
referred to as an inverted diffusion flame. This is 2 cuncern since the poten-
tie) to establish a continuous inverted diffusion flame al the oxygen sour::
may result in locally severe thermal loads.

By letters dated June 25, 1986 (HGN-081), and June 10, 1987 (HGN-119), HCOG eval-
ueted the potertia)l impact of inverted diffusion flames in plants with a Mark

11 containment. 1In the HGN-091 submit.z), the HCOG discussed the criteria for
establishing the existence of inverteo diffusion flames. The HCOGR 1rdicaved
that flares will not occur in the drywell when conditions are outside the flam- .
mability curve. In the HGN-119 submittal, the HCOG turther discusses the low -
11kelihood of achieving the necessary combustible conditions in the drywell
based on the CLASIX-3 predictions.

SNL reviewed the initial submittal and determined that the HCOG did not provide
fficient justification to preclude drywell burning. Specifically, SNL com- '
.nted that the flammability 1imit merely establishes the 1imits that will allow =

flame propagation; burns that do not prop:gate into the mixture are not precluded +

by being outside the flammability limits. Furthermore, 1t was not obvious that (- F

the Lurning mixture should be expected to follow the path predicted by the HCOG. :

Generally, there is & lack of experimental data to support the HCOG's position. .
However, recent risk studies do not support the DWB case as a dominant core- L
meit/degraded-core event for planis with a Mark 111 containment; therefore, fur- -
ther phenonenological investigation may not be warranted. Drywell brea events 1
are further discussed in Section 5, In addition, the ercected redundurcy (i.e.,
spatial separation of equipment performing the same functicr) of the critical
equipment should compensate for possible locally severe thermal loads.

The staff believes there is a reasonable level of assurance that the consequences _
of a drywel) treak event would not pose a significant threat to containment -
integrity and would not preclude safe shutdown of the plant. However, the staff T
believes, as pari of IPE process that each licensee of 2 plant with a Mark 111 !
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containment should confirm the location of critical equipment with respect to
potentiel oxygen sources through the drywell vacuum breakers and a drywel)
mixing system to support the above conclusion for each plant.

7 SURVIVABILITY OF ESSENTIAL EQUIPMENT
As part of the enelysis, 10 CFR 50.44{c)(3)(vi)(B)(5)(14) states:

Systems end components necessary to establish and maintain safe shut-
down and to maintain containment integrity will be capable of perform-
ing their functions during and after exposure to the environmental
conditions created by the burning of hydrogen, including the effect of
local detonstions, unless such detonations can be shows unlikely to
occur,

Accordingly, each licensee with & Mark 111 conta‘nment 1 requ red to demonstrate
thet the essentie]l equipment located inside *he containment will survive the
hydroger burn environment. T+ support this objective, the HCOG conducted two
programs to define the env 2Nt that woulc result from hydrogen combustion.

As discussed earlier in . 2luation, the quarter-scale test data will be

used to define the envi > an.nt that would be produced by diffusive combustion

on the suppression poo, .urface. In addition, the CLASIX-3 code analysis will

be used to define a bounding environment for localized combustion below the
diffusion flame extinguishment 1imit.

7.1 ldentification of Essential Equipment

The equipment that has to survive hydrogen burning was selected on the basis of
function during and after a postulated c=graded core accident. Generally, all
the equipr nt located 1n the containment that was considered to be in one of
the five .ategories 1isted below was considered to be essential for the safe
shutdown of the plant.

(1) systems and components that mitigate the consequences of the accident

(2) systems and components needed for maintaining the integrity of the
containment boundary

(3) systems and components needed for maintaining the core in a coolable
geometry,

(8) systems and components needed for monitoring the course of the accident
and prov*4ing guidence to the operator for initieting action in accordance
With emergency procedure guidelines

(5) components whose failure could preclude the ability of the above systems
to fulfill their intended function e

Using these criteria, the HCOG identified the e?u1pment that would be needed to

be evaluated for survivability., In its letter HGN-084) dated May 16, 1986, the
HCOG transmitted to the staff the 1ist 1centifying the following system/components:
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(1) containment penetrations: afr lock, hateh feals, electrica) penetrations,
vent valves, and vacuum breskers

(2) drywen Components: afp locks, hatch seals, and post-accident vacuum
breakers

(3) hydrogen igniter system

(4) combustible gas control systenm: hydrogen recombiners, drywel) Rixing
system, and Post-accident atmosphere sampling valves

(5) containment cooling: spray isolation valves, LPCI injection valves, and
unit coolers

(6) automatic depressurization system
(7) containment and reactor monitoring:

. containment and drywell temperature instruments
. reactor pressure vesse) wide-range pressure instruments
. reactor pressure vesse) wide-range and fuel-zone leve! instruments

(8) associated 1nstrunents. controls, cables, interlocks, termina) and
Junction blocks.

The staff fings that HCOG's generic equipment survivability 1ist contains the
equipment essential for the mitir::ion of postulated degraded core accident
conditions. As part of the fizal analysis, each licensee with a Mark 111
containment should provide plant-specific information corresponding to the
generic list in conjunction with unique design features that are relevant to
the selection criteria.

7.2 Generic Equipment Survivability Analysis (Localized Combustion)

As discussed in Section 6, Pressure and temperature predictions were obtained
by using the CLASIX=3 code. This calculationa) methodology was used to provide
the containment environment or boundar conditions necessary to perform equip-
ment response analyses for hydrogen release rates below the diffusion flame
extinguishment 1imit where burnin? is limited to localized combustion. The HCOG
believes that equipment survivabi ity can be established generically. The sup=
porting analyses was presented in its letter dated August 7, 1987 (HGN-118-p),
It was stateqd that a ?eneric approach 1s sufficient because of the conservative
nature of the combus on phenomena mode)ed by the CLASIX-3 code and the boundary
conditions used in te generic equipment survivability analysis.

The HCOG identified a number of conservatisms in 1ts generic analysis; the staff
has 1isted some of the more important items below.

(1) The constant hydrogen release rate of 0.1 1b/sec, which s the nonmechan~
Istic "tai)" portion of the release profile, is unlikely to occur after
core recovery. Also, on the basis of QSTF tests, di’fusion flames on the
surface of the poo) may exist as low 25 0,02 b/sec indicating lTocalized
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combustion would not occur. It is expected that the presence of diffusien
flames would probably be the dominant combustion mode, possibly in combi~
ration with localized combustion phenomena when the hydrogen flov rate is
below the flame extinguishment 1imit. The significance of these .wo dif-
ferent combustion modes is the spatial shiftinq of thermal loads; as such,
a2 single piece of equipment would not continually be exposed to hydrogen
burning resulting in & lower temperatura profile.

The CLASIX-3 wetwell temperature profile was used a&s the boundary condition
for the equipment response analysis although the most sensitive equipment
is located outside of the wetwell volume. The wetwell has the severest
environment of the three containment volumes. The staff finds that based
on limitations of the CLASIX-3 methodology used in the generic analysis,
there is no choice but to use the wetwell volume. However, the staff does
recognize the selected profile is limiting.

In the selected CLASIX-3 case, there are no artive containment ecooling mech-
anisms (i.e., the lack of availability of sprays or unit coolers). Because
of the type of event considered, & recoverable degraded core, the HCOG

expects that sometime during these relatively long transient events, spray/
unit coolers would become available.

A set of equipment common to each plant wh “ark 111 containment was compiled
from the 1ist of generic equipment. Subsegq. ' ly, the most thermally sensitive
equipment, such as cables, pressure transmitter, hydrogeh‘:?niter assembly, &nd

ADS solenoid valve, were included in the generic survivability analysis. Based
on the results of the ?eneric equipment survivability analysis, the drywell break
equipment response analysis showed favorable resuits; whereas, in the SORV case,
the therma) analysis response for the pressure transmitter indicated a 27°F ex-

ceedance above its qualification temperature. The significance of this result is
assessed below.

The equipment response analysis for the SORV case used the wetwell CLASIX-3 tem-
perature profiles, pre-ented in Section &, with some modifications. These mod-
ified profiles exclude the few initial burns in which diffusion flames would
exist and the last induced global burn. As a result, the modified wetwell pro-
file contains about 90 serial hydrogen burns. The calculated critical component
of the pressure transmitters exceeded its qualification after the seventy-first
hydrogen burn. However, the HCOG indicated that the pressure transmitter s

expected to survive the hydrogen event because of various conservatisms in the
analysis.

The staff acknowledges conservatisms, as discussed earlier, are contained in
these analyses which could compensate for the temperature exceedance over the
qualification of the pressure transmitter. Nonetheless, the staff requested the
HCOG to provide additiona) data on the qualification of the pressure tr-~smitter.
By letter dated April 5, 1988 (HGN-131-P), the HCOG indicated that during quali-
fication testing the transmitter had operated without failure at surface temper-
atur~- approaching 380°F for several minutes (as compared to the qualification
0‘ “ J°F). As part of the HCOG's response, an equipment response analysis of
pressure transmitter was re-evaluated assuming contairment sprays to be

svailahle, This response analysis indicated that the equipment surface tempera-
tur was about 70°F less than qualification temperature of 320°F. These results
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demonstrated the impact of sprays to cool the containment environment, thus
maintaining the function of essentia) equipment. River Bend Station {s the
onl{ plant without containment sprays, but unit coolers are part of its design.
While specific analyses have not been performed to support quantification of
the cooling effect provided by unit coolers versus sprays, the HCOG concludes
that a reduction in background temperature would be adequate to reduce the
thermal loads on the pressur. transmitter.

In summary, HCOG contenas that further analysis is unwarranted because, with the
potential for active containment cooling and the conservatisms inherent in the
analyses, the pressure transmitter will function as designed during recoverable
degradec core events that progress to 75% metal-water reacticn. With regard to
these analyses at low hydrogen flowrates, the staff agrees wiih HCOG's position
that further effort in this area is not warranted. Moreover, the staff finds
that the determination of equipment survivability based on the data obtained
from the QSTF for diffusion flames is more appropriate than an assessment based
on locelized combustion conditions.

7.3 Diffusion Flame Thermal Environment Methodology

In its letter dated July 30, 1986 (HGN-103), the HCOG outlined the methodology
to be used by each member licensee to determine the full-scale plant-specific
containment thermal environments from the QSTF data. The full-scale environmen-
tal conditions would be used as boundary conditions in the HEATING-6 computer
code to analyze the response of containment equipment during postulated diffu-
sive combustion events. As a result of these arlyses, the survivability of
essential equipnent would be determined.

From the production test series conducted for each Mark 111 containment, the
test that produces the most limiting environment at the corresponding (to full
scale) equipment location is used. Thermal profiles are constructed by spatial
mapping of the test facility data. Specific plant profiles are developed from
average temperatures for time intervals of maximum hydrogen flow and low con-
stant hydrogen flow from the production tests. This allows determination of
the plume locations and the effects of blockages and spargers,

Full-scale velocities are computed from the quarter-scale measured velocities
using Froude scaling; test temperatures are used directly (scaling is 1:1). The
convective heat transfer and radiative heat fluxes are computed usin? the scaled
velocities and temperatures. Since this approach establishes an environmenta)
map, the heat transfer modes that should be considered are dependent on the
location of the affected equipment.

To validate and assess the heat transfer methodology, a complex (three-dimensiona
geometry) calorimeter assemb1{ wis used in several quarter-scale tests to subject
the calorimeter to different locations and different thermal environments. A
HEATING-6 model of the complex calorimeter was constructed and the calculated
response was compared to the measured response to validate the methodology.

This effort is presented in the HCOG's letter (HGN-105-P) dated August 29, 1986.

SNL assessed the submittals and determined v“at most of the computed resuiis

were conservative from the standpoint of th: equipment survivability. Therefore,
the correlations and results presented are reasonable. However, SNL recummended
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that when the generic methodelogy 1s used for plant-specific equipment e¢|luations.
¢ review should be conducted to assure conservative specification of the boundary
conditions.

In summary, the staff finds that the heat transfer methodology dealing with
diffusive combustion as presented in HGN-103, provides an acceptable foundation
to perform plant-specific equipment resporse analyses. Accordin ly, each
licensee with a2 Mark 111 containment intends to use this methodo ogy &8s part of
its finel analysis, required by *he hydrogen rule. The staff agrees with SNL's
recommendation, that sufficient detafl of 1nput data should be provided by

each licensee to er.. “*s analysis is coniucted in an appropriate manner.

7.4 Spray Availability

In the preliminary evaluations of hydrogen igniter systems (e.g., see Grand
Gulf SSER No. 3, NUREG-0831, JuT{ 1982) the staff allowed credit for cperation
of containment sprays in the analyses of the consequences of hydrogen ccmbus-
tion du ng cegraded core accidents. The validity of the assumption of contain-
ment spiey operability was premised on several considerations. First, in the
prelimirary evaluations of igniter systems the staff and HCOG focused on the
SOEY transient and drywell pipe break accident sequences. These accident
sequences do not necessarily imply loss of the containment spray function of
the RHR pum;: RHR pumps may be operable but the LPCI injection path may be
interrupte’ or lost., Further, at the time of the preliminary eveluations the
overall tone of the BWR emergency procedure guidelines (EPG) was to focus on
containment ‘ntegrity rather than adequacy of core cooling at an earlier point
in 2 degraced core accident sequence.

Since the preliminary evaluations were conducted, additional information has
beer developed which raises questions regarding the validity of assumptions
concerning availability of the RHR pumps in the containment s ray mode. In
contrast to the earlier focus on the SORV transient and drywell pipe break
recent risk analysis indicates that SBO 1s a significant contributor to hydrogen
generztion events. For the SBO, the loss of reactor makeup is tied to the loss
of pumps, including RHR pumis, in either the LPCI or containment spray mode.
Thus for the SBO sequence, the RHR spray function cannot be reasonably assumed
to be available until ac power is restored. Finally, the earlier emphasis in
the EPG's on containment integrity vs core cooling for containment spray
operation has been reversed. In Rev. 4 to the BWR EPG's, (March 1987) the
sequence of steps has been modified. Use of RHR pumps in the containment spray
mode, frrespective of adequate core cooling, 1s now directed as the last step,
to control pressure rather than before the decision to vent.

For the above reasons the staff concludes the BWR Mark 111 owners should evaluate
the contzinment and essential equipment response to hydrogen generation events
assuming containment sprays are unavailable, consistent with SBO assumptions

and the EPGs. Spray operability can be modelled but should be treated in the
context of establishing margins for a variety of possible plant conditions,
Similarly, assumptions regarding availability of containment coolers should be
consistent with the basic premise of the SBO accident sequence,
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7.5 Pressure Effects

In HGN-118-P, the HCOG indicated equipment locatea inside containment s quali-
fiec to & pressure loading of at least 30 psig applied externally. The CLASIX-3
predictions procduced the most severe pressure rise of about 23 psig in the Mark
111 contzinment. The staff concludes that pressure is not a concern pending
confirmetion by each licensee of the 30 psig capability. When the hydrogen ig-
nition system is functfoning, various containment subvclumes will be randomly
affected by hydrogen burning, however, a large pressure spike 1s not expected

to occur,

7.6 Detonations

The HCOG believes that a detonation 1s not a credible phenomenon in the Mark

111 contginment because (1) no rich hydrogen concentrations will accumulate
inside conteinment since the distributed igniters will initfate combustion as
the mixture reaches the lower flammability 1imit and effective mixing will occur
end (2) there are no regions of the containment with sufficient geometrical con-
finement to allow for the flame acceleration neceszary to yield a transition

to detonation,

The staff egrees with the HCOG position. As confirmed by the quarter-scale

test results, the atmospheric conditions inside the test facility wes well mixed
end burning at low hyarogen concentrations was prevalent. Thus, the potential
for localized accumulation of significant concentrations of hydrogen is concluded
to be unlikely,

8 CORCLUSION

On the basis of the above evaluation, the staff finds the HCOG topical report,
"Generic Hydrogen Control Information for BWR-6 Mark 111 Containments,®
(HGN-112-NP) dated February 23, 1987, provides an acceptable basis for techii-
cal resolution of the Mark 111 containment degraded core hydrogen issue.

Each licensee should provide a plant-specific final analysis, as required

by 10 CFK 50.44(c)(3)(vi1)(B), which will address the elements specified in

10 CFR 50.44(c)(3)(vi)(B). The HCOG topical report, or portions thereof,

Iy be reterenced where appropriate, taking into consiceraticn the staff
recommendation as stated in this report. The plant-specific analysis will use
test data described in the topical report to confirm that the equipment necessary
%0 establish ano maintain safe shutdowr and to maintain containment integrity
will be cepeble of performing their functions during and after exposure to

the environmental conditions created by the hydrogen in all crecible severe
accident scenarios.

An element of the staff's assessment for determining the adequacy of the

HIS was the determination of whother or not an alternate power supply was
appropriate. An importent factoi in this decision process is the level of
risk associated with SBO events leading to core damage. Recent risk studies
reported in NUREG-1150 have shown that the overall core melt frequency for
one Mark 111 plant (Grand Gulf Nuclear Station) is very low, 1.e., 1E-6/year.
However, ¢ potential vulnerability for Mark II] plants involves station
blackout ($80), during which the igniters would be inoperable; and this
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condition appears to dominate the residual risk from severe accident in the
Mark 111 plants. Under SBO conditions, a detonable mixture of hydrogen could
€evelop which could be ignited upon restoration of power resulting in louss

of containment integrity. On the basis ¢ . separate evaluation of this
?oss1b1lity in the context of the NRC sta\r Containmen* Performance

mprovement (CPI) program, the staff has recommended that the vulnerability
to interruption of power to the hydrogen igniters be evaluated further on a
plant-specific basis as part of the Indiv’ 4ual Plant Examination (IPEs) of the
Mark 111 plants. The staff has requested hat the licensees consider this
fssue as part of the IPE in Generic Letter 88-20, Supplement 3.

With the caveat that the vulnerability to interruption of power to the
hydrogen igniters should be further evaluated on a plant-specific basis
8s part of the IPEs of the Mark 111 plants, the staff finds that there is
reasonable essurance that the KIS installed in the plant: with Mark 111
containments will act to control the burning of hydrogen so that there {s
edequate protection against containment failure.

In summary, the staff concludes that the following key elements should be ad-
dressed in each licensee's plant-specific final analysis tc resolve the acegraded
core hydrogen contro! issue:

(1) hydrogen fgnition system design, (the vulnerability to interruption of
power to the hydrogen igniters should be further evaluated on a plant-
specific basis as part of the Mark 111 plants IPEs)

(2) corfirmation of epplicability to the generic effort

(3) quarter-scale plant specific production testing results

(4) primary containment structural survivability
- quarter-scale testing

- pressure capacity analyses for drywell and containment, for example,
confirm previous plant-specific analyses

(5) survivability of essential equipment

identify plant-specific essential equipment
- define thermal environment from quarter-scale testing
- perform equipment response analysis

- confirm that redundancy exists for that equipment affected by second-
ary burning and drywell inverted diffusion flames

- confirm pressure capability of equipment
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{6) licensee's position ro?arding the proposed HWCOG emergency procedures for
gcombustible gas contro

{7) overall conclusions relating to conformance of the hydrogen rule
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APPENDIX A
CENERIC MYDROGEN 1GNITION SYSTEM TECHNICAL SPECIFICATIONS

Cenerally, tecinical specifications (T5) of a particular syster consist of two
gistinct sections: Surveillance Requirements to ensure system operadility ang
Limiting Condition for Operatio, (LCO) to define the 81lowable operability
range in conjunction with variem - plant actions when needed. Each of the four
plants with Mark 111 containments have similar TS for the hydrogen ignition
syster (KIS). The following discussion on this subject 15 focused on the
proposec generic K15 75 and {ts devistions from the current 1S.

Currently, TS on igniter systems n plants with Mark 111 contair rents prescribe
twl types of surveillance practice. At 184-day intervals, all the fgniter
asserllies are energized and current/voltage measurements are performed and
comoares with sirilar measurements taken previously. 1f more than three fgniter
assemilies on either sudsyster are determined to be fnoperadble, there is an
increase of the surveillance frequency to 8 92-day interva). A second part of
this first surveillance requirement is the verification that fnoperabdle fgniters
8re nol acjacent tu each other, if more than one ipniter on each subsysten 1.
ceterminec 1o be inoperadle. This requirement is based on the staff's view
regarcing potential hycrogen pocketing in enclosed areas. The second type of
surveillance Vs conducted at 1E-month intervals to verify & surface temperature
of at least 1700°F for each accessible fgniter and verify by measurement
sufficient current/voltage 1o develop 1700°F surface temperature for those
igniter assemtlies in inaccessible areas. Accordingly, the bases section of
the TS indicates that inaccessible areas are defined as areas that have high-
racietion levels during the entire refueling outage; such enclosures inciude

the heat exchanger, filter denmineralizer, and the pump room for the reactor
water cleanup (RWIU) system.

The current LCO a)lows no more thar 10% of the fgniter assemblies fnoperadle
per subsystem. And if one subsystem {s {noperad e, the action statement re-
Quires restorztion to operadle status, or be in the vequired operationa)
concition, within 30 days (similar to the hydrogen recombiner T§).

By Vetter dated Apri) 16, 1986 (HGN-070), the HCOC proposed to revise selected
portions of the existing plant specific TS as outlined above. Principally,
Lhere are two significant proprsed changes: (1) an fncrease of the allowable
fnoperable igniters per subsystem to about 40%, as compared to the current
value of 108, and (2) removal of the surveillance requirement in determining
ine locatior of the inoperable fgniters after tie requisite number of failed
igniters have been attained. Also, &5 discussed above, the current action
statement requires an a)llowable periou of 30 days to resitore the fgniter sud-
system to ope  ble status. HKCOG proposed to Change this interva) to 60 days
because these events in which the MIS s required to be operable are less
probable than design-basis accidents. The staff finds the proposed {noperadle
pPeriod increase is not based on sound engineering judgment since 4t relies
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on being beyons the DBA but does not provide & rationale for 60 doys. Thus the
30-¢e, interva) is appropriate and should be maintained.

In S5 ettes o Apri) 16, 198E, the WCOG provided a Justification for the
othe- icant proposed changes. Essentially, the HCOG cited the con-
clus €T regarding the QSTF testing (see Section 3.1) of @ particular
[ 1499 'n which about 40% of an igniter subsystem was inoperable 1n con-
Junctc th the other subsystem not functioning.

The staff has concluded relative to the hydrogen aspects of the T§ {ust1ficl-
tions that the HIOC had not provided sufficient justification to relax the 7§
10 such a degree.  The staff mede its determination because of the inherent
uncerieinties such as extrapolation of the Querter-scale results to full scale,
various injection rates, different sefety relief valves actuating, and giffer-
ent comdinations as to where the 40% of the {noperadle 1?nitcrs could be
located. Therefore, the allowable value for inoperadle fgniters should be as
Tow as practical; a 10% value appears 1o be a reasonadble 1imit.

The second proposed change 15 to remove the surveillance that ensures that
inoperadle igniters are not adjecent. Principally, this surveillance ensures
8t leest one operable igniter in each enclosed ared and coverage of the
azimuthal-positiones 1gniters in the open regions. Essentially, the MIS TS are
intencec tu prevent buildup of hydrogen in subvolumes of the Mark 111 contain-
ment, anc theredy nrelude the occurrence of Terge volume burns.

The following considerations are highlighted as part of the HZ0G's {ustificction
for proposing to remove the 15 provision to determine that fnoperable igniters
&re notl adjacent:

’ The HIOC evaluated the potential flow paths that coule transport hydrogen
in or near enclosed regions of the containment and determined that no
potential hydrogen source exists. It {s expected that igniters in open
areas will funttion to preciude loca) hydrogen pocketing.

» Observations of the quarter-scale tests indicated that the released
hydrogen will tend to mix with the surrounding stmosphere and thus redute
the potential of locally high nydrogen concentrations.

®  The Yikelihood is Yow for fnoperadle fgniters being located in such a
fashion as to create a large containment subvelume that would be without
igniter coverage. Igniters would tend to fail in a random sanner.

4 Currently, whenever at least one fgniter 1s fnoperable in each sud-
$ystem, containment entry 15 normally required to Tind the location
of the failed igniter. This would subject plant personnel to various
occupational safety hazards such as radiation exposures and the risks
essociated with the construction of scaffolding.

On the basis of these considerations provided by HCOG, the staff 1., cetermined
that there is reasonable assurance that the proposed TS without the adjacent
igniter provision would not have an adverse effect on the effectiveness of the
igniter systenm.
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The sta?f finds the generic WIS 15 as documented in the HCCG letter dated

April 3€, 18EE, to be scceptadle contingent on the following changes: the 40%
value of allowable fnoperadle igniters should be 10% in the appropriste locations
of the text ant the 60-cay interva) to restore @ subsystem 1n the action state-
ment shoulc te 30 days. Each Mark 111 owner that fntends to edopt the generic
Hls technica) specification must confirm that the MCOG assumptions wsed in the
Sevelopment of the TS are valid for their plant-specific configuration.

Mark 111 SER 3 Arpendix A



APPENDIX B

MARK 111 COMBUSTIBLE GAS CONTROL
EMERGENCY PROCEDURE GUIDELINE

As part of the generic program, the HCOG has developed Combustible Gas Contro)
Emergency Procedure Guideline (EPG) for plants with Mark I1] containments. The
Tetest version of the guidelines with supporting appendices were sent to the
NRC by letter (HGN-122-P) dated July 8, 1988. This procedure includes operator
act.. for the hydrogen igniter system as well as ot'er combustible gas control
systems designed in the Mark 111 containment, such as hydrogen recombiners and
the drywell mixing system. In additior, the proposed procedure provides guid-
ence for sprey actuation and containment venting, This effort is to supplement
the overall BWR Owner Group's EPG progranm.

Figure B.1 highlights the operato ictions in dealing with hydrogen in an emer-
gency situation. These actions fu. controlling hydrogen depend on a determina-
tion of hydrogen concentration in the containment and drywell as indicated by
hydrogen monitors and/or analyzers that obtain gas samples from the containment
and drywell. The significant trigger 1imit used in the EPE is when the drywell
or conteinment hydrogen level reaches a concentration at which a global deflagra-
tion could threaten containment or drywell integrity from overpressurization,
referred to as the hydrogen deflagration overpressure 1imit (HDOL). At this
1imit or when the containment hydrogen concentration cannot be determined to be
below the HDOL and it cannot be determined that the igniters have been con-
tinvousiy operating, the HIS should not be used. The containment HDOL is a
curve of hydrogen concentration versus containment pressure, whereas the dry-
well HDOL 1s & single value representing 2 peak hydrogen concentration. The
containment HDOL is more 1imiting than the drywell HDOL.

The hydrogen ignition system, the hydrogen reccmbiners and the dr¥w¢il mixing
system are the key hydrogen mitigating systems. As indicated in Figure B.1,
these systems are activated at appropriate trigger points to deal with a pro-
gressing hydrogen build-up, With the addition of an independent power source
to the KIS, ‘L is anticipated that for most severe accident/degraded core
situations the resulting large amounts of hydrogen can be accommodated.

As part of the subject letter, HCOC had addressed staff comments which were
discussed in a Octcber 22, 1986 HCOG/NRC meeting. In this latest version of
the Mark 111 Combustible Gas Control EPGs (Revision 3), HCOG has addressed
staff concerns or provided sufficient justification for their position as
discussed below.

ks one of the initial steps in the EPGs, the operator is instructed to vent
the suppression chamber or drywell, whenever either of the respective regions
reaches the minimum detectable hydrogen concentration (0.5%), provided the
offsite radioactivity release rate 1s expected to remain below thée offsite
releace rate limiting condition for operation (LCO). It should be noted that
this step is similar to the BWR EPGs for Mark I and Mark 11 combustible gas
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control. The staff previously commented that venting may not be necessary
solely upon hydrogen concentration ab,ve the minimum detectable level and
below flammability levels; the use ¢ recombiners is valuzble and should be
utilized where appropriate,

:n response, since dissolved hydrogen is present in the reactor coolant system
during norma) operation and the EPGs are based on a symptomatic approach, it

is the intent of this step to remedy 2 hydrogen problem during normal operation,
end within the constraints of technical specification 1imits. HCOG believes
there 15 s."ficient guidance tc preclude this action from being implemented
during & g« uine emergency situation, Also, HCOG had committed to modify the
aeneric Mark 111 procedure at later date, if necessary, to be consistent with
‘‘he BWROG's approved cortvstible gas control procedure. The staff finds that
the subject proce.ure and the HCOG approach to be acceptable,

As one of the last steps to control hydrogen accumulation during a progressively
worsening situation, containment venting is directed. Venting the containment
irrespective of the offsite radfoactivity release rate would only be considered
to restore and maintain the containment hydrogen concentration below excessive
Timits, Containment failure may follow if a iarge deflagration were to occur,
Venting the containment may be the only mechanism which remains to prevent an
uncontrolled and unpredictable breach of the containment. The controlled re-
lease of radioactivity to the environment is preferable to containment failure
whereby, adequate core cooling might also be lost and radioactivity released
with no control. This concept of venting is similar to the emergency procedures
for pressure control,

Regarding the second issue, HCOG provided additional information responding to
NRC comment dealing with the 1imited use of the drywell mixing systems. The
staff views containment venting as a last resort to deal with extraordinary
conditions. The use of the drywell hydrogen mixing system may delay contain-
ment venting by diluting the containment volume (at a higher concentration of
hydrcgen) with the drywell volume (2t a lower concentration of hydrogen). HCOG
cited various factors to demonstrate the drywel)l mixing system {s not beneficial
for hydrogen control inside the containment volume, which includes: dilution
effects are marginal, since the containment 1s significantly larger than the
drywell; the mixing system would re-initfate a LOCA signal and potentially
interfere with event recovery; and implementing a modified procedure may

fnduce conflicting direction, In addition, the design intent of the mixing
system is to decl with hydrogen in the drywell,

The staff believes some of HCOG concarns are valid, In addition, HCOG had
modified its procedures to assure that the HIS would remain operational above
the HDOL 1f it can be determined that the igniters have been continuously
operating. The addition of an independent power supply to the MIS would
further enhance the reliability of the system, Consequently, the added
reliability would reduce the potential for containment venting to control
hydrogen inside containment, Therefore, the staff agrees with HCOG that the
inclusion of the drywell mixing system would not provide significant benefits
(in deleying venting) as com,ared to its disadvantages.

Overall, the steff finds the proposed (Revision 3) Mark III containment EPGs
are based on sound technical judgment, and are acceptable. Accordingly, each
Mark 111 licersee should address its combustible gas control emergency proce-
dure 1n the plant specific final analysis.
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ACRONYM L13T

avtomatic gepressurization system

boiling-water Peactor
oiling-water-resctor gore heatup code
small pipe break in the @rywe))

emergenty procedure guig-line
engineered safety feature

Factory Mutus) Research Corporation

Hygrogen Contro) Owners Group (Mark 111 Containment)
hydravlic contrel wnit

hycrogen geflagration everpressure limit
hydrogen-generation events

hyorogen ignition gystem

high-pressure core gpray

Institute of Electrical and Electronics Engineers

1iriting condition of operation
Toss-of-coolant accident
Tight-water reactor

metal-water reaction

huclear Regulatory Commission
pressurized-water reactor
Quarter-scale test facility

reector core isolation cooling
reattor pressure vesse)

reactor safety study methodology applications program
reactor water cleanup

Science Applications Inc. (report designation)
small-break loss-of-cooiant accident

stetion Dlackout

safety evaluation report

Sandia National Laboratory

stuck=open relief valve

safety relief valve
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