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Attachment 1o DCPNRCO9
May . Y7 Hydrogen Meeting Action [tems

Westinghouse will document in the SSAR sensitivity cases to address adverse distribution
hydrogen and the ability I the design 1t with these distributions For example

westinghouse will evaluate the performance of the PARs at less than bulk AVErage

V) includes a curve lentified as "Worst Case PAR ]l(-‘xlki n
Rate HS curve represents the calculated hydrogen concentration within coutainment based
n design basis assumptions for hydrogen generation including conservative assumptions on
the contributions of radiolysis, corrosion, zirconium-water reaction and dissolved hvdrogen
within the reactor coolant prior to the event. The hydrogen concentration versus time is also
based on a genenc passive autocatalytic recombiner performance using a conservative
depletion rate equation. The conservative depletion rate equation includes a pessimistic
uncertainty from the measured test data from Reference I'he differential between this curve
and the 4% regulatory limit represents the maximum gradient that could be postulated to exist
within containment between a postulated unmixed region and the global containment
meentration and remain within the limits. In other words, if a volume was postulated within

containment wher: kydrogen could butldup over time and remain unmixed. then a gradient of

up to 2.6% could exist between this volume and containment concentration and still maintain

local concentrations below the 4% lLimit

Westinghouse will incorporate the substance of the February 7, 1997 letter (DCP/NRC07?
on aerosol mixing into SSAR Subsection 6.2.4. The discussion will be supplemented for
treatment of downward tlow, condensation in dome, and the scope will be changed to include

hvdrogen and aerosol mixing in the long term

Information on the distribution of hydrogen in containment is being added as Appendix 6A
the SSAR

The staff is concerned about the effectiveness of the PARs for the area above the 135
elevation. In past designs containment sprays could be relied on to demonstrate a well-mixed
environment. Westinghouse will reconsider the merits of more than two PARs in light of the

staff's concern

The evaluation of the mixing inside containment fi 4 design basis as documented in

{ the SSAR supports the concluston that the natural convection driven by
in the core and condensation and heat transter through the containment shell
promotes sufficient mixing so that one PAR will maintain the hvdrogen concentration below

the regulatory limit. The two PARs are located approximately |80 degrees apart near potential

upflow regions to provide adequate containment coverage and margin




Attachment to DCP/NRC09

Westinghouse will address why PAR coverage in the accumulator rooms and the CVS valve

room area s not needed either through a discu N of mixing or an explanation as to why

hydrogen will not accumulate 1in these rooms n alternate approach 1s (o add safety related

'ARS 1n these areas 1o address the staf!

De 1In uced ne of these mpartment

wWding eauent ragdioivsis ¢ contiguration ! the

nment inter ¢ and compartment drain lines is such that if the break is withir

it the compartments then that compartment will flood to the ceiling and no hvde gen can
umulate within that compartment. Additionally, the curb level for the CVS o mpartment

has been changed to be lower than the other two compartments and therefore this compartment
will preferentially flood. There is insufficient water volume in the containment to flood the
accumulator/valve rooms after the CVS compartment has been flooded. The curb height
pecified in Section 3.4 will be changed in Revision of the SSAR. For floods that do not

mpletely flood the CVS compartment, a PAR incorporated into the CVS compartment will
maintain the hydrogen concentration below the regulatory limit Subsections 6.2 .4 and
62422 Table 62.4.2, Table 3.2-3. and Table 3.11 Il be revised in Revision 15 of the
SSAR to include the CVS PAR

ighouse will make the PAR unit in the vent of the IRWST safety-grade or provide a
ation for it not being safety grade

The IRWST PAR will be upgra led to safety related. Subsections 6.2.4.1 3 and ¢ & N.4.4
lable 6.2.4.2, Tech Spec 3.6.10 and bases, Table 3.2 and Table 3.11-1 will be revised
Revision { the SSAR 1 include the IRWST PAR

[.D westinghouse will submit the EPRI report concerning fissio

1) excerpts of the report in the SSAR
Kesponse

Copies of the EPRI Report "Effects of Inhibitors and Poisons on the Performance of Passive
\utocatalytic Recombiners (PARs) for Combustible Gas Control in ALWRSs" was transmitted

the staft with letter DCP/NRCO90D, dated June 6. 1997

Westinghouse should add a COL item that requires the applicant to determine the performance

the selected unit including the eftects of contaminants

presence Oof chemica

onmental quatiticatnion
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temperature requirement, 2

cOonvey
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beefing up SSAR section 3.9 note 9 to discuss the important
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area for PAR surveillance testing

5 of the SSAR to reference the
f the PAR

| 7 will be revised in Revision

4.5 which contains the details INservice

2 in subsection 6.2

. \'Q'H' tatlure

eanup PAR Technical Specification basis as it applie

of the SSAR to clanfy how single failure

' will be revised in Revision

the PARs

4

0 has been revised to be consistent with the
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|} Westinghouse will fix reference in SSAR 6.2 .4 «
(5379) that the PAR testing conducted

ertification. The SSAR needs

Battelle Frankfurt test. The stafl lisagrees

ne NIS QA program is appropriate for de
t

SIEN
w Battelle Frankfurt testing was not

Wt conducted
weordance with West WCAP-12600. Revi

18] and has been
ant needs to demonstrate that the PAR
| in the SSAR and that this demon

1 10CFR pant

I he testing used upport the proot of principie for the PAR has been done by

ndependent
neg mternationally reg

nzed quality assurance standards (1SO
Iesign certification purposes

reputable organizations us gr
9001). This testing 1s sufficient for

I'he PARS are I components and are

\ppendix B and 10 CFR Par

Subsection 6.2 4 .

ncluded as such Iin lable A OCFR

apply to procurement of all safety-related components
will be revised in Revision if the SSAR
tatement that procurement of the PARs are it

Wl the (

' 4180 include a redundant
I accordance with the guality

assurance program
imbined License applicant

Westinghouse will add to section 6.2 5 that the design complies with |

12 and 43, and Reg guide
|

regulat ind guidance will be added in Revision 15 of the SSAR

) Lhe
|
| (s 4 VL Y L'unh

v estinghouse will hix \".]"!K" \ I 5SS \H |
\81) and C 51

up late wording with (
show that they do not have

AN excepuion

[he discussion of Reg. guide in Appendix |A will be rey

ised in Revision |
1o change the AP600 Position on (

i, C4, and C.5 1o Conforms from Exception

stinghouse wil

I wdentify component(s) that will be used to comply with Reg Guide

reference will be added subsection 6.2 4 n Revision 15 of the SSAR indicating that the
containment recirculation system discussed in subsection 9.4.7 provides the capability for

ntrolled containment purge. [his capability is consistent with position C.4 of Regulatory
ide |7

Westinghouse will eva

PARs is not a prob

{ en

uate Reg Guide lemonstrate that debris
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des Regulat

WhKage wi included i

SSAR

S impingement
ruptures

f regulatory criteria and guidance will be added 1o the

1es1gn basis in
! n Revision { the SSAR

subsection
This List includes General Design Criteria
addresses missile protection. As outlined in subsection

Wwrees inside containment. Section

section 3
<. 1.4 there are no credible missile
6 addresses protection from pipe ruptures and jet

i will be revised to note that the PARs are located we |

impingement. Subsection 6.0 .4

above potential pipe rupture

Westinghouse will provide justification for not having igniter in upper dome (staff is sheptical
I success of this approach) or will place gniters int he dome

area

Four igniters have been added 1o the hvdrogen gniter subsystem design. Subsections
62425, 6245 and 1651 and lables 6.2.4-3. 6 2.4-6 and 6.2.4 will be revised in
Revision 15 of the SSAR 1

y reflect 64 igniters. Figure 6.2.4-12 will be added to illustrate the
igniter location

!

Westinghouse will provide justification in SSAR as to why igniters are not needed in the

This discussion will include a reference to the three vent paths which
Reactor vessel seal

Vesse! cavity

ring, steam generator compartments, and vertical access compartment

[able 5.2.4-6 will be expanded in Revision 15 of the SS¥AR to discuss the implementatior
the igniter location criteria for AP690. |

) each major compartment the basis for igniter

location either within the compartment or in the flow path from that compartment is discussed
ncluding the reactor cavity

stinghouse will enhance the 1Oor 1gniters 1ocated
room

be expanded SSAR to discuss the implementation
y oriteria ton a0 mpartment the basis tor igniter
thin the compartme  the f th

\pe v ! ath from that compartment 1S discussed
VS valve room




Attachment 1o DCP/NRCO097

D Westinghouse will add to 6.2.4.1(6) that the igniters comply with SO 3402 )ix), SO 346 1 X xi11)
‘88) and SECY-931.0K (Westinghouse will evaluate f SECY-93.08 and SU SaHINiIx) are the
ine)
‘(\-.liﬂﬂx
t of regulatory critetr aind guidance w be added to the design ba ! ibhsectior
044 Revi | {f the SSAR. Th 1 udes |OCFRS0.341 and hvdroger ntrol

111 Westinghouse will add a discussion about the location of the igniters relative to missiles, et

189) impingement i pipe ruptures

Fhe 1gniters are nonsafety-related components and are not required to be protected from
missiles, pipe ruptures and jet impingement. As discussed in Section 3.5 of the SSAR there
ar¢ no credible missiles inside containment and there is only limited potential for pipe ruptures
and jet impingement

References

Qualification of PARs for Combustible Gas Control in ALWR Containments”. Electric Power
Research Institute, April 1993
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Issue 121

Introduction and General Description of Plant

Hydrogen Control for Large, Dry PWR Containments

Discussion

Cenenc Safety lssue 121 mncems ngoing NR( expenmental and analyucal programs
addressing the likelthood of safe shutdown equipment surviving a hvdr gen burmn. The staff
USO Intends to explore the possibility and probable consequences of the formation of local
jetonable concentrations 1n large, dry PWRs he concerns are prediction of conditions ir
realistc configurauons, and containment and equipment survivability

AP600 Response

e AP600 includes provisions for hydrogen control for the unlikely severe accident cases in

which large amounts of hydrogen could be generated because of degraded core events

Analyses were performed to examine the consequences of hydrogen bum and to evaluate the
ikelthood of deflagration to detonable transitions

For severe accident cases, the containment hydrogen control system prevents hydrogen burn

initiation at high hydrogen concentration levels. Hydrogen igniters promote by 7. ‘ng when the

wer flammability limit is reached and limits the containment hydrogen concenwration 1o less
than 10 volume percent dunng and following a degraded core or core melt

Mhus, for severe accident cases, the AP600 is designed to prevent the occurrence of hydrogen

letonation, thereby preventing the possibility of the resultant large pressure spikes in
ontainment, which is the source of concem for containment integnty and equipment survival
Details of the hydrogen ignition subsystem are provided in subsection 6.2.4.2.3. Placement

i the hydrogen gniters 15 discussed 1n Chapler—6—of —the —BRA—evaluation—repon
sabsectiom 6.2.4

A hydrogen burn analysis shows that the AP600 hydrogen igniter system is effective in

maintaining the hydrogen concentration throughout the containment close

to the lower
Aammability limit

and that the peak pressure in the containment during and following

hydrogen burn remains well below ASME service level C stress intensity limits. The

r
hydrogen concentration is similar in all compartments analyzed, indicating that the hydrogen

released mixes well in the AP60C containment. The analyses predict conditions in realistic

configuraions. Peak gas temperatures and pressures in each compantment for each case

analyzed are provided, thus providing the hydrogen bum thermal environment that

containment equipment will expenence. Details are provided in Chapter 14 of the PRA repon
™

Ihe challenge to the AP600 containment integnty

{e1

from hydrogen deflagrations and
nations dunng core damage events 18 examined in the hydrogen deflagration and

detonation analyses.  This bounding evaluation assumes that an amount of hydrogen

equivalent to [00-percent active cladding oxidauon bums all at once in the AP60
ntainment, with no credit taken for the hydrogen igniters

hvdr

he evaluation concludes that
1 hydrogen deflagration 1s unhkely to

cause containment fallure. Other analyses show that a

Revision: 1§

Westinghouse 1 9-67 Draft




. Introduction and General Description of Plant

Criteria Referenced A P&

Section Criteria Position Clartfication/Summary Description of Exceptions

1 Ie BecHopon tecombiness are decpned a4
Conforms HECHY RO CoMPOnents Lhe desrpn gy

AYSHERRee  ahd foduhdaney - FRGUHSMents  are

HPPELPEGIe 4o saletvralated compoanents | he

\re

b i Phe Haters on the contarmnment purpe aie ol

Conforms et A mtegory | Lhe purpese of the fiiers 1
HYE COnMRIMEOnt POuERe o 4y CORtbel BorMal opes
thng releases — Lhey are Aot provided tor aoet
SRR g ke

[SCRRS S LI paramieter coiues 16 {adie & nre used ercept

Conforms HOE e conres (O ashurnPliony  ueed Lo
Fathertyats - thit are— - based— on - the — wee
s 4diad. Conmdenng  that the jevel of
FHCOR I SO LORCHaR Hat 14 1eed +4-6ans YoM
Wi EHOBHYE COrS COnHRE Hhat 15 there mey e
CHIEH AR e Bt ROk e ol CORe GeREada o oF
COHE IOHE MR Fathelvats st 08 Her o the
AHERL 16 Baveeh ofr FEMLe O g 1R e R el

forms

Reg. Guide 1.8, Rev. 2, 4/87 . Qualification and Training of Personnel for Nuclear Power Plants

Not applicable to AP6D0 design cerufication
This the Combined License applicant's
responsibility See Secuon (32 for the

Combined License information item on training

Reg. Guide 1.9, Rev. 2, 12779 . Selecting, Design, + ' Qualification of Diesel Generator Units Used as Standby
Onsite) Electric Power Systems at Nuclear Powe, lants

N/A uidelines apply to Class |E diesel-generators
are not applicable to the AP600

ass |E diesel-generators
licable 1o the AP&XD)

Revision: 18

Draft Westinghouse




. Design of Structures, Components, Equipment, and Systems

Fable 3.2-3 (Sheet 58 of 64)

APSDD CLASSIFICATION OF MECHANICAL AND
FLUID SYSTEMS, COMPONENTS, AND EQUIPMENT

Tag Number Description AP6DO  Seismic Principal Con- Comments
Class Category struction Code

Health Physics and Hot Machine Shop HVAC System (Continued)

na Fans, Ductwork | NS SMACNA

Balance of system components are Class E or Class |

Containment Hydrogen Control System (VLS) Locauon: Containment

na Hydrogen lgniters Manufacturer Provides
Std Hydrogen Control
Following Severe
Accidents
VLS-MY-EO1A Catalytuc Hydrogen Manufacturer
Recombiner A Sud
VLS-MY-EOIB Catalyuc Hydrogen Manufacturer
Recombiner B Su
VLS-MY.EO2 IRWST Catalyuc Hydrogen Manufacturer
Recombiner Sud

VLS-MY-EO3 CVS Compartment Catalytic Manuiacturer
Hydrogen Recombiner Sud

n/a Fire Dampers Note 3 ' UL-55S

Balance of system components are Class E or Class |

Radwaste Building Ventilation System (VRS) Location. Radwaste Building

Shutoft, Isolatuon, and ANSUVAMCA
Balancing Dampers 500

Fire Damper Note 3 UL-55§
Air Handling Units w/ Filters | NS UL 900
Fans, Ductwork l SMACNA
Balance of system components are Class E or Class |
Turbine Buliding Ventllation System TVTS) Location: Turbine Building
Shutoff, Isolation, and | ANSUVAMCA
Balancing Dampers S00

Fire Dampers Note 3 UL. 558

Air Handling Units w/ Filters | ! Manufacturer
Sid

Fans, Ductwork {$ Manufacturer

Sud
Balance ystem components are Class L

Revision: 18

Draft Westinghouse




V. Design of Structures, Components, Equipment, and Systems

The flow capability of each [RWST injection Line 15 demonstrated every
accomplished by conducting flow tests and inspections A flow test

10 vears. This demonstration s

s conducted 10 demonstrate the flow
capability of the injection line from the IRWST through the IR WST injection check valves. Water flow from

the IRWST through the IRWST injection check valve demonstrates the flow capability of this poruon of the
ine. The test is terminated when the flow measurement 1s obtained. The portion of the line from the IRWST
squib vaive 1o the DV line 15 demonstrated by an inspection of the inside of the Line The nspectuion w 1l show

that the lines are not obstructed. It 18 not necessary to operate the IRWST injection squib valves for this
nspection

The flow capability of each contaunment recirculation line 1s demonstrated every 10 years. This demonstration
s accomplished by conducting an inspection. The line from the containment 10 the containment recirculation
wquib valve 1s inspected from the containment side. The line from the squib valve to the IRWST injecuon line
s inspected from the IRWST side. Tle inspecuon will show that the lines are not obstructed. It is not
necessary to operate the contmnment recirculation squib valves for this inspection

The heat transfer capability of the passive residual heat exchanger s demonstrated every 10 vears. This
lemonstration s accomplished by conductng a test during cold shutdown conditions. The test 1s conducted with
the RCPs in operation and the RCS at a reduced temperature. Flow through the heat exchanger is initated by

pening one outlet isolation valve. The test is terminated when the flow and temperature measurements are
brained

The MCR pressunzation capability is demonstrated during each refueling cycle. The test is conducted with the
normal HVAC lines connected to the MCR isolated using the dampers in VBS designated for this purpose in
subsection 9.4.1. Pressunizaton of the MCR 15 initiated by opening one of the emergency MCR habitability air
supply lines. The t=st is & limited duration test and is terminated when the MCR pressurization is measured
to 4 inch water gauge with respect to surrounding areas, with an aurflow rate of 285 £2 scfm

[he hydrogen recombination capability 1s demonstrated by performing a surveillance bench test of samples
removed from each passive autocatalytc recombiner during each refueling outage. In additon, each passive
autocatalyuc recombiner device 1s visually inspecied to verify that there is no obstruction of or blockage of the

nlets or outlets. Subsecton 6.2 4.5 provides identification of requirements and criteria for inservice testing of
the PARSs

Revision: 18

Draft Westinghouse




Design of Structures, Components, Equipment and Systems

Table 3.11-1 (Sheet 43 of 44)

ENVIRONMENTALLY QUALIFIED ELECTRICAL AND MECHANICAL EQUIPMENT

Orperating
Thes Qualification
Function Required Program

Description Note 1) Note §) Note 6)

we Makeup Tank A

we Makeup Tank B
In Contmnment Refueling Waler
Storage Tank
Emergency Aur Storage Tank
Emergency Au Storage
Emergency Air Storage

M
M ¢

Emergency Au Storage
Emergency Aur Storage
Emergency Air Storage
Emergency Au Storage
Emergency Aur Storage
Emergency Aur Storage 1
Emergency Aur Storage
Emergency Au Storage
Emergency Al Storage
Emergency Aur Storage
Emergency Ai Storage

TXTLTZXTZTZXTZXZXEXELXTLZ

Emergency Au Storage

. 4

Emergency Au Stomge
Emergency Aur Storage
Emergency Au Storage
Emergency Air Stoage
Emergency Au Storage
[n.rv. oy A Storage
Emergenc: Air Storage
Emergency Al Storage
Emergency Au htorage

Passive Autocalal vis

Recombiner A VLS MY EOIA
Passive Aulocalal vy

Recombiner B LS MY EDIB
RWST Passive Autod wal vyt

Recombiner viS MY B
CVS Comparument Passive

Autocaialyue Recombanes ViS MY BOY

Man Feed Punp A Swatwe ECS ES ) XxX
Main Feed Pump B Status ECS ES J XXX

Remote Shutdown Workaation

Revision: 18
Draft




3. Design of Structures, Components, Equipment, and Systems

The passive autocatalytic recombiners will be qualified with a chemical environment
representing an environment beyond design basis conditions or otherwise anticipated to be
present following a loss-of-coolant accident The catalyst poisons potentially present
subsequent to a core melt event (through in-vessel releases) are considered for potential
degradation of PAR performance. Subsection 6.2 4 discusses the rationale for the chemical

environment providing both a basis and environment definition

Submergence

Performance of equipment in a submerged condition is verified by a test that replicates the
actual conditions with appropriate margin

High-Energy Line Break Accidents Outside Containment
For the majonty of equipment located outside containment, the normal operatung environment

emains unchanged by a high-energy line break accident. As a consequence, qualificaton for
such events is covered by qualification for normal conditions

A limited amount of equipment located outside containment, near high-energy lines, could be
subject to local hosule environmental conditions because of a high-energy line break outside
containment. In this case, the equipment is qualified for the conditions resulting from events
affecting its location and for which it is required to operate. These conditions are showr in
Figure 3D 5-9. Sheet | shows the combined design and test conditions for equipment that is

required to perform throughout all postulated events where superheat is delayed past five
minutes. Sheet 2 shows the combined design and test conditions for equipment that is only
required to perform for the first five minutes into the event. The maximum pressure for any
event outside containment is less that 6 psig

Qualification Methods

Mhe recognized methods available for qualifying safety-related electncal equipment are
established in [EEE 323, These are type testing, operating experience, analysis, on-going
qualificauon, or a combination of these methods. The choice of qualification raethod for a
particular item of equipment is based upon many factors. These factors include practicability,

size and complexity of equipment, economics, and availability of previous qualification 10
earlier standards

The qualification method employed for each equipment type included under the APSO0
equipment qualification program is identfied in the 'ndividual equipment qualification data
packages whether by test (Anachment A, Section 2.0), experience (Attachment A,
Section 3.0), analysis (Attachment A, Secuon 4.0), or by a combination of these methods
The AP600 equipment qualification program may employ on-going qualification through the
use of maintenance and surveillance. Guidance for such an approach is not included in this
appendix

Revision: 18

Draft
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“ngineered Safety Features

APGOO

Two situations are postulated, a design basis case and a severe accident case. In the design
basis case there is a limited reaction of less than | percent of fuel cladding zirconium with
water 1o form hydrogen. For this case there is an initial release of hydrogen due to the
reaction of fuel cladding with water and the release of hydrogen contained in the reactor

coolant system. This initial hydrogen release to containment is not sufficient to approach the
flammability limit of 4 volume percent

However, hydrogen continues to evolve to the
containment due to radiolysis of

water and the corrosion of matenals in the containment. The
flammability limit will eventually be reached unless mitigating action is taken. The function

of the containment hydrogen control system is to prevent the hyaiogen concentration from
reaching the flammability limit

In the severe accident case it i1s assumed that 100 percent of the fuel cladding reacts with
water. Although hydrogen production due to radivlysis and corrosion occurs the cladding
reaction with water dominates the production or hydrogen for this case. The hydrogen
generation from the zirconium-steam reaction coula be sufriciently rapid that it may not be
possible to prevent the hydrogen concentration in the containment from exceeding the lower
flammability limit. The function of the containment hydrogen control system for this case is
to promote hydrogen burning soon after the lower flammability limit is reached in th
containment. Initation of hydrogen burning at the lower level of hydrogen flammability
prevents accidental hydrogen burn inination at high hydrogen concentration levels and thus
provides confidence that containment integrity can, be maintained during hydrogen bumns and
that safety related equipment can continue to operate during and after the bums

The containment hydrogen .ontrol system serves the following functions

ydrogen concentration monitoring

Hydrogen control dunng and following a design basis loss of coolant accident (provided
by passive autocatalytic recombiners [PAR ;])

Hydrcgen control duning and following a degraded core or core melt scenarios (provided
by hydrogen igniters)

Design Basis
A. The safety related portion of the hydrogen control system is protected from the effects

of natural phenomen., such as earthquakes, tornadoes, hurmcanes, floods, and external
mussiles (General Design Cnterion 2)

The safety rela’ed portion of the hydrogzn control system s designed to remain
furncuonal after a safe shutdown earthquake (SSE) and to perform its intended function
following the postulated hazards of fire, internal missiles, or pipe breaks (General Design
Critena 3 and 4). Missile protection is discussed in section 3.5, pipe break protection
in 3.6 and fire protection in 9.5.1 and appendix 9A

Revision: 18
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APLOO

6. Engineered Safety Features

The hydrogen control system is designed to provide containment atmosphere cleanup
(hydrogen control) in accordance with General Design Criterion 41, 42 and 43

The hydrogen control system is designed in accordance with the requirements of
1O CFR 50.44 and 10 CFR 50.34(f) and meets the NRC staff's position related to
hydrogen control of SECY-93-087

[he hydrogen control system is designed in compliance with the recommendations of
NUREG 0737 and 0660 as detailed in subsection 1.9

The hydrogen control system is designed in accordance with the recommendations of
Regulatory Guide 1.7 as discussed in appendix 1A. The containment recirculation

system discussed in subsection 9.4.7 provides the controlled purge capability for the
containment as specified in position C.4 of Regulatory Guide 1.7

The hydrogen control system is designed and fabricated to codes consisient with the
Quality group classification, described in Section 3.2. Conformance with Regulatory
Guide 1.26, 1.29, and 1.32 is described in subsection 19

The hydrogen control system complies with the intent of Regulatory Guide 1.82 “The
Water Sources For Long-Term Recirculation Cooling Following A Loss-Of-Coolamt
Accident” as it could be applied to concerns for blockage of air flow paths

Containment Mixing

Containment structures are arranged to promote mixing via natural circulation. The physical
machunisms of natural circulation muxing that occur in the AP600 are discussed in
WCAP-14407 (Proprietary), WCA™ 14408 (Nonproprietary) (Reference 20), and summarized
as follows. Appendix 6A provides additional information on the distribution of hydrogen in
post-accident containment atmosphere. For a postulated break low in the containment,
buoyant flows develop through the lower compartments due to density head differences
between the nsing plume and the surrounding containment atmosphere, tending to drive
mixing through lower compartments and into the region above the operating deck. There is
also a degree of mixing within the region above the operating deck, which occurs due to the
introduction of and the entrainment into the steam-rich plume as it nses from the operating
deck openings. Thus, natural forces tend to mix the containment atmosphere

Two general characteristics have been incorporated into the design of the AP600 1o promote
mixing and eliminate dead-end compartments. The compartments below deck are large open
volumes with relatvely large interconnections, which promote mixing throughout the below
deck region. All compartments below deck are provided with openings through the «op of the
compartment to eliminate the potential for a dead pocket of high-hydrogen concentration. In
addition, if forced containment air-Circulation is operated dunng post-accident recovery, then
nonsafety-related fan coolers contribute to circulation in containmen*

Revision: 15

Draft

W) Westinghouse




6. Engineered Safety Festures

APHOO

In the event of a hydrogen release to the containment, passive autocatalytic recombiners act
to recombine hydrogen and oxygen on a catalytic surface (see subsection 6.24.2.2). The
enthalpy of reaction generates heat within a passive autocatalytic recombiner, which furthe:
drives containment mixing by natural circulanon. Catalytic recombiners reduce hydrogen
concentration at very low hydrogen concentrations (less than | percent) and very high steam
concentrations, and may also promote convection to complement passive containment cooling
system natural circulation currents to inhibit stratification of the containment atmosphere
(Reference 17). The implementation of passive autocatalytic recombiners has a favorable
impact on both containment mixing and hydrogen mitigation

Survivability of System

The portion of the containment hydrogen control system required for the design basis loss of
coolant accident is designed to withstand the dynamic effects associated with postulated

accidents, the environment existing inside the containment following the postulated accident,
and a safe shutdown earthquake

The environmental qualification of the PAR's and hydrogen monitors are performed in
accordance with the specifications of Section 3.11 using the methodology defined in
Appendix 3D. Within Reference 27, the NRC has concluded that the chemical environment
for envircamental qualificacion should include potential poisons. Specifically, that the PAR's
should be environmentally qualified to include the source term constituents which were
conservatively assumed to y) { the radioactivity dose rates for environmental qualification

The AP600 PAR's will be q. _lified pursuant to the guidance of Reference 27 and utilizing
the poisons resulting from a core melt event through in-vessel releases as discussed in
Reference 28. This approach is conservative since the level of potential poisons assumed is
inconsistent with the funcuonal purpose of the PAR in design basis hydrogen mitigation. Th.e
magnitude of poisons is based on the concentration consistent with a source term derived from

a severe accident core melt scenano rather than the regulatory criteria for design basis
accidents

The containment hydrogen control equipment provided to mitigate severe accident conditions
igniter subsystem) is designed to function under the event environment including the effects
of combustion of hydrogen in containment

Single Failure Protection

The hydrogen monitoring function and-the-hydrogen-recombination-subsysiem-are 15 designed
to accommaodate a single faslure. The hydrogen recombination subsystem consists of qualified
passive devices which are not susceptible to single failures. However to provide margin and
increased containment coverage two global containment PAR's are provided and credit for
only a single unit is assumed in the hydrogen analysis. The location of the PAR's are such
that the units are not susceptible to debns blockage as identified in Regulatory Guide 1.82
The global PAR's are at an approximate elevation of 164 feet and not immediately above the
loop compartments. The [RWST PAR is located above the operating deck above the RWST
well away from any pipe failure locations that could produce design basis accidents. All units
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B

are above the maximum flooding elevation. Based on the locations of the PAR's they are not
suscepible to debris blockage. The hydrogen ignition system, since it is provided only to

address a low-probability severe accident, is designed to accommodate probable component
and system failures

Validity of Hydrogen Monitoring

The hydrogen monitoring function monitors hydrogen concentrations of various diverse
locations within the containment

Hydrogen Control for Dcsign Basis Accident

The containment volume average hydrogen concentration is prevented from exceeding
4 volume percent. This imit eliminates the potential for flammable conditions

Hydrogen Control for Severe Accident

The containment hydrogen concentration is limited by operation of the distributed hydrogen
ignition subsystem. Igmition causes deflagration of hydrogen (buming of the hydrogen with
flame front propagation at subsonic velocity) at hydrogen concentrations below between the
flammability limit and 10 volume percent and thus prevents the occurrence of hydrogen
detonaton (burning of hydrogen with supersonic flame front propagation)

System Design

Hydrogen Concentration Monitoring Subsystem

The hydrogen concentration monitoring subsystem consists of two groups of eight hydrogen
sensors each. The sensors are placed in vanous locations throughout the containment free
volume including the upper dome anc containment compartments

The system contains a total of three sensors designated as Class 1E and thirteen sensors
designated as non-Class |E. The three Class |E sensors are seismic Category | and serve to
provide a post accident monitoring funcaon for design basis accidents. See Section 7.5 for
addinonal information. The sensors designated as non-Class |E provide a defense in depth
funcuon of monitonng local hydrogen concentrations

The 1E hydrogen sensors are powered by esthesa Class |E power source and the es-non-Class
|E hydrogen sensors are powered by a non-Class 1E power source. The Class 1E instrument
channels are independent of the non-Class |E instrument channels. Sensor parameters are
provided in Table 6.2.4-1. Hydrogen concentration is continuously indicated in the main

control room. Addiionally, high hydrogen concentration alarms are provided in the main
control room

The sensors are designed to provide a rapid response detection of changes in the containment
hydrogen concentration. The response time of the sensor is at least 90 percent in 10 seconds
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Hydrogen Recombination Subsystem

The hydrogen recombination subsystem is designed to accommodate the hydrogsn production
rate anticipated for a design-basis loss of coolant accident. The hydrogen recombination
subsystem consists of two passive autocatalytic recombiners installed inside the containment
above the operating deck at an approximate elevation of 162 feet and 13 feet inboard from
the containment shell. The locations provide placement within a homogeneously mixed region
of containment as supported by subsection 6.2.4.1.1 and Appendix 6A. The location is in a
predominately upflow natural convection region. Additionally, the PARs are located

azmuthally away from potential high upflow regions such as the direct plume above the loop
compartment

A third PAR is located at one of the vent paths from the IRWST and is utilized to limit the
accumulaton of hydrogen within the IRWST duning normal and post-accident operation

A fourth PAR is located in the chemical and volume control system compartment to limit the
accumulaton of hydrogen within the compartment as a result of radiolysis and corrosion
within the compartment from a partially flooded condition following a design basis LOCA.

The passive autocatalytic recombiners are simple and passive in nature without moving parns
and independent of the need for electricai power or any other support system. The-subsysiem
generation-of-hydrogen. The recombiners are safety-related equipment. They are seismic
Category | and are qualified for the post-loss of coolant accident environment. The

recombiners require no power supply and are self-actuated by the presence of the reactants
(hydrogen and oxygen)

Normally, oxygen and hydrogen recombine by rapid burning only at elevated temperatures
(greater than about 1100°F [600°C]). However, in the presence of catalytic matenals such as
the palladium group, this "catalytic buming” occurs even at temperatures below 32°F (0°C)
Adsorption of the oxygen and hydrogen molecules occurs on the surface of the catalytic metal
because of attractive forces of the atoms or molecules on the catalyst surface. Passive
autocatalyuc recombiner devices use palladium or platinum as a catalyst to combine molecular

hydrogen with oxygen gases into water vapor. The catalytic process can be summarized by
the following steps (Reference 15)

Diffusion of the reactants (oxygen and hydrogen) to the caialyst
Reaction of the catalyst (chemisorpuion)

Reaction of intermediates to give the product (water vapor)
Desorption of the product

Diffusion of the product away from the catalyst

The reactants must get to the catalyst before they can react and subsequently the product must
move away from the catalyst before more reactants will be able to react
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The passive autocatalytic recombiner device consists of a stainless steel enclosure providing
both the structure for the device and support for the catalyst matena! The enclosure is open
on the bottom and top and extends above the catalyst elevation to provide a chimney to yield
additional lift to enhance the efficiency and ventilation capability of the device. The catalyst
matenal is either constrained within screen cartndges or deposited on a metal plate substrate
matenial and supported within the enclosurs. The spaces between the cartnidges or plates
serve as venulation channels for the throughflow. During operation, the air inside the
recombiner 1s heated by the recombination process, causing it to rise by natural convection
As it nses, replacement air is drawn into the recombiner through the bottom of the passive
autocatalytic recombiner and heated by the exothermic reaction, forming water vapor, and
exhausted through the chimney where the hot gases mix with containment atmosphere. The

device is a molecular diffusion filter and thus the open flow channels are not susceptible to
fouling

Passive autocatalytic recoinbiners begin the recombination of hydrogen and oxygen almost
immediately upon exposure to these gases when the catalyst is not wetted. If the catalyst
matenal 1s wet, then a short delay is expenienced in passive autocataly'\c recombiner startup
(References 19 and 29). The delay is short with respect to the time that the PARs have to
control hydrogen accumulaton rates (days to weeks) foliowing a design basis accident. The
recombination process occurs at room or elevated temperature during the early period of
accidents pnor to the buildup of flammable gas concentrations. Passive autocatalytic
recombiners are effective over a wide range of ambient temperatures, concentrations of
reactants (nch and lean, oxygen/hydrogen less than 1 percent) and steam inerting (steam
concentranons greater than 50 percent). Although the passive autocatalytic recombiner
depletion rate reaches peak efficiency within a short period of time, the rate varies with
hydrogen concentration and containment pressure, (Reference 19)

Reference |9 provides passive autocatalytic recombiner performance estimates appropriate
(depleton rates) for a design basis accident, while a best-estimate depletion rate is appropriate
for severe accident hydrogen control scenarios where realistic estimates of system performance
are appropnate due to the low prooability of occurrence. A conservative or lower bound
esumate of depleton rate may be used for a design basis accident analysis. The conservative
depletion rate accounts for effects such as instrumentation error, curve fitting, startup delay
and a single failure. This rate (with one of the two containment passive autocatalytic
recombiners available) is used for the analysis results presented in Figure 6.2.4-1, "Passive
Autocatalyuc Recombiner Sensiuvity Study - Dry Conditions, Impact on Containment H,

Concentrations.”

The depletion rate assumed in the analysis is based on a generic passive autocatalytic
recombiner application as described in Reference 19, and is expected to be representative of
a number of vendor’s recombiners. The calculated containment hydrogen concentration
presented in Figures 6.2.4-1 and 6.2.4-2 is based on the assumptions and analysis discussed
in subsection 6.2.43. The results demonstrate abundant margin for system performance
Further, the hydrogen concentration following an accident with only one of the two available
passive autocatalytic recombiners operating within containment demonstrates significant
margin to maintaining hydrogen concentrations below the recommendations of Regulatory
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Guide 1.7, Control of Combustible Gas Concentrations in Contaiament Following a Loss-of-
Coolant Accident

The equations predicting the depletion rate are as follows

For H, concentrations less than 0.2 percent depletion rate (kg/hr) = 0.0

For H, concentrations equal to or greater than 0.2 percent depletion rate (kg/hr) =
78,800 x [0.029883 x ([C-0.2)/100)* + (0.001009 x [C-0.2)/100) x PWT +

273)

-

where volume average H, concentration at passive autocatalytic recombiner inlet
total pressure (bars)

"= gas temperature at passive autocatalytic recombiner inlet (°C)

The conditions under which the passive autocatalytic recombiners are assumed to operate for

a design basis accident for defining the lower bound hydrogen depletion rate per Reference 19
are

Inlet gas temperatures ranging from 100 to 330°F
Pressures ranging from | to 4 atmospheres

Hydrogen concentrations up to § volume percent

Steam concentrations ranging from near zero to 75 percent
Condensing steam environment

No significant levels of potential catalyst poisons

The basis for defining the hydrogen depletion rate is testing conducted by Battelle Frankfun
of both full scale and segment model NIS passive autocatalytic recombiner units. The results
of the tests and their use in the defir:tion of a hydrogen depletion rate equation appropriate
for a design basis accident is provided in References 18 and 19. Subsequent test conducted
by EPRI and EdF (Reference 29) support the conclusions of Battelle testing. Reference 19
assumed no sigmficant levels of catalyst poisons (for example, iodine, carbon monoxide, cable
fire combustion products and tellurium) would be present following a design basis event. This
assumption is consistent with the regulatory limits imposed on clad damage levels of
10 CFR 50.46 and 50.44 for a loss of coolant accident. The existence of significant levels
of poisons would normally mandates consideration of events and hydrogen generation rates
for which other Jesign attnbutes of the hydrogen control system are specifically provided

Events which generate high levels of iodine and tellurium, for example, are the result of gross
fuel clad damage and cladding/water reactions

However, in accordance with Reference 27, the PAR's will be environmentally qualified in
the presence of catalyst poisons which would be present following a design basis event that
results in a source term defined in NUREG 1465 for an event progressing through the stages
of reactor coolant, gap and early in-vessel releases. Further, based on industry test data and
catalyst poison literature, the hydrogen recombination subsystem performance for a DBA will
be evaluated with the reduction in performance anticipated as a resuit of the effects of pcisons
and inhibitors as determined in Reference 28 The fractions of core inventory released
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through reactor coolant, gap and early in-vessel stages of core damage event are identified in
NUREG 1465. Reference 28 considers the releases of NUREG 1465 and addresses the
potential effects of poisons and inhibitors on the performance of the PAR's. The approach
in Reference 28 15 to compile existing information and data as a basis for establishing a
genenic bounding value of a deactivation reduction factor for design and qualification of
PAR's. The approach combines qualitative information based on established chemical and
physical pnnciples with quantitative information from testing of catalysts systems subjected
to a wide range of inhibitors and poisons. The sources of test data include (1) tests on PAR's
conducted by two suppliers over the past severai years, (2) tests on the same two types of
PAR's conducted recently in France by CPRIVEAF/CEA and (3) tests on catalyst pellet-bed
filters conducted in a laboratory about 25 years ago and additional testing described in
Reference 28. The report concludes that “Even if the accident were to progress to beyond a

DBA to substantial in-vessel damage, PAR recombination capacity would be reduced by no
more than 25%

To illustrate the margin available and the tolerance to catalytic poisons and inhibitors,
Figure 6.2.4-2 demonstrates the effects of the presence of elevated concentrations of poisons
and inhibitors in containment. The curve demonstrates the effects of the conservative
depletion rate discussed above in combination with a 25 percent penalty due to poisons and
inhibitors.  The curve remains below 1.5 percent hydrogen concentration. The margin of
difference between the regulatory limit of 4 percent and the projected concentration may be
considered to represents the maximum potential gradient between global hydrogen
concentration and an isolated postulated hypothetical volume of containment atmosphere

The environments in which safety-related components are designed and qualified to function
are discusced in Section 3.11. The pressure, temperature, and chemical environment
conditions for which components are designed to function have been based on analysis of the
design basis event and the systems response. The radiation environments have, in contrast,
been the result of a deterministic applicaton of the accident source term. As specified in
NUREG 1465, to determine the accident source term for regulatory purposes, the staff
examined a range of severe accidents that have been analyzed for light water reactors. The
environmental qualification guidance and practice is conservatively based on the effects of
radiation due to a severe accident source term

The passive autocatalytic recombiner testing and reporting of test data, conducted under the
NIS quality assurance program has demonstrated proof of principle as;—s appropnate for
design certification. An evaluation and summary of the quality assurance program for the
Battelle tests 1s provided in Reference 21. Procurement will be in accordance with the COL
applicants QA program
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A summary of component data for the hydrogen recombiners is provided in Table 6.2.4-2

Hydrogen Ignition Subsystem

The hydrogen ignition subsystem is provided to address the possibility of an event that results
in a rapid production of large amounts of hydrogen such that the rate of production exceeds
the capacity of the recombiners. Consequently, the containment hydrogen concentration will
exceed the flammability limits. This massive hydrogen production is postulated to occur as
the result of a degraded core or core melt accident (severe accident scenano) in which up to
100 percent of the zirconium fuel cladding reacts with steam to produce hydrogen

The h: drogen ignition subsystem consists of 6864 hydrogen igniters strategically distributed
throughout the containment. Since the igniters are incorporated in the design to address a
low-probability severe accident, the hydrogen ignition system is not Class |E. Although not
class 1E, the igniter coverage, distribution and power supply has been designed to minimize
the potential loss of igniter protection globally for containment and locally for individual
compartments. The igniters have been divided into two power groups. Power to each group
will be normally provided by offsite power, however should offsite power be unavailable, then
each of the power groups is powered by one of the onsite non-essential diesels and finally
should the diesels fail to provide power then approximately 4 hours of igniter operation is
supported by the non-Class |E batteries for each group. Assignment of igniters to each group
1s based on providing coverage for each compartment or area by at least one igniter from each
group

The locations of the igniters are based on evaluation of hydrogen transport in the containment
and the hydrogen combustion charactenstics. Locations include compartmented areas in the
containment and vanous locations throughout the free volume, including the upper dome

For enclosed areas of the containment at least two igniters are installed. The separation
between i1gniter locations is selected to prevent the velocity of a flame front initiated by one
igniter from becoming significant before being extinguished by a similar flame front
propagating from another igniter. The number of hydrogen igniters and their locations are
sclected considenng the behavior of hydrogen in the containment during severe accidents
The likely hydrogen trangport paths in the containment and hydrogen burn physics are the two
important aspects influencing the choice of igniter location

The primary objective of installing an igniter system is to promote hydrogen buming at a low
concentration and, to the extent possible, to bum hydrogen more or less continuously so that
{ne hydrogen concentration does not build up in the containment. To achieve this goal,
igniters are placed in the major regions of the containment where hydrogen may be released,
through which it may flow, or where it may accumulate. The cnitenia utilized in the evaluation
and the application of the cntena to specific compartments is provided in Table 6.2.4-6. The
location of igniters throughout containment is provided in Figures 6.2.4-5 through 6.2.4-11
The location of igniters s also summanzed in Table 624-7 identfying
subcompartment/regions and which igniters by power group provide protection. The locations
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Production rate of hydrogen as a function of time is shown graphically in Figure 6.2.4-3 and
the production of hydrogen is shown in Figure 6 2 4.4

Initial Reactor Coolant Hydrogen Inventory

Dunng normal operation of the plant, hydropen is dissolved in the reactor coolant and is also
contained in the pressurizer vapor space. Following a loss of coolant accident, this hydrogen
1s assumed to be immediately released to the containment atmosphere. Table 6.2.4-4 lists the
assumptions used for determining the amount of hydrogen from this source. The total
hydrogen released to the containment as a result of this source is 1171 standard cubic feet

Hyd~ogen Mixing

The AP600 15 designed to prevent the accumulation of hydrogen in compartments. [f there
s the possibility of accumulation in compartments, venting is provided to allow the hydrogen
to escape to the larger containment volume. Mixing of the containment air mass is
iccompushed through natural processes as a result of the passive cooling of the containment
(see subsection 6.2.2) that induces a recirculating air flow in the containment. The release
rate for a design basis accident is sufficiently slow that mixing 1s effectively assured
Additional details are provided in subsection 6.2.4.1.1 and Appendix 6A

Hydrogen Recombination

Assuming no hydrogen removal, the concentration of hydrogen in the containment atmosphere

increases with time as shown in Figure 6.2.4-1. The curve shows that the flammability limit
of 4 volume percent is not reached untl after 28 days. Hydrogen recombination begins prior
to reaching this limit. The passive autocataiytic recombiners are brought into service by the
presence of the reactants. The available passive autocatalytic recombiner test data as
discussed in Reference |9 supports passive autocatalytic recombiner startup within 7 hours
of reaching | volume percent hydrogen concentration in containment Subsequent to passive
autocatalytic recombiner startup the conservative lower bound equation for depletion rates
provided in Reference 19 has been used to predict containment concentrationsconsidering only
the PARs between the 150 and 175 foot elevations. Figure 6.2.4-1 alse-shows the impact of
operation of one of the two recombiners on containment hydrogen concentration. The
hydrogen concentration never exceeds 1.5 percent which indicates ample margin in the
hydrogen recombiner gapacity Figure 6.2.4-2 evaluates the containment hydrogen
concentration using the same lower bound equation for a single PAR's depletion rate but with
addinonal conservatism to account for catalyst poisons or evaluation of margin. The curve
identified as “Worst Case PAR Depletion Rate with Catalyst Poisons” has been reduced as
a result of the effects of poisons and inhibitors which could be released to containment
following a core melt scenario progressing through reactor coolant, gap, and early in-vessel
releases. In accordance with Reference 28 the lower bound depletion rate has been reduced
by 25 percent to conservatively account for the effects of potential poisons and inhibitors

A further demonstration of the passive autocatalytic recombiner's available capacity margin
1s provided by calculation of containment concentrations with artificially reduced depletion
~

rates. Figure 6.2.4-2 provides the impact of one of two available passive autocatalytic
recombiners operating at 20, 10 and | percent of the conservative lowe- bound capacity. The
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curves provide indication of the abundant hydrogen control margin. Also provided in

Figure 6.2 4-2 are the results of a calculaton assuming no recombination until the hydrogen

concentration reaches 3.5 volume percent in containment. Although a zero depletion rate until

concentration reaches a 3.5 percent threshold is excessively conservative, the results emphasize
the abundant margin

Design Evaluation (Severe Accident)

Although a severe accident involving major core degradation or core melt is not a design basis
accident, the containment hydrogen control system contains design features to address this
potential occurrence. The hydrogen monitoring subsystem has sufficient range to monitor
concentrations up to 20 percent hydrogen. The hydrogen ignition subsystem is provided so
that hydrogen is bumed off in a controlled manner, preventing the possibility of deflagration

with supersonic flame front propagation which could result in large pressure spikes in the
containment

The hydrogen feleased ‘o the containment due to initial inventory of hydrogen in the coolant
would be the same as for the design basis case (see subsection 6.2.4.3 1 4)

The hydrogen production due to corrosion of aluminum and zinc or to radiolysis of water is
not of concern for evaluating the containment hydrogen control system for the severe accident
ince hydrogen production from these sources takes place at & relatively slow rate and over
a long peniod of ume

It 1s assumed that 100 percent of the active fuel cladding zirconium reacts with steam. This
reaction may take several hours to complete. The igniters initiate hydrogen bums at
concentrations less than 10 percent by volume and prevent the containment hydrogen
concentration from exceeding this limit. Further evaluation of hydrogen control by the
igniters 15 presented in the AP600 Probabilistic Risk Assessment

Tests and Inspections

Preoperational Inspection and Testing

Hydrogen Monitoring Subsystem

Pre-operational testing is performed either before or after installation but prior to plant startup
to verify performance

Hydrogen Recombination Subsystem

Pre-operational testing is performed following vendor production testing and installation but
prior to plant starup to venfy PAR performance. The PAR's are verified to provide a
hydrogen depleton rate of greater than or equal to the minimum depletion rate identified in
Table 6.2.4-2. It is also venfied that two PAR's are installed within containment at an
elevauon of between 150 and 175 feet with the PAR centerline at least 10 feet from the
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containment shell. It 1s aiso venfied that a PAR s located in the exhaust of an IRWST vent
and within the chemical and volume control system compartment

A sample of the PAR cartndges or plates are selected and removed from each passive
autocatalytic recombiner and surveillance bench tests are performed on the removed specimens
1o confirm continued satisfactory performance. The specimen is placed in a performance test
apparatus and exposed to a known standard air/hydrogen sample. The test instrumentation
will be designed to assess PAR performance and the time to reach a threshold recombination
‘tart w-used to measure degradation in catalytic action. The overall PAR performance
erification will be based on vendor testing recommendations and may include among other
neans recombiner internal or exhaust temperature measurement or exhaust sample
oncentratons measurement. Should internal temperature measurement be utilized as the
measured recombination parameter, location of the sensor must be consistent for all samples
ind with vendor test recommendations to assure consistency between tests. The recombiner
swarn venficauon will be based on a time dependent measurement of the recombinatio~ rate
parameter or other instrumentation venfying the recombination start. The vendo.
manufactuning acceptance data or accepted industry standards will be utilized as acceptance

data provided 1t represents performance in excess of the required rate specified in Table 6.2.4-
y .

Hydrogen Ignition Subsystem

Pre-operational testing and inspection is performed after installation of the hydrogen ignition
system and pnior to plant startup to venfy operability of the hydrogen igniters. It is verified
that 646 igniter assemblies are installed at the locations defined by Figures 6.2.4-5 through
6.2.4-11.  Operability of the igniters is confirmed by verification of the surface temperature
in excess of the value specified in Table 6.2.4-3. This temperature is sufficient to ensure
igmtion of hydrogen concentrations above the fla mability limit

In-service Testing
Hydrogen Monitoring Subsystem

The system is normally m service. Periodic testing and calibration are performed to provide
ongoing confirmation that the hydrogen monitonng function can be reliably performed
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"AP600 Accident Analyses-Evaluation Models,” WCAP-14601, Revision | (Proprietary)

Thomas T. Manen, "AP600 Use of Passive Autocatalytic Recombiners (PARs) for
Design Basis Hydrogen Control” to Mr. Nicholas Liparulo, April 1, 1997

EPRI Report, “The Effects of Inhibitors and Poisons on the Performance of Passive
Autocatalytic Recombiners for Combustible Gas Control in ALWRs," May 22, 1997
EPRI Report TR-107517, Volumes 1, 2, and 3, "Genenc Model Tests of Passive
Autocatalytic Recombiners (PARs) for Combusuble Gas Control in Nuclear Power
Plants,” June 1997
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Table 6.2 4.2

COMPONENT DATA - HYDROGEN RECOMBINER
(NOMINAL)

Number
Full Size PAR
Partial size PAR
Inlet hydrogen concentration
range for design basis events (volume percent)

Average efficiency (percent) RS

Depletion rate Reference 19

Minimum acceptable depleton rate <@4205F - and-atmospherne-prossure)-
Full Size PAR

1 s¢fm
Partial Size PAR 0.25 scfm

Determuned at prevailing conditions of 120°F, 3.5 volume percent of hydrogen and atmospheric
pressure
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Table 6.2.4-3

COMPONENT DATA - HYDROGEN IGNITER
(NOMINAL)

Number

Surface Temperature (“F
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Table 6.2 4.6 (Sheet 1 of 3)

IGNITER LOCATION
Criteria

A sufficient number of igniters are placed in the major transport paths (including domunant natural
irculation pathways) of hydrogen so that hydrogen can be burned continuously close to the release
point. This prevents hydrogen from preferentially accumulating in a certain region of the containment

Igniters (munimum of 2) are located in major regions or compartments where hydrogen mav he released
through which it may flow, or where it may accumulate

It is preferabie to ignite a hydrogen-air mixture at the bottom so that upward flame propagaticn can be
promoted at lean hydrogen concentrations. Igniters within each subcompartment are locatad in the
vicinity of, and above, the highest potenual release location within the subcompartment

[n compartments with relatively small openings in the ceiling, the potential may sxist for the
hydrogen-air mixture to nse and to collect near th= ceiling. Therefore, one or more igniters are placed
near the ceiling of such compartments. Igniter coverage is provided within the apper 10 percent of the
vertical height subcompartments or 10 feet from the ceiling whichever 1s less. In cases where the

highest pot=ntial release point is low in the compartment, both this and the previous criteria are
considered

[0 the extent possible, igniters are placed away from walls and other large surfuces 50 that 4 flame front
created by igniuon at the bottom of a compartment can travel unimpeded up to the top

A sufficient number of igniters are installed in long, narrow compartments (corndors) so that the flame
fronts created by the igniters need to travel only a limited distance before they merge. This limits the
potental for significant flame acceleraton

{gniter coverge are provided to contol combustion in areas where oxygen rich air may enter into an
inerted region with combusuble hydrogen levels during an accident scenario

[gnuters are located above the flood level, if possible. Those which may be flooded have ‘edundant
fuses to protect the power supply

In locations where the potentiaFhydrogen release location can be defined, i.e. above the IRWST
spargers, at [IRWST vents, etc igniter coverage is provided as close to the source as feasible

Provisions for installation, maintenance, and tesung is be considered
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lable 6,246 (" et 2of 3)
IGNITER LOCATION

Implementation

Reactor cavity ~ Hydrogen releases within the reactor cavity will flow either through the vertical access
tunnel, through the opening around the RCS hot and cold legs into the loop compartments or if the
refueling cavity seal ') fails then potentially through the refueling cavity. The potential flow paths
have at least four igniters with at least two powered by each of two power groups. No igniters have
been located within the reactor cavity since this region would always be flooded, adequate igniter

crage is avalable in hydrogen pathways from the reactor cavity and any maintenance or inspection
would result in elevaied personnel exposure

Loop Compartmenis - Hydrogen releases from the hot or cold legs or from the reactor cavity would
flow up C.rough the loop compartment to the dome region. Igniter coverage provided within the loop
compartment consists of a total of four igniters at two different elevations covering the perimeter of the
compartment and with two igniters powered by one power group and two by the second power group
Addituonai coverage 1s provided above the loop comparuments at elevation 162' with four igniters above
each loop compartment and powered by different power groups

Pressurc:er Compartment - Hydrogen releases within the pressunzer compartment would flow up
through the compartment toward the dome region. Igniter coverage is provided within the compartment
consists of a total of four igniters at two different elevations covering the perimeter of the compartment
with two 1gniters powered by one power group and two by the second power group. Additional coverage

15 provided above the pressi:-izer compartment at elevation 162" with two igniters above powered by
different power groups

Tunnel Connection Loop Compartments - The tunnel between the loop compartments and extending
downward into the reactor coolant drain tank cavity is provided with four igniters for hydrogen control
Releases with... the reactor cavity or from the loop compartment may flow through this vertical access

tunnel. Igniter coverage is provided over the width of the tunnel at three separate elevations and are
powered by different power groups

Refueling Cavity - Hydrogen releases from the reactor cavity or from the potentially from the reactor
coolant loops may flow up past the refueling cavity seal ring and through the refueling cavity to the
dome region. Igniter coverage provided within the refueling consists of a total of four igniters at two
ditferent elevatuons covering the penimeter of the compartment with two igniters powered by one power
group and two by the second power group. Additional coverage 15 provided above the refueling cavity
at elevauon 162" with four igniters powered by different power groups

Southeast Vaive and Accumuiator Rooms ~ Hydrogen releases within the southeast valve or accumulator
rooms will nse with the mass and energy releases to near the ceiling and exit either through the
stairwell on the west wall or through piping penetration holes in the ceiling. The hydrogen control
protection 18 provided by two igniters, one located near the ceiling of each of the adjoining rooms. The
igniters are powered by different power groups and provide backup control for each other
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Table 6.2 4-6 (Sheet 3 of 3)
IGNITER LOCATION

East Valve, Northeast Accumulator, and Northeast Valve Room - Hydrogen releases within the east
valve, northeast accumulator or valve rooms will rnise with the mass and energy releases to near the
ceiling and exit either through the enlarged vent area surrounding the discharge piping from the core
makeup tank located at the 107" 2" elevaton and through other piping penetration holes in the ceiling
The hydrogen control protection is provided by three igniters, one located near the ceiling of each of the

adjoining rooms. The igniters are powered by different power groups and provide backup control for
each other

North CVS Equipment Room - Hydrogen releases within the CVS equipment room will rise from the
piping or equipment located on the CVS module to near the ceiling, pass over the outer barrier wall and
flow up through the stairwell or ceiling grating. Hydrogen control is provided by two igniters located
near the ceiling of the equipment room between the equipment module and the major relief paths from
the compartment. The igniters are powered by different power groups

[RWST - Hydrogen releases into the IRWST are controlled by the distribution of igniters internal to the
[RWST and within the vents from and into the IRWST. Two igniters on different power groups are
located within the IRWST below the tank roof of the IRWST and above the spargers. In the event of
hydrogen releases via the spargers, the igniters directly above the release points will provide the most
immediate point of recombination. Should the environment within the IRWST be inerted or otherwise
not be ignited by the assemblies above the sparger, the hydrogen will be ignited as it exhausts from the

IRWST at any of four of the vents fitted with igniter assemblies. Two of the four igniters are powered
by one power group and two by the second power group. Finally, in the event that the IRWST is
hydrogen rich and aur is drawn into the IRWST the mixture will become flammable. In order to provide
this recombination, the two inlet vents on the other side of the IRWST from the sparger and primary
exhaust vents are fitted an igniter each

Lower Compartmen: Area - Hydrogen releases within the lower compartment will nse with the mass
and energy releases to near the ceiling and exit either through the north stairwell or along the
circumferential gap between the operating deck and the containment shell. The hydrogen control
protecuon s provided by eleven igniters spread over the potential release areas and located either just
above the mezzanine deck elevatuon or near the ceiling. This approach provides wide coverage over the

entire compartment area at two separate elevauons. The igniters are split between the two separate
»
power groups

Upper Compartmen: - Hydrogen control is provided at three separate levels within the upper
compartment. At the 162 foot elevation, 10 igniters are distributed over the area primarily above the
major release flow paths including the loop compartments, refueling cavity, pressurizer compartment and
above the starwell from the lower compartment area. The igniters are split between the two power
groups. At 210 foot elevation, an igniter is provided in each quadrant at the mud region of the upper
compartment with two igniter on each of the two power groups. At the upper region elevation 235 four
additional igniters are located 1o initate recombination of hydrogen not ignited at either the source or
along its flow path. The four igniters are split between the two power groups
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APLOO

lable 6.2.4.7

SUBCOMPARTMENT/AREA IGNITER COVERAGE

Subcompartment

Reactor Cavity

Loop Compartment 01
Loop Compartment 02
Pressurizer Compartment

Ture i connecting Loop
Compartments

Southeast Valve Room
Southeast Accumulator Room
East Valve Room

Northeast Accumulator Room
Northeast Valve Room

North CVS Equipment Room
Lower Compartment Area
CMT and Valve area)
IRWST Compartment
IRWST Intenor

IRWST Inlet

Refueling Cavity

Upper Compartment
Lower Region
Mid Region

Upper Region

Note:

Elevauons are approximate

Igniter Coverage (Elevation)

Power Group |

1(El 91

3 (El 95')

12§, 55 (El 120°)
58 (El 13
8, 12 (El
13 (El 120")
12 (El 139
5 (El 120")
B (El 139

2
l 2

9Y)

49 (El 154
60 (El 135

| (El 917)
3 (El 957)
31 (El 120

21 (El 105

21 (El 108°)

I8 (El 105

I8 (El 105")

I8 (El 108"

34 (El 105

22 (El 133

27, 28, 29, 31, 32 (El 120")
38, 37 (El 13§")
9 (El 133")

16 &l 1339

35 (El 120%)
58 (El 132")

19, 42, 44, 43 47 (E! 162")
S1, 54 (El 210)

61. 63 (El 238"

1

Power Group 2

4 (El 95")

2 (El 99%)

11, 7, 56 (El 120")
57 (El 132")

6, 14 (El 139"

11 (El 120")
14 (El 139)

7 (El 120")
6 (El 139"

SO (El 154
59 (El 135

4 (El 959
2 (El 999
30 (El 120

20 (El 108")
20 (El 108"
19 (El 108")
17, 19 (El 108")
17 (El 10§8")
33 (El 10§8")

23, 24, 25 (El 133")
26, 30 (El 120")

36, 38 (El 135')
10 (El 133)
15 (El 133")

El 120")

El 132

40, 41, 45, 46, 48 (El 1629

52. 53 (El 210°)

62, 64 (El 235
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APPENDIX 6A

HYDROGEN AND FISSION PRODUCT DISTRIBUTION IN THE AP600 POST-DESIGN
BASIS ACCIDENT CONTAINMENT ATMOSPHERE

'he AP600 design-basis analyses for hydrogen control (subsection 6.2.4.3) and natural aerosol
removal coefficient (Appendix 15B) assume that the fission products and hydrogen released
to the containment following a postulated design basis loss of coolant accident (LOCA) are
homogeneously distributed in the containment atmosphere within the open compartments that
participate in natural circulation. The purpose of this discussion is to justify the homogeneous
assumpuion for hydrogen control (recombiner placement) and aerosol natural deposition
calculations

The following evaluation includes

Identification of the accident sequence assumptions and boundary conditions in the
reactor coolant system and containment prior to the fission product and hydrogen releases

Identification of the limiting steam and fission product release location from the reactor
coolant system to the containment

Identification of the design basis hydrogen source locations in the containment
Discussion of containment natural circulation in quasi-steady conditions

Discussion of AP600 passive containment cooling system (PCS) large-scale test (LST)
tnsights that support the well-mixed assumption

Design Basis Sequence Assumptions

The design-basis fission product source term (subsection 15.6.5.3.1) and hydrogen source term
(subsection 6

-

2.4.3) are superimposed onto a thermal-hydraulic conditions of the design-basis
accident sequence for the evaluation of fission product deposition and hydrogen
recombination. The following assumptions define the design basis conditions. The AP600
design-basis sequence consists of a LOCA which drains the reactor coolant system (RCS) and
core makeup tanks (CMTs) sufficiently to activate the automatic depressurization system

(ADS). Both trains of all four stages of automatic depressurization system open sequentially

During the depressurization, the core makeup tanks and accumulators inject into the reactor
vessel downcomer. The final reactor coolant system pressure is essentially equal to the
containment pressure which allows gravity injection of the IRWST water. Steam 1s produced
in the vessel at the rate dictated by decay heat minus the heat in the volatile fission products
which have been released from the core. The passive containment cooling system water flow
1S initiated based on high containment pressure from the blowdown or the automatic

depressunzation system prior to the release of fission products
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Fission product release occurs from a fully depressunzed reactor coolant system. The aerosols
are carned into the containment in a buoyancy-dniven steam flow. The earliest time of fission
product release from core degradation is conservatively shown to be approximately SO minutes
after accident initiation (subsection 15.6.53.1), well past the time of the blowdown or
automatic depressunzation system. Hydrogen is released over the long-term as a result of the
radiolysis of water and corrosion of aluminum and zinc. The containment condition during
and following the release 1s quasi-steady-state. Internal heat sinks are assumed to be
essentially thermally-saturated and no longer effective, and the condensation rate of steam on
the containment dome and shell is equivalent to the decay heat steaming rate

Break Size and Fission Product Release Location in Containment

This section discusses each of the postulated fission product release locations from the reactor
coolant system, the containment location for each, the size limitations and the phenomena
associated with the break locations. It is shown that it is appropriate to assume that the steam
and fission products are released from the reactor coolant system hot leg to the containment
above the maximum water flood-up elevation in the steam generator compartment gas space

Releases From Depressurization System Lines

Any design-basis LOCA which can be postulated to produce a large core activity release to
containment will actuate the four stages of the automatic depressurization system. The stage
I, 2 and 3 automatic depressurization system lines, which relieve from the top of the
pressunzer (see Figure 6A-1), deliver flow to the containment through the in-containment
refueling water storage tank (IRWST). This is not considered to be a major fission product
release pathway because the IRWST is a cold, effectively closed system with no leakage
pathway to the environment. The IRWST is nearly full of water during the depressurization
blowdown which would trap any postulated fission products released to the IRWST. At the
time the water is drained below the spargers, the reactor coolant system is depressurized with
stage 4 automatic depressurization system open, and the IRWST vents, which are closed with
flappers, are not expected be significantly opened by the small buoyancy-driven flows
Aerosols released from stages 1, 2 and 3, either before or after the draining of the IRWST
would essentially be trapped in the water or in the IRWST compartment. Therefore, this
pathway 1s conservatively neglected as a release pathway from the reactor coolant system to
maximize the activity entering the containment atmosphere

Slage 4 automatic depressunization system lines relieve reactor coolant system coolant, steam,

and fission products frym the hot legs (see Figure 6A-1) to the steam generator compartments

above the maximum water flood-up level. The stage 4 lines consist of four 10-inch schedule
160 lines. Two lines are connected to each of the two hot legs. Each of these trains relieves
at the 112-foot elevation to a steam generator compartment

Of the postulated release locations in the reactor coolant system, openings in the hot-side
piping, such as the stage 4 automatic depressunzation system, provide the lowest resistance
pathway for fission product releases to the containment because of the large flow area, high

temperatures, short resident time and low surface area for aeroscl deposition in the reactor
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coolant system. To reach openings in the cold side piping when stage 4 automatic
depressurization system valves are open, the reactor coolant system low-pressure natural
circulation flow must pass through the steam generator tubes (see Figure 6A-1). At the
superheated steam temperature of the gas which accompanies the fission product flow,
significant heat transfer would take place in the steam generator tubes which are cooled on
the secondary side by water. Aerosol deposition to the tubes would remove fission products
from the release before the flow reached the containment. Therefore, releases from cold-side

breaks are less severe than hot side breaks with the stage 4 automatic depressunzation system
open

Releases From Coolant Loop Breaks

Breaks in the reactor coolant system loop piping (hot legs or cold legs) relieve primary

coolant, steam and fission products to the steam generator compartments. Assuming double-
ended guillotine breaks, the hot-leg break has a diameter of 31 inches (78.7 cm), the cold-leg
break has a diameter of 22 inches (55.9 cm). Breaks in the hot leg piping are more lim.ting
than breaks in the cold leg with respect to the fission product releases to the contaimnent
because of the larger break area, higher temperatures, shorter resident time and lower surface
area for aerosol deposition in the reactor coolant system. Therefore, of the coolant loop
breaks, hot leg breaks to the steam generator compartment provide the more conservative
magnitude of fission product release to the containment. Because of the similar fission
product flow path, release magnitude and release location, the hot leg breaks can be lumped
with the stage 4 automatic depressurization system releases

6A.1.1.3  Direct Vessel Injection Line Breaks

A break in one of the two direct vessel injection lines can relieve steam and fission products
outside the steam generator compartments to one of the two dead-ended accurulator
compartments below the core makeup tank Room. The piping is 8-inch diameter schedule
160 piping, but an orifice at the reactor vessel wall limits the break size to a 4-inch diameter
[he nozzle connects to the reactor vessel downcomer (see Figure 6A-1), so all direct vessel
:njection line breaks relieve from the cold-side of the reactor coolant system The
accumulator compartments have significant heat sink surfaces (equipment, grating, support
structures and compartment walls) for aerosol deposition to trap fission products within the
dead-ended compartment. Given the small break size, cold-side location of the break, the
compartment retention capacity, and the large relief flow area associated with the open stage
4 automatic depressurization system valves, very little fission product release is expected from
the direct vessel injection line. The steam release to an accumulator compartment is
negligible with respect to that from the stage 4 automatic depressurization system

Core Makeup Tank Balance Line Breaks

Breaks in the core makeup tank balance lines can relieve steam and fission products to the

e 1Y
COre

nakeup tank room. The balance line piping is 8-inch diameter schedule 160 piping. The
balance line nozzle is attached to a cold leg (see Figure 6A-1). Given the small break size,

cold-side location of the break, the compartment retention capacity, and the large relief flow
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area associated with the open stage 4 automatic depressurization system valves, very little
fission product release is expected from the balance line. The steam, hydrogen and fission
product releases to the core makeup tank room is negligible with respect to the release from
the stage 4 automatic depressunization system

Chemical and Volume Control System Line Breaks

A break in the chemical and volume control system (CVS) line relieves to the dead-ended
chemical and volume control system compartment below the core makeup tank room. The
chemical and volume control system piping is 3-inch diameter schedule 160 piping. The inlet
f the chemical and volume cortrol system draws from the cold leg and the outlet discharges
to the reactor coolant pump suction, both on the cold-side of the reactor coolant system (see
Figure 6A-1). Given the small break size, cold-side iocation of the break, the compartment
retention capacity, and the large relief flow area associated with the open stage 4 automatic
depressurization system valves, very little fission product release is expected from the
chemical and volume control system piping. The steam release to the chemical and volume
control system compartment is negligibie with respect to that from the stage 4 automatic
depressunzation system

Fission Product Release Location Conclusion

[he fission product releases are expected to discharge mainly from the stage 4 automatic
depressurization system lines, which relieve from the hot legs to the steam generator
compartments. Stage 4 automatic depressunzation system is open in all design-basis LOCA
sequences that can be postulated to produce large core activity releases to the containment
For a coolant loop break, the release would also go to the steam generator compartments
along with the releases from the stage 4 automatic depressurization system lines. Fission
products released to other postulated containment locations are negligible by comparison
oecause the reieases are from the cold-side of the reactor coolant system through
comparatively long and narrow piping pathways. Therefore, the bounding release pathway
1s @ hot-side break into the steam generator compartments with fission product and steam
releases through the break and stage 4 automatic depressurization system

Design-Basis Hydrogen Source Locations

The hydrogen source for long-term, design-basis hydrogen release is from water pools in the
contanment. There are two potential locations for substantial water pools in the AP600
containment, the floodable region of the containment (that includes the reactor cavity, the
lower steam generator compartment, the tunnel between the steam generator compartments and
the core makeup tank room to the 108" 2" elevation), and the compartments below the core
makeup tank room floor (that includes the two accumulator compartments and the chemical
and volume control system compartment)

In a design-basis accident, the floodable region of the containment may be submerged up t

approximately the 108 elevation. The accumulator compartments are curbed to the 108

elevation to prevent water from overflowing into them. The chemical and volume control

)
(Ao ]

Revision: 158

st 8, 1997 W '
August 8, 1 YY" ) Westinghouse




6. Engineered Safety Features

system compartment is curbed at a lower elevation to provide a reservoir to assure that the
accumulator compartments cannot be flooded from overflow. Water may overflow into the
chemical and volume control system compartment, but not over the curbs into the accumulator
compartments. [f an reactor coolant system break occurs in an accumulator compartment, the
compantment will be completely filled with water and overflow into the core makeup tank
room, the chemical and volume control system compartment and the floodable region. The
cavity, reactor coolant drain tank room and the tunnel are submerged. The accumulator
compartments are either both not flooded or one (with the reactor coolant system break) is
completely submerged and the other 1s not flooded. The IRWST always has a water pool
surface. Therefore, the water pool surface, which is the source location of the long-term
design basis hydrogen release, can be located in the steam generator compartments, the core
makeup tank room, the chemical and volume control system compartment and the IRWST

Boundary Conditions for Evaluating Circulation and Stratification in Design Basis Hydrogen
and Source Term Analyses

Based on the design-basis sequence, the following assumed boundary conditions apply in the
containment

Steam is released from the reactor coolant system into both steam generator
compartments through stage 4 automatic depressurization system, low in the containment
(elevation 112 ft), at the rate of decay heat,

The fission products are released as discussed in subsection 15.6.5.3.1, along with the

steam flow, over a penod of 1.8 hours

he reactor coolant system is depressurized prior to the fission product release which
begins at 50 minutes, so the flow entering containment from the reactor coolant system
is buoyancy driven,

The containment conditions are quasi-steady-state and the internal heat sinks are
essentially thermally-saturated, so the condensation rate on the containment is assumed
to be equal to the steaming rate

The con.ainment 1s flooded to the 108" elevation,

Hydrogen is released to the containment from water pools in the core makeup tank room,
chemical and volume control system compartment and steam generator compartments at

a rate described in section 6.2.4.3
Containment Matural Circulation and Mixing
This section describes the natural circulation flow path and the entrainment processes in the

containment atmosphere. Figure 6A-2 graphically depicts the containment natural circulation

flow paths and the entrainment processes
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he steam plume, rising from a point low in the containment, and the condensation on the
containment surface and wall entrainment rates provide the driving forces for natural
circulation in the containment. Based on the sequence timing, the containment conditions at
the ime of the fission product and hydrogen releases are quasi-steady-state. Therefore
assume 3

it 1S

constant

Q. = steam volumetric flowrate
Q..¢ = COndensation volumetric flowrate

"

Steam and fission products are released low in the containment through stage 4 automatic
depressunzaton sysiem at the 112-foot elevation as hot, buoyant plumes from the low
pressure pnmary system into the steam generator compartments. Entrainment into the nising
plume dnves circulation of surrounding atmosphere into the bottom of the steam generator
compartment through the openings to the core makeup tank room. The fission products are
released from the reactor coolant system with the steam plumes. The plumes rise through the
sleam generator compartments, mix with the flow entrained from below and are released into
the upper compartment at the top of the sieam generator doghouses (148-foot elevation). The
plumes nse unconstrained for over 100 feet in the containment. As the plumes rise, the
surrounding upper compartment gas mixture is entrained. The steam, fission products and any
non-condensable gases (e g. hydrogen and air) in the plumes are mixed with a large volume
of entrained atmosphere in the rising plume

An estimate of the volume entrained into the plume above the operating deck is made

conservatively neglecting entrainment intv the lower steam generator compartment, and

assuming the plumes from the two steam generator compartments behave as one
" * Z" (Reference 1)

where
Qe = volumetric flowrate of entrained gas in the nsing plume above the operating
deck
Z = height of rising plume
B = g*Qsr*(Pusw * PuVPums
g = gravitational acceleration

The fission product releases occur at approximately | hour when the best estimate (no

uncertainty) 1979 ANS decay heat rate is 1 4%. At one hour, the volatile fission products

which are released from the core contribute 30% of the decay heat, so the decay heat fraction
s 1.0

)% and 19 MW of steam is generated in the reactor vessel. At a containment pressure

of approximately 50 psia, the source flow is approximately 165 ft'/sec and Ap/p is
. : .

approximately 1/4. Thus, B'” = 11 ft*"/sec. For a release into

Z =100 ft, Q. = 3500 ft'/sec and Q )

4

the upper companment w here
3
ot g & &1
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At 24 hours, best estimate (no uncertainty) 1979 ANS decay heat is 0.6%, and the volatile
fission products released from the core contribute 15% of the decay heat. The heat generated
in the vessel, generating steam is 9.7 MW, the containment pressure is 34 psia and Ap/p =
0.32. So the source flow is approximately 121 ft'/sec, B'" = 10.7 ft*"/sec, Q,,, = 3400 ft'/sec
and Q.. /Q. = 28 Therefore, for the AP6(X) height above the operating deck, a conservative
entrainment ratio for umes greater than | hour after accident initiation is

(‘)”_V‘(i)‘l > 2(0)

The application of water to the external surface of the containment shell maintains the
containment shell at a cool temperature. The condensation of steam on the containment shell
creates a heavy, air-nch downward flowing gas boundary layer on the wall. Fission products
are carried along in the wall layer flow. As it flows downward along the wall, the wall layer
also entrains surrounding mixture. Thus, the circulation flow rate in the above-deck volume
generates significant circulation flow

A review of literature on circulation within enclosures (appendix 9.C of Reference 2) shows
that as long as there s cooling on the inner surface of the containment shell, there are no
regions of stratification in the containment including under the containment dome. There are
significant recirculation flows in the stratified regions between the plume and the walil layer
Thus concentration gradients are small and there are no stagnant regions above the
operating deck

The circulation time constant due to entrainment above the operating deck for the AP600 can
be estimated by V/(20*Q,), where V is the containment volume above the operating deck, and
the steam generator compartments and core makeup tank room above the 108’ elevation,
1.62x10° ft'. Therefore, the circulation time constant at | hour is approximately 490 seconds
At 24 hours it is 670 seconds. The time constant is estimated to be conservatively large as
it does not include entrainment into the downward flowing wall layer. At | hour, during the
fission product release, the time constant of 490 seconds is very short compared to the 1.3
hour fission product release duration. In the long term, the plume entrainment rate of 3400
ft'/sec is much greater than the long-term hydrogen release rate which is on the order of 0.1
ft'/sec (see Figure 6.2.4-3). The time constant at 24 hours is more than 1000 times shorter
than the hydrogen release time constant. Therefore, the fission products and hydrogen can
be assumed to be homogeneous within the gas volume as soon as they are released. There
IS NO stagnant region in the upper compartment as the entire volume participates in the nsing
plume, entrainment flow and wall layer. Stratification exists in the form of a relatively
shallow, continuous vertical steam gradient as discussed in section 3.0

Over the time period of interest, no mechanisms exist .o separate the non-condensabie gases
(air and hydrogen) once they are mixed in the nising plumes. The molecular weight difference
1s so overwhelmed by natural circulation it does not lead to gravitational separation. The
terminal gravitational settling rate of hydrogen in air at | atm and 25°C is less than

1
|
|

0" cm/sec (Reference 4). Over the height of the upper compartment, 100 ft, the average

separation length is 50 ft (1524 cm) so the time for gravitational separation of the hydrogen
and air 15 1.5x10" seconds. By comparing the separation time to the time constant for the
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plume entrainment circulation (670 seconds) it is determined that the separation rate is orders
of magnitude less effective than the convective mixing forces. Thus gravity effects do not
lead 1o separation of hydrogen from the non-condensable mixture

As the downward boundary layer flow reaches the operating deck (135-foot elevation), it has
been cooled and somewhat depleted of steam. The air, hydrogen and fission products remain
well-mixed in the flow. Vents in the operating deck (135" elevation, see Figure 6A-2) along
the wall allow the denser gases to "drain” down into the core makeup tank room and circulate
through the doorways which empty to the steam generator compartments. Little condensation
1s expected below the operaung deck in the quasi-steady-state condition as the metal heat
sinks are essentially thermally-saturated. The condensation on heat sinks below the operating
deck 1s small compared to that on the steel shell. The core makeup tank room communicates
with the steam generator compartments such that air flow will freely pass to the steam
generator compartments. In the steam generator compartment, the circulation flow is entrained
by the initial steam source, and the circuit begins again

The accumulator and chemical and volume control system compartments and the reactor
cavity, including the reactor coolant drain tank room, do not participate in the large-scale
natural circulation flow as they are dead-ended or filled with water. The IRWST compartment
1s essentially sealed at the vents by flappers after blowdown. The accumulator and chemical
and volume control system compartments, IRWST, reactor cavity and reactor coolant drain
tank compariments are not considered in the calculation of the aerosol deposition. For the
hydrogen control analysis, the chemical and volume control system and [IRWST compartments
are included as confined volumes that may have water pools that provide a source of
hydrogen. The other compartments are either completely water-filled or do not contain a
significant pool of water for hyd-ogen generation

Insights From the Passive Containment Cooling System Large Scale Test and AP600
Stratification Studies

he AP600 Passive containment cooling system Large Scale Test (LST) provides insight into
the circulation and stratification betavior in the AP600 containment. The following results
are consistent with international test data from various scales (Reference 2, appendix 9.C)
Since the large scale test did not include a flow path into the simulated steam generator
compartment, the degree of mixing of injected light non-condensable gases with the existing
air throughout the test vessel is conservatively underestimated. This is because the 2x.a flow
path would allow density-driven circulation through the path into the compartment,
introducing an additional mixing mechanism which exists in AP600

In the large scale test rising plume, large amounts of surrounding air-steam mixture were
entrained with the released gases. Estimates of entrainment above the deck in largs scale test
show that about one times the break volumetric flow is entrained. In seveval large scale test
tests, 217.1, 218.1, 219.1, and 221.1, in which heiium (a hydrogen simulant) was released in
an amount equal to 10-20 volume percent, non-condensable gas concentrations were measured

(Reference 3). The helium fraction was reduced from 100% at the release point to 50% of

the non-condensable gas in the dome dunng the initial period of injection. For design basis
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hydrogen releases, the hydrogen concentration as a fraction of the non-condensable gas in the
dome would be much iess due to the increased height for entrainment

The existence of circulation under the dome in the large scale test can be seen based on the
reduction of helium non-condensable fraction over time after the helium release stops. The
mixing of helium above the deck establishes homogeneous concentrations in only a few
minutes in the large scale test. Note that it was seen 1o take hours for the circulation to mix
the injected helium with the non-condensable gases in the compartment below the deck,
however, this was due to a lack of a flow path in the simulated steam generator compartments
Because of the additional height for entrainment in the AP600, circulation is about 10 times
greater than in the large scale test based on plume entrainment alone. Wall layer entrainment
and circulation through the steam generator compartment would further increase the circulation
in AP600O. This result indicates that in the AP600 circulation distributes the injected non

condensable gases with the air throughout the containment quickly compared to the rate of
release

[he effect of external cooling on non-condensable gas distributions was studied in large scale
test 219.1 which started out v ith a dry external shell, injected helium, and then initiated the
external water cooling. Non-condensable gas data showed that the application of external
cooling acts (o accelerate the mixing of non-condensable gases, which 1s probably due to the
higher wall layer entrainment rate from the higher condensation rate on the cooler shell

As discussed above, the fluid dynamics of entrainment into a buoyant plume and wall
boundary layers generate large amounts of circulation within the above deck region. Thus,
the region is not a statc, layered stratification, and there are no stagnant pockets of gases that
do not participate in the circulation. The physics do, however, lead to a standing vertical
steam density gradient in the circulating stratified region, which will tend to be slightly richer
in steam at the top due to the lower density of the injected steam

Based on the above, at quasi-steady conditions, the decay heat steaming and heat and mass
transfer to the steel shell create natural circulation in the containment that mixes the fission
products and hydrogen quickly throughout the circulating volume. Circulation time constants
indicate that it 1s reasonable to assume non-condensable gases and fission products can be

i

assume to be homogeneous in the volumes participating in the circulation. The nising plume

and the cooling of the sheil create a vertical steam density gradient and a vertical temperature
gradient 1n the upper compartment circulating stratified region. The density and temperature
gradients result from a balance between the forces that drive the natural circulation. In the
evaluation, no credit is taken for cold plumes falling from the containment dome which cause
further circulation above the operating deck

Based on the above, condensation and sensible heat transfer occur over the entire steel shell
albeit at different rate. over the height of the shell As shown in Appendix 15B,
thermophotesis and d  asiophoresis are directly related to the heat and mass transfer. Fission
products are presem at all sites of steam condensation and sensible heat transfer in the
containment. In Appendix 15B, the processes are modeled by assuming homogeneous aerosol

mass distribution throughout the circulating volume and averaging the steam condensation and
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ensible heat transfer over the entire upper shell. This treatment provides a valid estimate

aerosol h:, wition rates
C onclusions

1esting at vae s scal the |

APGOD containment during quasi-steady

as there whng on the inner surface of the containment shell, downward wall

flow will prevent stagnation under the dome

No unmixed pockets develop as the doorways extend to the floor and vents are in the
ceiling. For the rooms participating in the natural circulation flow, the entire volume

parucipates in the circulation

Fhe rising plume ndensation of steam o the containment shell, and downward
flowing wall layer create veidcal steam density and temperature gradients above the
perating deck

Fission products and hydrogen are quickly and uniformly mixed, relative to the duration

i the release . in the containment volumes partucipating in the natural circulation

For the purpose of calculating long-term. aerosol deposition and hydrogen depletion, it

Is reasonable 10 assume that aerosols and non-condensable gases are homogeneous
throughout the major comparniments parucipating in the containment natural circulation

the steam generator compartments, upper compartment and core makeup tank room
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Figure 2 -~ Containment Natural Circulotion
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