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SUMMARY

This study describes the predicted response of Unit 1 at the Browns
Ferry Nuclear PFlant to a postulated complete loss of plant control air
compounded by an assumption of faillure-upon~demand of both of the unit
emergency high pressure injection systems, Reactor Core Isolation Coal~
ing (RCIC) and High Pressure Coolant Injection (HPCI). This accident
saquence was identiflied as a possible significant contributor to plant
severe accldent risk in studlea carried out jointly by the Tennessee
Valley Autheority (TVA)} and the firm of Pickard, Lowe, and Garrick in
support of the TVA~-sponsored probabllistic risk assessment of the Browns
Ferry Nuclear Plant.

The loss of plant control alr is a safety concern because of the
close grouping of the plant control air compressors, the relative unre-
liability of the high pressure injection systems, and because, at
Unfts 1 and 2, the continuity of the drywell control air supply depends
upon the availability of plant control air pressure to hold open the
drywell control air compressor suction isolation valves.* The capa-
bility for remate operation of the safety relief valves (SRVs), in turn,
~depends upon the availability of drywell control air pressure. If the
compressed air stored in the drywell control air system receivers and in
the small individual accumulators attached to the six SRVs associated
with the Antomatic Depressurization System (ADS) becomes depleted, re-
mote operational capability of the SRVs would be lost, and the reactor
vessel could not subsequently be depressurized. Alternatively, if the
reactor vessel had previously been depressurized, it would now return to
full pressure. The low pressure injection systems, although opera-
tional, could not then be used to charge the vessel, and with the
gagsumption  that the HPCI and RCIC systems are ’l:voth failed at Unit 1, a
high pressure bdil-off and core uncovery would follow.

The postulated total loss of plant control air would not compromise
the containment heat removal functions of the Residual Heat Removal RHRE)

-~ systems because all of the essential valves in this system are motor-
- operated and .do not depend upon the availability of control air.
oo -~ The BWR-LTAS code, developed at Oak Ridge National Laboratory
- (ORNL),, has been used in this study to predict the timing of accident
Sequence events and to assess the efficacy of potential operator actions

B damage accident. Calculations have been perfonned bm:h for cases
T ‘without-operator action. -~ - -
-*'the ‘case- without operatm: act:ion, tue reault,s of the study

' tovide adequaté core cooling f’ﬁr about ‘16 -h after the accident-

7/7 quen ‘-1uitiating loss of plant contml air.; Thg :ea&er 18 reminded

e fAt Unit 3, t:he drywell control air aystem —is completely inde-
pendent of the planc control air system.
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completely independent causes, at Unit l.,* As a result, the reactor
vessel water level falls, and when the conditiens for auwtomatic reactor
“vegsel depressurization are met, the reactor vessel 1s depressurized by
the opening of the six ADS SRVs. The automatically-actuated Core Spray
and RHR systems then flood the reactor vessel. The SRVs are assumed,
based upon available experimental data, to remain open chroughout the
transition from steam to water discharge. The low-pressure Injection
systems keep the reactor vessel flooded for about 6 h, but then the open
SR¥s are predicted to shut because of insufficient remainfing coatrol air
pressure. The water—filled reactor vessel repressurizes, steam produc-
tion resumes, and a bubble is drawn. The 105 gpm (0.0066 m3/s) of in-
jection provided by the control rod drive (CRD) hydraulic system i3
insufficient to offser the loss of inventory, so reactor vessel water
level steadily decreases and core uncovery begins about 15 h after the
automatic reactor scram on low contral air pressure,

Avallable laboratory test data show that the SRVs will remain cpen
duriog periods of steam discharge and during periods of water discharge,
but do not cover the tramsition. In the very unlikely event that the
SRVs cannot remain open when the transitfon from steam to water dis-
charge occurs, then the reactor vessel would be overpressurized soon
after the inception of flooding.

The results of the no—operator~action case study demonstrate that
the plant should protect itself adequately and that plenty of time would
be available for the operators to initlate mitigati g actions. However,
the short pericd of time required for the low—-pre;sure injection sys-
tems, once initiated, to complete vessel flooding, ~3 min, dramatizes
the rapidity with which the operators must act if overfilling of the
reactor vessel is to be avoided {e.g., by tripping 7 of the 8 Ilow-

- pressure ECCS injection system pumps). This would keyp water away from
_ the SRV inlets and the HPCI/RCIC steam supply lines.

T Two different operator action cases have been analyzed in this
- ~study, also using the BWR-LTAS code. These two cases were selected to
_encompass - the expected range of operator responses. In the first case,
= ‘the operators attempt to maintain a safe state without depressurizing
© - the reactor vessel. 1In the second case, the operators act to depressur-
~ - -ize the reactor vessel -within- the first half hour after the automatic

e m-with the objective of going into shutdown cooling. Never-
oy pability for remote -SRV rﬂeration is lost—in the second
act r -vessel _Tepressurizes. - Therefare, —althOugh the two
very - differently, ‘they reach similar states and the .end re—
the same' for bﬂthf*' ventually, the reactor vessel will be

long peri&dfnf time that they would have been operated at shutoff head
~without a recirculation path available; valves in the recirculation path
fail- closed on Ioss of plant air. - -
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pressurized, the low-pressure injection systems cannot charge the ves-
gsel, and the core will be uncovered unless the operators take action to
enhance the cooling water injection into the vessel by the CRD hydraulfc
systenm.

At Browns Ferry, the appropriate action to enhance CRD hydraulic
system flow would be to inltiate flow through the normally isolated Pump
Test Bypass Line, which has a direct path into the reactor vessel via a
feedwater line. This action, in conjunction with opening the pump dis-
charge throttling valve, would yield an injected flow of about 200 gpm
(0.0126 m /s) with one CRD hydraulic system pump running and about
300 gpm (0.0189 m /s) if the operator acts to start the spare pump. The
potential for etill further augmented flow by initlating Injection by
the Standby Liquid Control (SLC) system [50 gpm (0.0032 m /s) 1injection
capability] is available in the operator action cases but has not been
considered, because the flow available with the CRD hydraulic system via
the Pump Test Bypass Line 1e demonstrated to be sufficlent to prevent
core uncovery. Such might not be the case for other BWR plants that do
not have the Pump Test Bypass Line.*

The main conclusion that can be drawn from the results of the oper-
atoT~action case studies that are presented here 1s that the operators
can avold core uncovery by using the CRD hydraulic system as a standby
high pressure injection system. Alternatively, the reactor vessgel could
be maintained at low pressure by using the controls available at the
Backup Countrol Panel to override the high drywell pressure interlock on
the shutdown cooling suction valves. Low—pressure injection systems,
whose operability does not depend upon the availability of control air,
could then be used to keep the core covered. ,

Recommendations developed from the results of this study include
measures that would increase the probability that - .the operators could
achieve a success pdth using the mitigation measure& cited above. How-
: ever, the modelg employed in the BWR-LTAS code to estimate the potential
for enhanced CRD -hydraulic system flow have never been checked against
data from actwal tests {(which currently does not exist). The. practi-
cality of a plant test to verify the maximum CRD hydraulic system flow
: capability should be evaluated, and a test conducted, if feasible.
~Also; - an- upgrade of  the - CRD hydraulic system flow indication range

the control room operator should be considered. Al though
lows are - possible, the upper limit of the” present control

19“1Y 100 “gpm--(C. 60637m fa), a- flow 1nsufficient -to pre-

ection tequirgments are- discussed in Appendix,D. Core uncovery -

evented -by a continuous injection ‘rate-of 225 gpm.- Rates as
gpm- ptevent significant core damage aIthough cemporary core
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that prevents operation of the shutdown cooling suction valves should
alro be evaluated, and inastructions for execution of this mitigation
strategy should be Included in emergency procedures.

As dlscussed previously, the threat to reactor safety caused by
loss of drywell control air pressure is 2 result of the consequent in-
abllity to operate the safety/relief valves and maintain the reactor
vessel depressurized sc that the low-pressure systems can he used for
injection. Tt should he noted that the TVA has committed to provide a
safety-grade, long-term depressurization capabllity for the six safety/
relief valves associated with the Automatic Depressurization System by
installing supply lines from the nitrogen supply trains of the Contain-
ment Atmosphere Dilution (CAD)} system. This improvement should reduce,
to an insignificant level, the probability that Loss of Control Alr or
any other accident sequence involving loss of the Drywell Control Alr
Svystem will lead to an Inability to depressurize the reactor vessel.




LOSS OF CONTROL AIR AT BROWNS FERRY
UNIT ONE < ACCIDENT SEQUENCE ANALYSIS

R. M. Harrington
S A tk)dg

ABSTRACT

This study describes the predicted response of the Browns
Ferry Nuclear Plant to a postulated complete fallure of plant
control air. The failure of plant control alr caecades to in-
clude the loss of drywell control air at Units 1 and 2. Never-
theless, this is a benign accident unless compounded by simul-
taneous failutres in the turbine-driven high pressure injection
systems. Accident sequence calculations are presented for loss
of Control Alr sequences with assumed failure upon demand of
the Reactor Core Isolation Cooling (RCIC) and the High Pressure
Coolant Injection (HPCI) systems at Unit 1. Sequences with and
without operator action are considered. Results show that the
operators can prevent core uncovery if they take action to
~utilize the Control Rod Drive Hydraulic System as a backup high
pressure injection system.

t. INTRODUCTION
%

- This is the sixth report In a series of accident studies concerning

- - the BWR™ 4 — MK I containment plant ‘design.* These studies have been

conducted by the Severe Accident Sequence Analysis (SASA) Program at Oak

- Ridge National Laboratory (ORNL) with the full cooperation of the Ten-

- nessee Valley Authority (TVA), using Unit 1 at the Browns Ferry Nuclear

"PIant as: the model design. The SASA Program is- sponsored by the Con-

T tainmerrt,Systems Regsearch Branch of the Division of Accident Evaluation
- within l:he Nuclear Regulatory = ‘Research arm of the Nuclear Regulatory
. IR & ' “purpose: 18 tg determine the probable course of each of

[EEE 8 é;dents so as !:o establish the timing .and the se-—

ST T Tt guence —of events: - this T Information would be of: use in.. the "unlikely

These atudies )

"{ vions reports concern Station Blackout (NUREGICR—HBI), Scram
o= “Volume Break (NUREG/CR—2672), ‘Loss of _Decay Heat Removal
2973), Loss of In_}ect:ion (NUREG/CR-?«I?Q) and ATHS (NUREG/CR-
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system aesign ard better emergency operating instructlons and operator
tralning to further decrease the probability of such an event.

The Browns Ferry Nuclear Plant 1g laocated on the Tennessee River
between Athens and Decarur, Alabama. Each unit of this three—unit plant
comprises a Boiling Water Reactor (BWR) steam supply system designed by
the General Electric Company with a maximum power authorized by the op-
erating license of 3293 MW(t) or 1067 net MW(e). The General Electric
Company and the TVA cerformed the construction. Unit 1 began commercial
operation in August 1974, followed by Unit 2 in March 1975, and Unir 3
in March i977. The primary containments are of the Mark 1 pressure sup~
pression pool type and the three units share a secondary containment of
the coatrulled leakage, elevated release design. Each unit occupies a
separate reactor bullding located in one structure underneath a common
refueliag floor.

This report presents a study of the predicted sequence of events
during a postulated complrte loss af control air compounded by the fail-
ure—on~demand of both the HPCI and the RCIC high pressure fnjection sys-
tems at Unit 1} of the Browns Ferry Nuclear Plant. This accident
category was selected for analysis because it has been identified as a
possible contributer to total plant risk in the TVA-sponsored Probabil-
istic Risk Assessment (PRA) of the Browns Ferry Plant. The.postulated
complete loss of countrol alr begins with the loss of the plant coatrol
air gystem. As described in Chapter 2, the loss of plant control air
pressure causes the loss of the drywell control alr system at Units 1
and 2. Therefore, a complete loss of control air at two of the units is
the ultimate result of the initial loss of the plant control air system.

Even after a complete and sudden fallure of the plant control air
system, there would not be an immediate reactor scram. Tha discussion
of CThapter 3 demonstrates how the decaying control air prensure would
lead to the transient-initiating scrams from full power at all three
units, and outlines which systems would fail as the compressed air re-

"maining in the receivers, the Automatic Depressurization System safety/
- telief valve dccumulators, and the distribution lines is depleted. With
an associated loss of the drywell control air systems at Units 1 and 2,
_and an assumed loss of the HPCI and RCIC aystems at Unic 1, a Severe

. Acczdent would‘deveiop at Unit 1. -
7 - The- principal tool for_ this analysis of ‘the Loss of Control Afr
;,A—acc1dentr sequence 15 - the ~“BWR-LTAS- code.  This~ code, developed by
i : has—algc been used in previous ORNL. SASA -
“equence “events - up to, ‘but not” including, }
vfue}~damage. ‘The accident calcu-
ermanent core uncovery;'how~‘

action 15 the",ubﬂect of Chaptet A

- " The ‘two basic -operator action accident sequences dlsc ssed 1n Chap-
ter 5 are- in;gpggﬁ to encompass the range of likely operat.. strategies




that might be taken to protect the reactor and containment. For the
cage discussed in Chapter 5.2, the operators attempt to wmaintain core
cooling flow without depresasurizing the reactor vessel, For the other
case, Chapter 5.3, the operators depressurize the reactor vessel In
order to restore vessel water level and implement shutdown cooling with
the low-pressure injection systems, The possible effects of fallure of
the Control Rod Drive Hydraulic System and of stuck-open safety/relief
valves are conaidered for each operator—-action sequence.

Uncertainties in the BWR-LTAS calculational wodel and uncertainties
with regard to the assumptiouns of operator action and the assumed timing
of equipment failures are discusgsed in Chapter 6.

Chapter 7 is devoted to a discussion of the major conclusions of
this study and provides a detailed summary of implications concerning
the adequacy of system design, plant equipment, and operator training.

The computer code wused for the calculations of this study is
described in the report "BWR-LTAS: A Boiling Water Reactor Long-Term
Accident Simulation Code,” NUREG/CR-3764, Primary system calculations
for the portion of a severe accident sequence before core uncovery are
‘much simpler for a BWR than for a Pressurized Water Reactor (PWR). For
the PWR, consideration must be given to hot leg, pressurizer, steam gen-
erator, and cold leg. For the BWR, the low reactor vessel water level

" that is common to all BWR severe accident sequences would ensure that
the reactor vessel is isolated und that the recirculation pumps are
tripped; thus the core inlet flow would be a function only of the amount
of makeup water injection and the effect of natural recirculation cir~
cults within the reactor vessel. Therefore, sophisticated primary sys—
tem analyses codes such as RELAP5, RETRAN, or TRAC are usually not
necessary for BWR severe accident calculations; fundamental modeling of
the processes within the reactor vessel in a prpperly benchmarked rela-
tively simple code such as BWR-LTAS 1is sufficient. Appendix A provides
a description of the additions and improvements made to BWR-LTAS to pro-
vide the special capabilities* needed for the loss of control air calcu-
latians.

- Appendix B presents the results of BWR-LTAS calculations and ana-
~ lytical calculations made to predict the maximm possible pressure sup-
o fpresaion pool temperature after shutdown at Unit 1 fn the unlikely event

~that ouly one of the four assoclated residual heat removal system heat
[ gers 1s- available for pool cooling. The analytical model devel-

xparience has shown,that control room operators and other inter-
- personnel often greatly. overes:imate the minimuik required rate of
- "egcgqr vessel {njection flow to keep - tbe BWR core covered during

“*Discharge of water through SRVs, heat removai from,ﬁrimarj coolant
by the shutdown cocling system, failure of remote-manual operability of

SRVs by loss of control air pressure, reduced conservatism in drywell
and -wetwell heat sink models.




accident sequences other than LOCA. This is probably because of thelr
recogrition of the enormous capacity of the low-pressure ECCS systems,
which are installed to protect against the consequences of large-~break
LOCA. Nevertheless, the results of this study demoustrate again that
the electric motor-driven control rod drive hydraulic system pumps,
which have a relatively small capacity, can serve as an effective backup
to the steam turbine-driven high-pressure injection systems for accident
sequences other than LOCA. Appendix D provides background information
concerning the need for reactor vessel injection following reactor scram
in non~LOCA situations and the potential of the Control Rod Drive Hy-
draulic System to satisfy this relatively small requirement.




2. CONTROL AIR SYSTEMS

The purpose of this chapter is to describe the compressed alr sys-—
tems at the Browns Ferry MNuclear Plant and the important dependence of
the Drywell Control Air Systems of Units 1| and 2 upon the Plant Control
Alr System. Without this dependence, the potential for a severe acci~
dent sequence initiated by loss of plant control air would not exist,
since the accldent would be reduced to a loss of feedwater, which the
plant is designed to handle.

There are three types of compressed air distributed throughout the
Browns Ferry Nuclear Plant: plant service air, plant control air, and
drywell control air. Plant service alr, used for maintenance and gen-
eral plant service, is discussed only briefly in this report. Plant
control air and drywell control air, on the other hand, are moisture-
free, high-quality sources used for the pneumatic operation of valves
and instrumentation. The Plant Control Air System is described in this
sectlon.

2.1 Plant Control Alr System

The Plant Control Alr System is shown schematically in Fig. 2.l.
Four compressors, each rated at 610 scfm (0.288 m3/s), are installed at
adjacent locations in the Unit 1 Turbine Building. These compressors
serve all three units through a common dfscharge line that feeds three
266 ft3 (7.532 m3) recelvers. The discharge from the receivers is
routed to three individual headers, one for each unit. A cross—connec-
tion permitting service air backup to plant control air ties in at the
common receiver discharge.

The remainder of this discussion will pertain to loads fed from the
Unit 1 plant control air header; Unit 2 and Unit 3 header configurations
and lcoads are similar, except as noted.

The first components fed by the Unit 1 header are the Unit 1 dryer
and the standby dryer, which is common to all three units. The flow
through the dryer 1s regulated by an air-operated flow control valve
“(not shown) that would close automatically upon a loss of air pressure
or - electrical power. Flow leaving the dryer is filtered and then
divided among four distribution headers that serve various loads in the
Turbine Building and the Reactor Building. = - -

’ The Plant Control -Alr System loads important to plant safety are

'located 1n.the Reactor Building and are represented in the lower portion

'lfbeneath ‘the dashed 1line) of Fig. 2.1. . It should be noted that these
loads are served by three distinct air supply lines, each provided with
_an isolation valve on the turbine building side and a check valve on the
rreact0tfbuilding side of the point of entry to -the Reactor Building.
This is to -provide capability for secondary containment isolation in the
event of piping breaks in the Turbine Building. -

To the left of Fig. 2.1, fed through valve 32 28, are shown the
‘supply to the drywell control air compressor suction isolation valves,



ORN( LW 86 400BETD
AN COMTREY,

AlR COMPAESSORE: FROM PLNY

il SERVICE AIR
- FeSIEN

N
KOS ATORE -
18ty 0 ERCH) D;-;:‘l’
NS %3
*
WR1T 3 STAMDAY
DAYER DRYER
b
™~} - Y0 UNITS 263
0 AMIT ¢
@ Ty - TURBIME BUILDING
LOADS

TURBINE. BL.0. (]

BEACTQFI BLDG.

UTBOARD
nSIvs ‘
e 10 FCV-Ba-31 ]
2° ORYMELL
7 ‘ VENMT YALYE]
TD DRYWELL 3
COMtAR. 21R
o —
B 10 PS-B5- X542,
- - $5-85-35A1. AND
) _ ' PI-P8-5A

- D FLV-32-82° 80 83
~ DRVEELL CONTR(E AIR
SUCTION [SOLATTN ViUESI - _

CONTROL BAY HEAT -
AND VENT SYSTEM,
INSTRUMENT SHOP

. HWOTE -
- FEACTOR. BUILOTNG LOADS INCLUDE. THE FOLLONING SYSTEWS.
- WAIN STEAK ACY_RSH, GENERATOR CODL ING, GLAMD SEAL WATER,
" CHEMICAL CLEANING, SAMPLING AND WATER GUALITTY. AR HEAT AND
—VEWT, Pt RECTACLA ATION. FWCU. RBZCW. ACIC. HPCE. FHA CORE
- - SPRAY.CONT. IMEWTING RADWASTE, ANO FUEL POOL COOLING. = . l -

TO SOV VENT,

- - o T - - - . T Y00
,\’;_‘ﬁ o ) - WORLES KWL ES o QRATH YALVES
B Fig. 2.1, Browns Ferry Plam: control air system with emphasis on

the portion associated with Unit 1,




ehe normal connection to the outboard wmain steam isolation valves
{M3IVe), and the normally-shut crosstie to the Drywell Contrel Air Sys-—
tem itself. In the center, fed through wvalve 32-29, are shown the
backup supply to the outboard MSIVs, the supply to the Z2-in. drywell
venting valves, and the supply to the control bay heating aand ventila-
tion system. Other loads fed through valves 32-28 and 32-29, but not
specifically indicated on Fig. 2,1, include the 18-in. drywell and wet-
well venting valves and various couponents of the following syatems:
Main Steam, Raw Cooling Water {(RCW), Reactor Service Water (RSW), Reac-
tor Water Cleanup (RWCU), Reactor Building Closed Cooling Water (RBCCW),
Reactor Core lsolation Cooling (RCIC), High Pressure Coolant Injection
{HPC1), Residual Heat Removal (RHR), and Core Spray (CS). Additional
information concerning these loads is provided in Table 2. 1.

The Plant Control Alr System supply to the Unit 1 scram system, fed
through valve 32-91, is shown on the lower right of Fig. 2.l. The con—
nections to pressure switches (PS) shown just downstream of the pressure
control valves {(PCVs) are the result of recent modifications that pro-
vide a reactor scram signal uvpon low alr pressure. This is to preclude
a situation in which the Scram Discharge Volume was prematurely filled
because the scram outlet valves associated with several of the indi-
vidual control rods were individually opened in some haphazard manner as
plant control air pressure slowly decayed due to some mishap at its
SOUrces

The function of plant control alr in the operation of the Reactor
Protection System can best be explained by reference to Fig. 2.2, which
provides an expanded view of the assoclated piping configuration. At
the upper left, within the dashed square, are shown the air-operated
valves within a single hydraulic control unit (HCU}. Each of the 185
control blades per unit has i{ts own HCU and indivigual blade scram is
accomplished when the associated scram 1nlet and scram outlet valves are
opened. The Scram Discharge Volume (SDV) catches the water discharge
from the above—piston volumes of all of the control rod drive mechanism
assemblies as the control blades are drivem into the core. The SDV is
drained f{through the Scram Discharge Instrument Volume (SDIV)] and
vented during normal reactor operation but becomes isclated and setrves
‘as a catch tank during scram. For additional information concerning the
operation of the control rod drive hydraulic system during scram, the
reader is referred to Appendix E of NUREG/CR-2672, Volume l.*

o | As previously discussed, each HCU comprises the scram inlet valve

and the scram outlet valve for its associated control rod drive mecha-
nism. ~ These scram wvalves are. alr-operated globe “valves with Teflen
- seats, held closed by control air pressure during normal reactor opera-
“tion- and” snapped open by internal springs when air. pressure is re-

. moved.. ‘A schematic of the plant control air supply to the alr-operakors -
‘of these- valves is 1nc1uded in Fig. 2,2, As shown, the control air

*Plant mod1fications in progress improve the reliability of the
scram system, including the provision of two Scram Discharge Instrument
Volumes (SDIVs)



Table 2.1. Reactor building loads supplied
by Plant Control Air System
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_ _lines to the main condenser and the barometric condenser’ to the
fradwaate drain Sumpe - .

Loads aupplied via valve 32-28
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purge atlr for TIP system drive mechanisns
hackup supply for drywell control air
outboard MSIV operators

drywell floor drain and equipment drain eump pump outlet
inboard and outboard isclatton valve operators.

drywell equipment drain sump valve operatora for pump discharge
to radwaste and recycle to heat exchanger.

RHR system valve cperators for system vents to suppression pool
and head apray flow contral valve.

RCW system valve operators for 1A RBCCW heat exchanger control,
IB recirculation system motor generator and oil coolers, IB

. drywell air compreasor valve Jacker and aftercoolers.

valve operator for RBCCW supply to RWQU system non-regenerative
heit exchangers

RWCY system valve operators
valve aperators for primary containment ventilarfon system

valve operator for recirculation system sample line outboard
‘containment fgolation

valve operators for RWCU sample system control network.

valve operators for fuel pool cooling system

Loads supplied via valve 32-29,

ay

be

Ca

d.

Cf.

g._

_ he

alternate supply to outboard MS5IVs

backﬁp supply fof’drywell control air

valve Operators for primary contalament venting and inerting
RCH system valve operators for 1B and 1C RBCCW heat exchangers.
valve ‘opéerators In the RCIC system to drain the stean supply

vaive operators in the HPCI system to drain tﬁe stean sﬁpply
lfnes -to the main condenser. - -

valve operatars in the Core- Spray system to supply the keep
fuil system. - A

RSW - components in the Reactor Building such as heatiag and

- ventilation system controllers, RBCCW.surge tank demineralized

water inlet, and the valve operator for the condensate head

“tank supply to various users. oo
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presgure s transmitted through the solenold-operated backup scram
valves and scram pilot valves.

There are twe solenoild-operated scram pilot valves 1In each HQJ,
each energized from a separate reactor protection system (RPS) hus (A or
B} to remain in the position showm 1in Fig. 2.2. When a scram occurs,
both scram pilot valve solenolds are deenergized by the Reaetor Protec-
tion System and both scram pilot valves reposition so that the air oper-
ators of the scram inlet and the sacram outlet valves are vented to
atmosphere, permitting the scram tnlet and ocutlet valves to be opened by
their internal springs. 1t should be nated that the piping arrangement
provides that the scram inlet and outlet valves will remain shut 1f only
one scram pllot valve 1s deenergized at a time.

In contrast to the scram valves, the SDV vent valves and the SDIV
drain valve are held open by control alr pressure and are spring-loaded
to shut. Each of the scram dump valve solenoids shown on Fig. 2.2 is
powered from a separate reactor protection system bus (A or B), and when
a scram occurs, both solenolds are deenergized. Upon deenergization,
the scram dump valves reposition to vent the air operators of the 5DV
vent and the SDIV drain valves to atmosphere, permitting these valves to
be shut by their internal springs. 1If only one scram dump valve i3 de-
energized, the SDV vents and the 5DIV drain will remain apen.

An 5DV isolation test valve operable from the control room 1a pro-
vided to permit closure of the SDV vent valves and the SDIV drain valve
during normal reactor operation so that excessive leakage through the
scram outlet wvalves can be detected by monitoring the subsequent level
increase In the scram discharge instrument volume. The SDV isolation
test wvalve 1s nermally deenerglzed and aligned as shown in Fig. 2.2.
When operated, the solenoid i3 energized from instrument and control bus
4, and the valve repositions to vent the air operators of the 5DV vent
valves and the SDIV drain valve to atmosphere.

As gshown in Fig. 2.2, control air pressure to the air operators of
both the scram pilot valves and the scram dump valves is transmitted
from the plant control air supply through the backup scram valves. The
backup scram valves are not intended to function as an alternate method
for rapid scram of all control rods, but do provide assurance that afir
pressure will be removed from the air operators of the scram inlet and
outlet valves in all HCUs and from the SDV vents and SDIV drain valve
operators as -protection _against a common -cause failure of the scram
pilat valves and scram dump valves.

" During normal reactor operation, the bﬁckup scram valve solenolds
are deenergized and the valves are aligned as shown in Fig. 2.2. Both
reactor proteéction system channéls A and B must trip to energize any or
all of the backup scram valve solenoids and when this occurs, the backup
scram valves ‘realign to vent- the control air lines leading to the scram
pilot valves .and the scram dump valves, Although- the backup scram
valves all actuaste whenever the two reactor protection system channels
trip, the operation of any one of these valves would be sufficient to
vent the air from the supply line and accomplish a scram. Any scram
accomplished solely through action of the backup scram valves would
require from 15 to 20 s because of the large ‘volume of air that must be
vented through the small valve ports. -
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All control vod drive {(CRD) hydraulic system valves fall in the
scrammed pogition upon loss of electrical power or plant control air,
i.e., the scram inlet and outlet valves fail open while the scram dis~
charge volume vents and the scram discharge instrument volume drain fail
shut. Thus, in the failed condition, the reactor would be scrammed, and
the scram discharge volume and assoclated piping, after filling, would
remaln at full reactor pressure.

Under normal plant operating conditions, three of the four plant
control air compressors are selected to operate as necessary to maintaln
system pressure between 85 and 110 psig (0.687 and 0.860 MPa). One com—
pressor 18 specified to be the lead unit and runs almost continuously.
A second compressor starts automatically and loads 1if system pressure
falls below a predetermined setpoint, and the third compressor starts
avtomatically 1f the sensed plant control air pressure continued to de-
crease. Practical considerations at the plant determine that the spe-
cific compressor loading sequence 13 adjusted periodically so as to
equalize the running times among all four compressors,

The air receivers serve as reservolrs to damp the system response
to sudden changes In demand and to reduce the number of alr compressar
loading cycles during normal operation. The dryers are dual chamber;
while one chamber is aligned to the air flowpath, the other is automati-
cally regenerated to remove the accumulated moisture from the desic-
cant. All four dryers are normally in service.

Each of the plant control air compressors will automatically crip
on high discharge air temperature [310°F (427.6 K)]j, high lube oil tem-
perature [180°F (355.4 K)], or 1low 1lube oil pressure [l0 psig
(0.170 MPa)l. The compressors are cooled by the Raw Cooling Water Sys-
tem, with a backup supply of cooling water available from the Emergency
Equipment Cooling Water (EECW) North Header. The compressors are vis—
uvally inspected once per shife. Each compresisor 1s tested at design
capacity once per quarter and torn down, overhauled, and rebuilt once
per year.

As previously meantioned, the Plant Service Air System provides
backup service te the Plant Control Air System at the common discharge
header from the plant control air receivers. The Plant Service Air Sys-
tem comprises one 950 scfm (0.448 m3/s) and one 590 scfm (0.278 m3/s)
compressor, both-designed for continuous service. The service air com-
pressors discharge into a common header that supplies one 266-ft3
(7.532-m3) and one 4B-ft3 (1.359-m3) receiver. Interfacing valve 33-1

,(Fig. 2.1) between the Plant Service Air and the Plant Control Air Sys-—
“tems 1is designed to automatically open 1f plant control air pressure
~“falls below 90 psig (0.722 MPa) but also can be manually opened at any
- time from the Unit it 2 Control Room.
- - - With-the provision of four plant-control air compressors to support
" a load. that can-be carried by three and with the provision of a backup
- supply that can be taken from the Plant Service Air System, the avall=~
ability factor for plant control air has been very high., Nevertheless,
- the close grouping of all of the plant air compressors and the service
"alr backup connection in the Unit 1 Turbine Building suggests a vulner-
abtlity of the entire system to a common-mode failure by means of fire,
compressor explosion, or selsmic event. Accordingly, it is appropriate
-_to examine the consequences of loss of plant control air pressure.
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The joint Unit i-Unit 2 control room air-cenditioning system is
operated by plant control air, but a backup air compressor, located in
the Unit | Reactor Building would maintain operating alr pressure I1f
plant control alr pressure 1s lost, The Unit 3 control room alr condi-
tioning system is protected by a similar arrangement.

The capabllity for contaioment venting, either from the drywell or
the wetwell, depends upon the continued availability of plant control
air.

Automatic scram would be inftiated when the control air pressure
sensed In the alr headers just upstream of the scram backup valves fell
below 60 psig (0.515 MPa). As previously mentioned, thls automatic
scram is intended to preclude the possibility of premature filling of
the scram discharge volume, which otherwise might occur as a result of
haphazard individual opening of the scram discharge valves assoclated
with a few control blades. A full scram discharge volume would prevent
a subsequent full scram signaled by the Reactor Protection Systems The
automatic scram on low plant control alr preasure, along with continuous
monitoring of the scram discharge instrument volume water level, is re-
quired by IE Bulletin 80-17, and is not part of the Reactor Protection
System.

The outhoard MSIVs are held open by plant control air and are
closed by combined spring force and control air pressure. If plant con-
trol air pressure is lost, the associated pllot valves are repositioned
and alr stored in accumulators located 1n the steam and feedwater valve
room provides sufficlent pressure for rapid closure of the outboard
MSIVs. This is expected to occur when plant control air pressure has
fallen into the range of 55 to 60 psig (0.481 to 0.515 MPa), or slightly
less than the pressure at which automatic scram 1is initiated.

After reactor scram and closure of the outboard MSIVs, reactor ves-
sel water level could be maintained by use of either of the steam tur-
bine—driven high-pressure injection systems, HPCI or RCIC., These sys-
tems remain fully operational upon loss of plant control air since their
only air-operated components are valves in the steam supply line drains
to the main condenser; these valves fail closed on loss of control air,
but this is their normal position during system operation. Neverthe-
less, the HPCI and RCIC systems have a relatively high failure rate upon
demand due to other causes,* and an accident sequence initlated by com—
mon mode failure of plant control air combined with independent failure,
‘at one unit, of both HPCL and RCIC on demand is not of such low prob-
ability as to be disregarded without further investigation.

o Even in the extreme case in which loss of plant control air is com-
pounded by independent failure of both the HPCI and the RCIC systems at
one unlt; action could be taken by the operator,  or the Automatic De-
pressdfitation Systemf(ADS) would actuate, to depressurize the reactor
vessel of -that unit if drywell control air pressure 1s avallable to
- enable safety/relief valve operation. Subsequently, the low-pressure

)  *The Browns Ferry Probabilistic Risk Assessment assigns a combined
failure probability of 1.5 x 1072 for these ‘systems.
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fnjection sysrems could be used to maintain vessel water level. The po-
rential for a losa of the Plant Control Afir System to develop into a
gsevere accident sequence with core degradation and the aftermath,
derives solely from the necessity of plant contreol air pressure to main—
tain the avatlability of drywell control air at Units 1 and 2.* To
understand why, it is necessary to conslder the design and operation of
the Drywell Control Alr System.

2.2 Drywell Control Air System

Each Browns Ferry reactor unit has an independent Drywell Control
Alr System that provides control air for the air-operated equipment in-
side the drywell. (Since the drywell atmosphere 1s intentionally
inerted, 1t should be remembered that the drywell "air"™ 1s primarily
nitrogen.) Each system comprises two 100 percent capacity compressors,
dryers, and receivers located in the Reactor Building. As indicated on
Fig. 2.3, each system takes suction on the drywell atmosphere, filters,
compresses, conls, and dries the flow, then returns the pressurized air
to the drywell to feed the air-operated equipment located within.

Compressor suction within the drywell is via two strainers in-
stalled in parallel, After penetrating the drywell liner, the single
compressor suction line passes through two remotely-operated isolation
valves in serles. These valves (32-62 and 32-63) are air-operated gate
valves that require air pressure to remain open and are spring~loaded to
close. Both valves are included in Primary Contalnment Isolation System
(PCIS) Group IL and receive automatic closing signals upon low reactor
vessel water level [at 539 in. (13.69 m)] or high drywell pressure [at
2.45 psig (0.118 MPa)]. The operating air supply to these valves is
from the Plant Control Air System at Units 1| and 2 and from the Drywell
Control Air System at Unit 3.

Each compressor 1s of the single-stage, single-acting reciprocating
type, rated at 9.5 ft3/min (0.00448 m3/s) at 100 psig (0.791 MPa) dis-—
charge pressure. The compressors are designed for continuwous opera~
tion, Under normal operating conditions, both compressors are selected
for automatic operation. 1In this mode, one compressor starts when the
system pressure drops to 87 psig (0.701 MPa) and operates until the
pressure 1s restored to 100-psig (0.791 MPa). When the pressure again
decreases due to system demands, the -opposite compressor takes its turn
in restoring pressure. Plant experience indicates that about one-half

- hour-elapses between the trip of one compteSsor and the subsequent start

of the other, - If the pressure ever falls as low as 83 psig (0 674 MPa),

- . both compressors will operate simultaneously.

- The- drywell control air compressor water jackets and aftercoolers
are cooled by the Reactor Building Closed Cooling Water (RBCCW) System

At Unit 3, the drywell control alr system 1s completely indepen-
dent of the -plant control air system,
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which is represented schematically in Fig. 2.4. The RBCCW system heat
exchangers are cooled by Raw Cooling Water, with backup from the Emer-
gency Equipment Cooling Water System. As shown, each of the unit RBCCW
systems normally supplies many unit loads, but the cooling water supply
lines are divided so as to permit the less important loads to be dropped
if the water supply becomes limited. Motor—operated valve 70~48 will
shut automatically upon loss of offsite power or upon low RBCCW pump
discharge pressure at 60 psig (0.515 MPa). As indicated, the water sup-
ply to the drywell control air compressors and aftercoolers can be
valved off only locally. The inlet valves open automatically when the
assoclated compressor starts and close when the compressor 1s tripped.

As indicated on Fig. 2.3, the air discharge from each of the two
drywell control air compressors is passed through an aftercooler and a
dryer and stored in a 57 ft3 (l1.614 m3) receiver., The outlet of each
receiver contains both a manual 1solation valve and a check valve,
After these valves, the two lines join and pass through a locked-open
isclation valve and a check valve (32-336) just before entering the dry-
well liner penetration.

- The original system design provided a flow control valve just up-
stream of the drywell penetration. However, during the fire of March
22, 1975, the large volume of stored alir available in the drywell con-
trol air recelvers was 1soclated because of loss of power to the flow
control valve. In order to prevent this condition from ever occurring
again, the flow control valve has been removed and replaced with the
current manual locked-open wvalve, and a second seismic-qualified check
valve (32-2i63) was installed inside the drywell. This change complies
with the requitrement of paragraph 5.2.3.5 {(Isolation Valves) of the
Browns Ferry FSAR that lines with check wvalves that, open into the pri-
mary containment muet be provided with at least one AC-powered valve lo-
cated outside the primary containment or a second check valve within the
containment.

Provision 1is made, by means of the cross—connection lines with
locked-shut isolation valves and check valves indicated on Fig. 2.3, to
use the Plant Control Air System to provide drywell econtrol air and to
use the. Drywell Control Air System to provide control air for the out~
board main steam isolation valves, should the need arise.

It should be noted that Fig. 2.3 is a simplified represeitation of
the Unit 1 Drywell Control Air System as it now stands, after piping
nmdifications made during the {ifth refueling outage., The modern system
comprises a - ‘second air header that leads- from the common receiver dis—
" charge “into the drywell, with its own liner penmetration and associated
_check valves and manual isolation valves. Within the drywell, the sys-
tem loads have been divided, by category, between the two headers. The
" TVA 1s in the process of making similar modifications at Units 2 and
~3. _These improvements protect against a loss of all air-operated equip-
ment” within the drywell as a result of internal piping. failure, but have
no effect on the accident sequence that is the subject of this report,
in-which the Unit 1 Drywell Comtrol Air- System would be lost at 1ts
source. -

The loads supplied by- the nywell Control Air System are listed in
Table 2.2. The loss of most of these loads, as would be occasioned by a
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Table 2.2, Loads supplied by the
brywell Control Alr Systerm

The fnboard main steam fsolation valves (4)
The safety/relief valves (13)

Valve operators and controls for RBCCW system cooling water to the
drywell alr coolers (10) and the under-vessel air coolers.

Valve operators for the wetwell-to-drywell vacuum breakers.

Valve operators for the RHR system and core spray system testable check
valves.,

Valve operators on the drywell equlpment drain sump and floor drain sump
isolation valves.

Valve operators on the reactor head vent to floor drain and reactor seal
cavity drains,

loss of drywell control air pressure, would not be important to the pro-
gression of events in an accident sequence, but three of these loads do
have significance. First, loss of the effectiveness of the drywell
coolers (because their discharge dampers would fail closed) would lead
to very high temperatures in the drywell. Second, the inboard main
steam isolation valves would fail closed, but this is of less importance
if the outboard valves had previously closed because of loss of plant
control air pressure. Third, and mest importantly, the air supply to
the safety/relief valves would be lost, threatening their continued op-
erability.

There are 13 safety/relief valves installed on the four main steam
lines emanating from the reactor vessel. These wvalves are actuated
automatically by high reactor vessel pressure or can be operated re-
motely - by control air pressure. In the latter case, the air pressure
must be .at least 25 psi (0.172 MPa) higher than drywell pressure to open
a valve; once open, the valve can be held open as long as the air pres-
sure remains at least 25 psi (0.172 MPa) above the pressure of the dry-
well atmosphere.

~ Seven of the safety/relief valves are fed directly from the drywell

~_control air ‘headers and would become unavailable as soon as drywell con-
- trol alr pressure was lost. However, the six safety/relief valves asso-
_ciated with the Automatic Depressurization System (ADS) are equipped

‘with individual one-gallon (0.0038 m3) air accumulators which, in the
event. that drywell control air pressure is lest, will providerfor up to

five valve actuations. The air pressure in each accumulator is contin=-

uously monitored by a pressure switch that, on low accumulator pressure
[70 psig (0.584 MPa)], will cause annunciation in the Control Room. The
drywell control air pressure is also monitored continuously by a pres~

~ sure switch installed downstream of the system receivers; this switch

causes annunciation in the Control Room if the system pressure falls to
80 psig (0.053 MPa).
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BEach ADS accumulator has sufficlent stored air to provide at least
five actuations of its associated safety/relief valve if the drywell at-
mosphere ig at ambient pressure. The leakage criteria for each accum-
ulator is 10 psi/h (0.069 MPa/h). The accumulators and associated com-—
ponents were purchased and installed to seismic category L standards and
specified to withstand design basls conditions in the drywell. Assuming
the maximum permissible rate of accumulator leakage, the capability for
valve actuation could be maintained for 6 h.

For accident sequences involving elevated pressures in the drywell,
the number of safety/relief valve actuations that could be performed
with the stored energy in the accumulators would be reducede The ac-
cumulators are sized to permit two actuations at 35 psig (0.343 MPa)
followed by three actuations with the drywell at atmospheric pressure.
With the maximum allowable rate of accumulator leakage, sufficient pres~
sure for valve actuation at a drywell pressure of 35 psig (0.343 MPa)
could be maintained for 2.5 h,

Each ADS accumulator is tested for leakage once per operating cycle
using the pressure decay method. The pressure switches and their asso-
ciated alarm function are also tested once per operating cycle.

The importance of the ADS safety/relief valve accumulators, in the
event that the Drywell Control Air System ceases to function, can be
appreciated by recognizing the need to depressurize the reactor vessel,
and keep 1t depressurized, if the low-pressure injection systems are to
be used to maintain the reactor vessel water level and keep the core
covereds This must be done 1f the high-pressure injection systems be-
come unavailable for any reason. The sequence of events for the acci~-
dent scenarioc initiated by a loss of plant control air with concurrent
failure of the HPCI and RCIC systems at Unit 1 is the subject of the
following chapters.

rg

"y

"mr
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3. INITIATING EVENTS

The purpose of this chapter is to discuss the initial events ex-
pectad to occur as a result of a postulated loss of the Plant Control
Air System at the Browns Ferry Nuclear Plant. It 1s assumed that all
three units are operating at the time that plant control air pressure is
lost, and that the initiating event 1s compounded by fallure, upon de-
mand, of both of the high-pressure steam turbine-driven systems of
Unit 1., Events expected to accur after the point at which the potential
for operator actions becomes important in determining the sequence pro-
gression are discussed in the subsequent chapters.

3.1 Control Air Fallure Modes

Loss of the Plant Control Air System might occur in any of several
different ways. Explosion, fire or seilsmic event might cause extensive
local damage with plping breaks and instantaneous loss of pressure. On
the other hand, 1f the piping remains intact but the compressors are
lost, the pressure decay in the system would be gradual because of the
large storage volume of the accumulators. From the standpoint of ana-
lyzing the effects of the loss of plant control air pressure, the rate
of pressure decay in the main system piping is of little significance if
the overall plant accident sequence is considered as three separate
accident sequences, one per unit, each defined to begin at the time of
unit reactor scram. [The reader is reminded that recent plant modifica-
tions provide an automatic scram if the plant control air preasure
sensed at the inlet to the backup scram valves falls to 60 psig
(0.515 MPa).] This approach is adopted for this study.

3.2 Acclident Sequence Selection

It is important to note, -as shown on the lower portiom of Fig. 2.1,
that in each unit, the reactor building loads supplied by the Plant Con-
trol- Air System are fed by three distinct headers, each separatel from
the main system supply piping by a check valve. Thus, assuming ii’sc of
-plant control air pressure in the main supply piping, the rate of pres-
sure - decay dcunatream of the cheek valves in the three individual head~
ers will depend upon the load demand and leakage rate of each Individual
. header. - When pressure in- the header supplying the scram system (lower
~right of Fig. 2.1) falls to 60 psig (0.515 MPa), automstic reactor scram
- will occur.- -When pressure in the header supplying the outboard main

steam _isolation valves (MSIVs) falls to the 55-60 psig (0.481 to

©  0.515 MPa) range, the outboard MSIVs will shut, fsolating the reactor

vessel. Also, importantly, the drywell comtrol air compressor suction
"isolation valves on Bnits 1 and Z will fafl shut when plant control air
 pressure in the associated valve operator supply lines has decayed suf-
ficieatly; this will lead to lose of the Drywell Contral Alr Systems of
these units. On Unit 3, the drywell coumtrol air compressor suction
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1solation valves are operated hy drywell control alr and thus are tmmune
to fatlure of the plant air system.

It is expected that reactor scram and outboard MS1V closure at a
particular unit would both occur at about the same time atter loss of
plaat control air pressure. Analysis indicates that which comes filrst
only atfects the accident sequence from the standpoint of the inirfal
water level in the reactor vessel at the time of vessel isolation., If
scram 1s assumed to occur first, then the reactor vessel water level
would be significantly increased during the brief period before MSIV
closure and the concomitant logs of the feedwater pumps. It does seem
most likely that reactor scram would occur first, and this aasumption fis
used for the no~operator—action case discussed in Chapter 4. However,
both possibilities are considered in the discussion of the effect of op-
erator actions upon the accident sequence that 1{is presented 1in
Chapter 5.

Although the postulated loss of the Plant Control Air System would
directly affect all three Browns Ferry units, it is easy to show that
severe accident consequences should be confined to one unit. First, the
Unit 3 Drywell Control Air System 1s immune to failure of plant control
alr pressure and therefore the Unit 3 reactor vessel could be maintalned
depressurized at any time to permit continued core coverage by water in-
jected by the low-pressure injection systems. Thus, loss of plant con-
trol air should not lead to a severe accident on Unit 3,

Loss of the Plant Control Air System would lead to loss of the Dry-
well Control Air Systems of Units 1 and 2. The penalty for loss of dry-
well control air pressure and the subsequent depletion of the air stored
in the ADS accumulators ls an inability to depressurize, or to maintain
a previously established depressurized state of, the reactor vessel.
However, reactor vessel water level can easily be maintained by minimal
use of either of the high-pressure steam turbine-driven injection sys-
tems (HPCI or RCIC) if the vessel remains pressurized., Therefore, loss
of plant contral air could not lead to a severe accident on Unics 1 or 2
unless there is a simultaneous loss of both high-pressure injection sys-
tems at one of these units.

The reliability of the HPCI and RCIC systems is such rhat it 1s not
unreasonable to suppose a simultaneous loss of plant control air and
failure-upon—demand of both the HPCI and RCIC systems at one of the
three. Browns Ferty units.. As discussed previously, loss of plant con~
trol air plus HPCL and- RCIC would not lead to a severe accident on
~Unit 3,- but might on Unit 1 or Unit 2, However, the probability is so

remote that -both of the high-pressure injection- systems would fail at
both Units | _and 2 glmultaneously with loss of plant control air that ft
can. be disregarded. Accordingly, this study is based upon an asgumption
-of a loss of plant control air pressure combined with failure of both
the HPCI -and RCIC systems at Unit |, and the severe accident consge-
quences are confined to Unit 1 events. = ) I
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4. LOSS OF CONTROL AIR WITHOUT OPERATOR ACTION

4.1 Int roduction

This chapter presents the results of BWR-LTAS calculations of the
response of the primary system and containment following loss of plant
control air, performed under the asdumption that the operators take no
action of any kind. Experience gained from previous ORNL SASA program
studies has confirmed the obvicus: that an understanding of the suto-
matic plant response without operator action i1s & very useful first step
toward determination of the operator actions that should be taken to
mitigate the consequences of the initiating event.

As discussed in Chap. 3, loss of plant control air pressure would
affect all three Browns Ferry units, but would he expected to lead to
logs of the Drywell Countrol Air Systems only on Units 1 and 2, where the
drywell control air compressor suction valves are held open by plant
control air. Loss of a unit's Drywell Control Air System, in turn,
would lead to loss of ability to maintain the reactor vessel depressur—
ized since the reactor vessel safety/relief valves are opened and held
open by drywell control air pressure when remotely operated, Still, the
unit steam turbine-driven high-pressure injection systems HPCI and RCIC
skhuld be available and both of these have ample capacity to maintsain
reactor vessel water level.

Unfortunately, the demonstrated reliability of the HPCI and RCIC
systems* is such that it is not unreasonable to perform accident se-
quence calculatiouns based upon the assumption of independent failure of
both of thewe systems upon demand at one unit, following a loss of the
Plant Control Alr System. It is important to note that this assumption
of independent failure of both HPCI and RCIC is alsé necessary, if it is
postulated that an accident sequence initiated by loss of plant control
air pressure might degenerate into a Severe Accident at one unit. In
this study, the combined failure—upon—demand of both HPCI and RCIC is
assumed to occur at Unit 1. Furthermore, it is assumed that both of
these systems remain inoperable throughout the accident sequence.

Y Y - Events Assuming Nominal Safety/Relief Valve
) - (SRV) Behavior

The results of the BWR-LTAS calculations for- the case without oper-
ator action are fllustrated fun Figs. 4.1 through 4.6. The loss of air
compressors and the Subsequent decay of plant control air pressure to

*Per_ the Browns Fer.:y Prohabilistic Risk Assessment, the estimated
frequency -of combined fiilure~upon—demand of  both of these systems 1s
1. 5 x 1072, ) _
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below 40 psig {0.515 MPa) cause the sequence-initiating automatic reac-
tor trip from full power. The plant control air pressure continues to
decay and, 2 min later, the outboard MSIVs go shut, causing the steam-
driven main feedwater pumps to coast to a stop. Loss of plant control
gir also causes c¢losure of valves 1in the recirculation lines from the
condensate booster pump discharge to the condensate storage tank; the
booster pumps caonnot inject into the pressurized reactor vessel but con-
tinue to run at shutoff head, zero flow, and begin to overheat. After a
brief period of increasing water level as the feedpumps coast down, de-
creasing downcomer water level (Fig. 4.1) energizes the HPCI and RCIC
initiating circults as 1t sinks below 476,5 in. (12.10 m) above vessel
2ero; this occurs 24.5 min after reactor trip but both of the Unit 1
systems, by sequence-defining assumption, fail to operate upon demand.
The timing of the sequence of events 1s diagrammed in Table 4.1, in
which the succession of events 1s presented in three columns. On the
left side, the label "DW,SP" for "Drywell, Suppression Pool” heads the
column of events for the containment, In the center, the column of
eveats for reactor vessel pressure control is labeled "RC/P". On the
right, events that determine or depend upon the reactor vessel water
level are described in the column headed "RC/L". These titles have been
selected to conform with the titles used in the BWR Owner's Group Emer-
gency Procedure Guidelines (EPGs). Events that can be identified with a
particular time in the accident sequence are represented by mnarrative
descriptions within rectangles; events that would occur repeatedly over
a period of time are represented by descriptions enclosed within oval
outlines. Dashed lines between the. columps show dependence; the event
at the arrowhead cannot occur until the event at the tail has occurred.
- The ~105 gpm (0.0066 m3/s) injected into the reactor vessel by the
, control rod drive (CRD) hydraulic system is insufficient® to reverse the
. - downward trend of reactor vessel water level that continues after fail-
- ure of HPCI-and RCIC. At time 60 min, the effectiveness of the drywell
' fan coolers_is lost~ because the decaying drywell control air pressure is
- no longer sufficient to hold open the spring-loaded cooler air outlet
-~ - - dampers.. Drywell pressure (Fig. 4.5) and drywell temperature (Fig. 4.6)
~ = - - increase ‘sharply after this time. -
_ .. - —_.The Automatic- Depressurization System (ABS) initiates ‘the opening
ofvsimeafety Relief Valves (SRVs} ‘when drywell pressute increases to’

_rmissive setpoint.r A: “the: heginning of the depresauri-w
lapsed reactor Vessel water level 1s only slightly ahove

actor vessel pressure 1sAsufficiently 10w so- that “the. core
. _ = resldual heat resoval (RHR) system pumps [combined capacity
- ~50,000 ggm 3.15 m3/s)] can begin injecting -(Fig. 4.2) and they take
el onlﬂ :;f-min to flood- the -reactor vessel. -This, Jf ecourse, includes
R —wfilliug “of the main- steam 1ines aad the 1ntroduccion af water to the
fSRst T -
o - Two—stage pilat-operated Iatget ‘Rock safetyirelief’ ‘valves, model
- . No. 7567F, si-ilar to those installed at Browns Ferry, have been tested
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Sequence of eventa for loss of control air

without operator action.
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Table 4,1 {continued)
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at Wyle Laboratories for the BWR (wners Group.* The test conditions
were intended to simulate the valve and plping ocoperating environment
that would be expected during the alternate shutdown cooling mode of
operation of the RHR system, This is a backup operational mode that
could be used in the event that some malfunction prevents the opening of
the shutdown cooling supply valves that coanect the reactor vessel to
the RHR pump suctions. In the alternate shutdown cooling mode, water is
injected into the reactor vessel by the RHR system pumps while they take
suction on the pressure suppression pool; the water flows through the
vessel and is discharged back to the pressure suppression pool through
one or more open safety/reliei valves.

The results of the Wyle Laboratory tests demonstrate that the
Browns Ferry safety/relief valves can be opened, held open, or closed,
at will, with single-phase water as the working fluid under nearly
steady-state conditions. It seems reasonable to assume that the same
SRV behavior would be observed under transient accident conditions in
which the working fluid changed in a contin.ous fashion from steam to
water. Under these circumstances, the reactor wvessel pressure would
equilibrate (Fig. 4.3) at about 250 psig (1.825 MPa), with a continuous
reactor vessel through-flow of about 15,000 gpm (0.945 wd/s), pumped
from the pressure suppression pool te the reactor vessel by the low
pressure Injection systems and returned to the suppression pool via the
six open S5SRVs. Although, witheut operator action, the RHR system heat

- exchangers would not be supplied with cooling water, the pressure sup-

. pression pool comprises a very large heat sink that could accommodate

the reactor decay heat for many hours, -

- This gquasi-equilibrium state with the core amplg cooled and ounly a
small rate of 1ncrease of pressure suppression. pool temperature
{Fig 4.4) would continue until about 6 h after scram, when the SRVs
would shut on depletlon of drywell control air pressure and the decline
of the stored air pressure in the six individual ADS SRV accumulators to
within 25 psi (0.172 MPa) of the drywell -atmosphere pressure. - After
_this point, the SRVs could no longer be voluncarily held open. The re-
~_actor -vessel would repressurize and a steam bubble would form within.
1f there were still no operator action, a very slow boiloff would ensue

7 7with one SRV intermitteatly open due to high iaternal reactor vessel

pressm*e, leading to core uncouety about 16 h after the reactor scram.

during the,:accident sequence without operar_or action, the performance of

- —“the SRVs -when liquid water is introduced is of- -paramount -importaace to

~ -the_ sequence outcome. For the study results- discussed, 1n- Sect. 4.2, it

—was assumed that tha SRVs. muld remain open duringwj:he period when the
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fluid discharge changed from steam to water. The available experimental
evidence supports this assumption.

However, if the relief valves wete to shut at the time that liquid
water 1s iatroduced, then the reactor veseel and associated plping would
constitute a «c¢losed solid system, initially at about 300 psig
(2.17 MPa), with an embedded large heat source, Fluid expansion would
quickly lead to pregsures that would force a pressure-relieving opening
somewhere in the isolated primary system.

A second variation of the no-operator—action case involves the oc-
currence of a stuck—open relief valve at the time of the increase in re-
actor vessel pressure always occasloned by a reactor scram that 1is
accompanied by MSIV closure. The stuck-open valve would actually have
heneficlal consequences, since it would totally remove the potential for
rupture of an isolated, solid, system. The reactor vessel would remain
at low pressure after loss of drywell control air, and calculations in-~
dicate that the flow of liquid water through one open SRV would be suf-
ficient to remove the decay heat generated by the shutdown core, The
low-pressure injection systems would continue to circulate the combined
reactor vessel and pressure suppresslon pocl water mass for at least
24 h without reaching excessive temperature. It should be recognized
that this variation of the Unit 1 no-operator-action sequence 1is char~
acterized by ample opportunity for mitigative operator action and there-
fore is very simllar to the Loss of Decay Heat Removal accldent sequence
previously reported as NUREG/CR-2973.
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5. LOSE OF CONTROL AIR WITH OPERATOR ACTION

The general subject of this and the previous chapter of this report
is the progression of postulated accident sequences, initiated by loss
of plant control air at the Browns Ferry Nuclear Plant, that are com—
pounded by the assumption of failure, upon demand, of both of the steam
turbine~driven, high-pressure injection systems at Unit l.* In the dis~
cussion of Chapter &, the operatots were assumed to do absolutely noth-
ing. In this chapter, the operators are assumed to act, and it is shown
that the extent of operator actions plays a dominant role in determining
the subsequent sequence of events. The discussion is focused upon the
events at Unit 1, which, as a result of the assumed failure of the asso—
ciated HPCI and RCIC systems, is the only unit at which operator action
might be necessary to prevent the situation from deteriorating into a
Severe Accident.

The two cages presented in thils Chapter were selected with the in-
tent that they would bracket the range of possible operator actions,
particulariy with respect to the question of whether or not to depres-
surize the reactor vessel, The BWR-LTAS calculations for the at-
pressure case (Section 5.2) assume that the operators do not depresgsur-
ize. The calculations for the depressurized case (Section 5.3) asgssume
that the operators initiate an emergency depregsurization shortly after
the reactor scrame The depressurized case begins to look like the at-—
pressure case after 6 h, when stored air to hold the SRVs open is no
longer available and the reactor vessel returns to full pressure. In
both cases, the possible progression to a severe accident hinges on the
same question: can/will the operators prevent core uncovery by acting
to enhance the flow provided by the CRD hydraulic system? Appendix D of
this report addresses the ninimum injection needed to prevent core un-
covery; the required flow is within the capability of the CRD hydraulic
system [supplemented if aecessary by the Standby Liquid Control (SLC)
system] with appropriate operator action. That the operators might, in
compliance with an event-specific procedute, follow some 1intermedtate
- path, -for example, by depressurizing at 100°F/h (55.5 K/h} instead of at

- the "emergency rate, is irrelevant to the conclusions of this chapter;
, therefore, such cases have not been simulated.

S 4,*;*,5,i Besié,ébnsideratiqnsrfgfioperator—Action

A f—Loss of the Plan; Control Air System would confront the- Unit 1 con~
o trol room operator with reactor_ scram and closure of - the outboard main

' *The reader 1s reminded that the drywell cnntrol air systems of
Units 1 and 2 would both be lost “following loss of the Plant Control Air
~ -System. - Thus both of these units would be. susceptible to an accident-
. compounding loss of the ‘high~pressure injection systems. However, the
-probability of independent failure of both high-pressure injection sys-
tems -at -both of these units ‘is incredibly small.- We have assumed that
bcth systems are lost at Unit 1, ’ " :



steam isolation valves (M5IVs)., As a result of the scram, the control
rod drive {CBD) hydraulic system would fnject cooling water to the reac=
tor vessel at about twice its normal rate, but this would not be equiva-
leat te the rate at which the water Inventory is boiled away by core
decay heat uwntil many hours after scram, Accordingly, the reactor ves—
sel water level would quickly fall to the setpoint for automatic initi-
ation of the HPCL and RCIC systems, but it has been assumed that both of
these high-pressure injection systems fail, upon demand, at Unit I.
What actions should the operators take? This is an important consider-
ation that, following the practice previously established in ORNL SASA
program accident studies, can be divided into four areas, each based
upon one of the four wajor goals of operator action. These are: reac-
tivicy control, reactor vessel water level control, reactor vessel pres-—
sure control, and containment temperature and pressure control. Each of
these 1s discussed in turn in the following subsections.

5.1.1 Reactivity contral

The condition of low plant control air pressure would by itself
generate a signal for automatic reactor scram. Low plant control alr
pressure would also cause closure of the outboard MSIVs and this would
trigger an additional, completely independent, automatic scram signal.
Even if these scram signals both fail to produce an automatic scram, the
physical reality of low plamt control alr pressure would cause all of
the control blades to move into the core. The reasons for this are ex—
plained in Section 2.1 of Chapter 2, but it 1is important to note here
that no-operator acticn would be necessary to achieve reactivity control
in an acclident sequence initiated by loss of plant control air pressure.

5.1.2 Reactor vessel level contpol

Ag discussed previocusly, 1t is assumed in this study that the loss
of plant control air pressure, which affects all three units, is accom-
panied by a fallure, upon demand, of both the HPCI and the RCIC systems
at Unit 1. With loss of the reactor feed pumps as a result- of MSIV clo-

-sure, the only remaining high-pressure injection source at Unit 1 would
~ be_that provided by the CRD hydraulic system. This system injects con-
- trol blade cooling water_at a rate of 60 gpm (3.79 x 1073 w3/s) during
_ _normal rteactor -operation, but this 1injection rate 1is nearly doubled,
7automatica11y,‘hy the basic characteristics of the system design, wheni
- the reactor is scrammed (see Appendix E of NUREG/CR-2672). _
= Btouns Ferry EPG-based “emergency procedure EOI-1 _directs the Oper-’
" atofs -to -maintain ' the Teactor vessel downcomer water  level - above
413.5 in. . (10‘5 m) (referenced to vessel zero) by use of the followingf
 high pressure aystems. " the feedwater/condensate system, the CRD. hy-
~-deaulie system,_and the HPCI and “RCIC systems. This minimum allowed
vessel water level is 47. 5 in. (I¢2-m) above the top of active fuel. In- -
- the accident sequences of this chapter, only the. CRD hydraulic system is -
available -and the vessel water level would decrease ko below “413.5 in.
{L0.5 m). In this -event, the level restoration procedure of - EOI-1




’i:liif‘RééEEOf'vessel _pressure control i,{ .

35

directs the operators to start pumps and verify injection wvalve oper-—
ability in two or more of the following low-preassure injection sys-—
tems: Condensate System, RHR System, or Core Spray System. Of course,
two of these iInjection systems would provide much more tnjection cthan
needed, but injection will not begin until the reactor vessel 1s depres~
surized and starting pumps in two systems is a prudent measure; unneeded
pumps can be tripped after level restoration.

' After verifylng the availability of low pressure injection and 1f
water level coatinues to decrease, the operators are instructed co
depressurize the reactor vessel in order to restore water level with low
pressure 1injection systems, For the depressurized operator action case
of this chapter, the BWR-LTAS calculations show that the operators can
restore and maintain level by using as few as one of the eight available
low pressure pumps (four RHR pumps plus four core spray pumps), The
condensate/condensate booster pwips would normally be the first choice
for low pressure injection, but 'his injection source 1s cowmpromised by
the loss of control air, which incapacltates the condensate system mini-
mum flow recirculation valves and the startup bypass valve,

The automatic CRP hydraulic system injection rate after reactor
scram is about 112 gpm (7.07 x 10”3 m3/s) while the reactor vessel is at
1015 psia (7 MPa), not enough to prevent core uncovery since the initial
mass generation rate of steam by decay heat is much greater than the
mass equivalent of this. The information provided in Appendix D demon-
strates, however, that the CRD hydraulic system alone can provide suffi-
cient injection to keep the core covered if the operator takes the
actions required to enhance the rate of CRD hydraulic system injection
flow. The necessary actlons include starting the backup CRD hydraulic
system pump, fully opening the pump discharge throttle valves, and other
measures that are plant specific. A discussion of the actioms that
might be taken at a Browns Ferry unit is provided in NUREG/CR-3179, The
important point here 1s that, 1f the operator knows how to maximize the
CRD hydraulic system flow, the need for reactor vessel depressurization
can be averted. '

If the reactor vessel is depressurized, then the operator must take
action -to prevent averfill since the. low~pressure injection systems have
an snormous capacity and pumps not previously started by the operators
will start automatically. Overfill of the reactor vessel would result
in flooding of the inlets to the SRVs and the steam lines leading to the
__HPCT and RCIC system turbines. The operator does have the capability to
~“turn off-selected low-pressure system pumps, ouce ‘they have started. In
“the discossion of Section 5.3, it 1s assumed that the operators skill-
fully uge. Just one core Spray pump, tun intermittently, te raintain
reac:or vessel waten,level. - T T -

Hould the Unit 1 contrcl room operators take actinn to depresaurize
‘the. reactor vessel - immediately upon recognition of- the- failure-upon—,
demand of the HPCI and RCIC systems, or would the operators take action
to enhance the flow injected by the CRD hydraulic system? 1If the latter

~ action 1s chosen, the operators, after emhancing the flow, would have to
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gtand firm while the teactor vessel water level continued to decrease
and approached th: top of the core, vecognlzing that che water level
would ultimately recover as the core decay heat and the corresponding
demand tor injected flow subsided.®

The Browns Ferry EPG-based emergency procedure EO0I-1, which ia
applicable after reactor scram and M3IV closure, requires remote-manual
actuation of different SRVs in succession in order to minimize opening/
clasing cycles of the SRVs and to distribute the SRV discharge around
the circumference of the pressure suppression pool so as to "minimize
torus hot spots.”  However, when the drywell control alr pressure is
decaying, unnecessary remote~manual SRV actuatfon would deplete the
precious temporary supply of pressurized air held in the aix ADS SRV
accumulators and the drywell control air recetvers {(see Section 2.2).
Therefore, the Browns Ferry Operating Instruction that addresses Loss of
Dryweli Control Air Pressure (01 32, Sect, V.C and V,D) directs the
operators to minimize manuwal SRV actuation "to conserve accumulated
air.”™ The BWR-LTAS calculations disecussed in this chapter are based on
rhe assumprion of automatic SRV actuation, which requires no control
air, until depressurization 1is initiated. ORNL work on pressure sup—
pression pool temperature distribution {D,H. Cook, "Pressure Suppresgsion
Poo! Thermal Mixing,” NUREG/CR-3472 (ORNL/TM-8906), October 1984) has
shown that the “"torus hot spot” problem is not as severe as previously
supposed.

“1f the operators do choose to take manual action to depressurize
the reactor vessel and exercise sklll to use only an appropriate portion
of the available low-pressure system Injection capability, normal reac-
tor vessel level control could be maintained, but only temporarily.
Once the air stored in the ADS accumulators is depleted, about 6 h after
reactor s&cram, the reactor vessel could not be maintained depressur-
ized. Subsequently, the reactor vessel would repressurize and the low~
pressure injection systems could not be used.

S.l.4 Containment pressure and temperature control

Loss of plant control air pressure and drywell control ailr pressure
does not threaten the capability for pressure suppression pool cooling,
‘but the air-coolers for the drywell atmoasphere would fail early in the

- accident sequence -because ‘the dampers on the outlet side would fail
—claseci on -loss of drywell control alr presaure, Without ‘cooling, the
drywell atmosphere ‘rapidly heats up due to the presence of a large heat
source in a small containment. This would- lead to a very high drywell

~ atmosphere temperature, particularly for cases in which the reactor ves-

- gel remained pressurized with - an 1nternal saturation temperature of
550"? (561 K). - - :

“Primary eontainme.nt spray would remain available as an option and
could be used . in this accident sequence to reduce the drywell-wetwell
pressare at - any time. , The Browns Ferry EPG-based emergency -procedure

_ ’*Fot additional information, see “The Effect of Small-Capacity,
High-Pressm:e Injection Systems on TQUV Sequences at Browns Ferry Unit
One," NUREG/CR-3179, and Appendix D of this report.
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EQX~2, Section 5.4, requires infitiation of *he drywell sprays If the
drywell temperature exceeds its design vali. (281°F (411.5 K)], provid-
ing that the “suppression chamber” tewuperature is not in the forbidden
region of the "Drywell Spray Inftiation Pressure Limit” curve (Chart
S5¢4.6, EOI-21), However, the peak suppression chamber temperatures would
be in the permissible regloa of the curve, so spray Initiation would be
allowed by procedure.

In the absence of spray, the average drywell atmosphere temperature
would exceed the design value after 10.8 h, but 2 h later, 1t would be
only slightly higher. There is a real question as to whether or not the
use of containment spray would be justified for this accident sequence.

Pressures high enough to threaten primary containment integrity
never arise Iin this accident sequence. At 12 h after the initiating
reactar scram, the primary containment pressure, without the use of
sprays, is only 26 psia (0.179 MPa).

Browns Ferry emergency procedure EQI-2, Section 5.3, requires that
the operators "place all available RHR in the torus cocling mode"” should
the suppression pcol temperature exceed 95°F (308 K). The calculations
of this Chapter assume that one RHR heat exchanger is placed in the 900l
cooling mode 30 min after scram. The calculated results show that
dcceptable pool cooling is achieved even 1f only one of the four avaii-
able RHR heat exchangers is employed.

Emergency procedure EQI-2, Sectionm 5.3, also specifies a limit for
reactor vessel pressure as a function of suppression pool temperature,
the "Heat Capacity Temperature Limit" depicted by Chart 5.3.6 of the
procedure. In the latter stages of the accident sequences discussed in
this (hapter, the suppression pool temperature, with only one of the
four RHR heat exchangers utilized, increases into the range in which
reactor vessel depressurization would be required; however, this happens
after 6 h, when there is no longer sufficientt drywell control air
pressure to permit remote-manual operation of tne SRVs. Therefore, the
specified depressurizarion cannot take place.

5.2 Cases in which the Reactor Vessel
7RemainsﬂPtessurized

'5;2.1 ’Systems functioh;as designed

I the first operator action case studied the operators attempt to

wmaintain a safe shutdown state -without depressurizing the reactor ves-

sel. The BWR-LTAS calculation is initialized at a point 30 s after re-
actor.. scram, with vessel water level 500 in. (12.7 m) above vessel

- zero.- This is -a typical post-scram- water -level as predicted by more
';spphisticated analysis codes such as RELAP.  (BWR-LTAS - -is not intended
to -accurately simulate the very rapidly -developing -events that occur
~during the several seconds that immediately.follow a scram from full

power., ) The BWR-LTAS - results -for- this calculation are provided in

vr - wigSC }n]. thtougl‘t 5 6. -

~The system transient for the first operator action case is initi—
ated by an- automatic scram from full reactor power on detected control
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air pressure below 60 psig (0.515 MPa), which 1s followed 2 min later by
closure of the outhoard main steam isolation valves (MSIVs)., Dur!.g the
two minute period between reactor scram and MSIV closure, the main feed-
water pumps continue to run, injecting about 10,000 gallons (37,86 m3)
of water inte the reactor vessel, Since the steam generation rate ls
immediately reduced by the scram, this extra water increases the reactor
vessel water level (Fig. 5.1) and provides additional time for the oper-
ators to enhance the CRD hydraulic system flow before the subsequent
water level decrease to the point {413.5 inches (10.50 m) above vessel
zero] that would make an emergency depressurization mandatory per the
Emergency Procedure Guidelines (EPGs}). However, by definition, the
reactor vessel remains at pressure throughout this case.

Table 5.1 provides a diagram of the approximate time-sequence of
the significant events and 1llustrates their Interdependence. The
events are divided into four categories, On the far left, "DW" repre-
sents events related to drywell pressure or temperature. At the middle
left, "RHR" represents the Residual Heat Removal System, used in the
pressure suppression pool cooling mode during this sequence. On the
middle right, the column of events for reactor vessel pressure control
is labeled "RC/P" and on the far right, "RC/L" heads the column for
avents that control, or depend upon, reactor vessel water level.

To maintain the reactor vessel at pressure, the operators need only
allow the SRVs to actuate automatically,* which results in vessel pres-
sures (Fig. 5.3) between the 1120 psia (7.72 MPa) opening setpoint and
the approximately 50 psi (0.345 MPa) lower closing setpoint of the low-
est—~set bank of SRVs. Automatic SRV actuation does not require the
availability of drywell control air to reposition the piiot valves since
this is accompiished by the Iinternal pressure of the reactor vessel,
Except for a perlod of a few seconds immediately following scram, when
the reactor power has not yet reached decay heat levels, only single SRV
operation is required to wmaintaln reactor vessel pressure. Since the
individual SRV setpoints are established to a +1% tolerance, equivalent
to a range of about 22 psi (0.15 MPa), the four SRVs in the lowest-set
bank are not expected to cycle simultaneously. Rather, the one of these
valves with- the lowest actuwal setpoint would cycle repeatedly, as re-
quired. to relieve the steam produced by decay heat.

: -Since only the CRD hydraulic system is- injecting [at a rate of
about 105 gpm (0.00652 m3/s)], the reactor vessel water level continues
“to slowly decrease after the reactor scram. The operators first attempt
to start the 600 gpm (0.037 m3/s) RCIC system, and, upon failure, at-
tempt - to statt the 5000 gpm (0.31 m3/s) HPCI system. Faced with failure
“of both systems, the operators reach a decision point. - They can take
action to_enhance the CRD hydraulic -system injection rate, .or they can
depressurize the reactor vessel and supply the necessary additional in-
jection by means of one of the low-pressure injection systems. It is
assumed here that the operators decide to conserve the remaining drywell

7 *Underrnbrmalipost—séram conditions, the operators are trainéd to
manually - cycle the SRVs but OI 32, "Loss of Drywell Control Air

Pressure,” instructs the operator to minimize manual SRV actuations “to
conserve accumulated air” (see Section 6.2),.
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control air system pressure by avoiding reactor vessel depressurization
and take action tu enhance the CRD hydraulic system injection.

The easiest actions would be attempted Eirst, Since the control
room indication of tlie rate of CRD hydraulic system injection would be
pegged high at the "100 gpm" point, the effect of the operator's actions
would have to be verified by observation of the resulting trend in re-
actor vessel water level, Ten minutes after scram, the control room op-
erators start the spare CRD hydraulic system pump. The increase in flow
would be insufficient and downcomer water level (Fige. 5.l1) continues to
decrease,

After digpatching an assistant operator to the reactor building to
open the hand-operated valve 85-551 and to close the electrical supply
breakers for motor—-operated valve 85-50, the control room operator is
able to initiate flow through the pump test bypass line, which injects
CRD hydraulic system flow directly into the reactor vessel via a feed-
water line. This action {increases the total injected flow to about
145 gpm (0.009 m3/s), and would be expected to occur about 20 min after
the reactor scram. This increased injection rate is still insufficient
to maintain the reactor vessel water level.

As reactor vessel water level continues to decrease, the assistant
operator 1s again sent to the reactor building, this time to open the
85-527 throttling valve at the CRD hydraulic system pump discharge. The
throttling valve is assumed to be apened 30 min after the scram, which
results In an increase in injection rate to 290 gpm (0.018 wd/s).
Although this injection rate 1s sufficient to prevent eventual core un-
covery, the reactor vessel water level temporarily continues to de-
crease, very slowly, and 19 min later (at 49 min after scram), reaches
its minimum of 460 in. (11.68 m) above vessel zero. This is gome 94 in,
(2.39 @) above the height of the top of the active fuel {TAF) in cthe
core. Subsequently, the reactor vessel water level slowly increases.

Four hours later, the reactor vesseal water inventory 1s restored to
its normal level of 561 1n. “~14.25 m) and eventually, the control room
operators would have to take action te reduce the CRD hydraulic system
injection rate to prevent reactor vessel overfill.

The aperators initiate the pressure suppression pool cocling mode
of the RHR system at 30 min after the scram, and even with the assump-
tion that only one of the four avaflable RHR heat exchangers is uti-
i1zed, -the maximum suppression pocl temperature is controlled to below
" 180°F (355 K). This is a low enough temperature to preclude inadequate
net pesitive suction ‘head problems for the RHR pumps evea if the con-— .
tainment were not- pressurized (Fig. 5.5) to about 27 psia- (0.186 MPa).

The average drywell atmosphere temperature (Fig. 5.6) is 264°F (402 R)
~at the end of the 8 h calculation. After another 3 h, it would reach
the 281°F (411.5 K) design temperature of the drywell, at which point
the emergency procedure gildeline—based procedures require wanual fnfti-
- ation of the containment spray mode of the RHR system to reduce the at-
mosphere temperature. This actfon could be accoeplished since the
valves-required to initiate the sprays are all mtur-opemtech

The effect- of containment sprays has not been simulated in this
- BWR-LTAS calculation. The "drywell atmosphere temperatuve reaches its
design value at the ll-h point, and cbviously, use of drywell sprays
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would reduce the temperature of the drywell atmosphere. However, with-
out sprays the average drywell atmosphere temperature would increase
only another 49 Fahrenheit degrees (27 K) during the next 13 h, reaching
330°F (439 K) 24 h after reactor scram.

5.2.2 Effect of stuck-open relief valves

As will be shown 1In Section 5.3, operator action to depressurlze
the reactor vessel has only temporary effect during the Loss of Control
Air accident sequence. However, if one or more of the reactor vessel
safety/relief valves were to stick open during the early part of the se-
quence, the effect would be to guarantee long-term depressurization of
the reactor vessel. Thils would permit continuous reactor vessel water
level control by means of a low-pressure injection system and would
therefore be beneficlal 1n preventing the development of the sequence
into a Severe Accident.

5.2,3 Effect of failure of the CRD hydraulic system

Failure of the CRD hydraulic system would leave no means of high-
pressure injection to the reactor vessel and the only hope for avoldance
of a Severe Accldent would lie in reactor vessel depressurization.

If the CRD hydraulic system were to fall within 6 h after reactor
scram, then there should be sufficient stored air in the 1ndividual
accumulators assaociated with the ADS safety/relief valves to permit the
operators to depressurize the reactor vessel. Subsequently, the opera-
tors could temporarily use a low-pressure injectﬁmn gystem to maintain
normal reactor vessel water level, but the stored air in the ADS accumu-—
lators would be depleted after about 6 h, and the reactor vessel would
repressurize,

From the time that the reactor vessel pressure exceeded the shutoff
- head of the low pressure injection systems, it would require about 2.4 h

for the vessel pressure to reach the setpoint [1120 psia (7.72 MPa)] for
automatic relief valve actuation. A portion of the stored reactor
vessel water inventory would be lost with each subsequent vellef valve
cycla. Core uncovery would occur about 90 min after the reneual of SRV

R i the CRD hydraulic system failure were to occur more :han 6 h
~ after scram, the operators would not be ‘able to depresaurize thg reactor
- wessel.fsince the stored air fn the ADS accumulators would have previ-
_ ously -dissipated. Boiloff of the reactor vessel water inventory would
- begin_ 1mmediatély, Jeading to core uncovety about 90 win after loss of
th& CRD hy&raulic system. : : _

~5q2;ﬁ fEmergeﬁcj actioﬁ Tevels , : ? -

_The emergency action levels fOt this case are essentially the same
as those for the mote-probable case with early reactor vessel depressur-
1zation, discussed in subsection 3.3.4
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5.3 Cases in which the Operators
Depressurize the Reactor Vessel

5.3.1 Systems function as designed

The second operator actlon case analyzed in this report differs
from the first in that the MSIVs are assumed to drift closed before the
scram and the operators are assumed to take action to depressurize the
reactor vessel., As in the first case, the accident sequence is infti-
ated by an automatic scram but in this case, the Reactor Protection Sys-
tem signals the scram as the outboard MSIVs, without normal plant con-
trol alr pressure, drift to less than 10% open. The results of BWR-LTAS
calculations for this case are presented in Figs. 5.7 through 5.12. The
time—sequence of events and the interrelation of events is diagrammed onm
Table 5.2.

After MSIV closure, the feedwater turbines are deprived of steam
and cease to operate, and without any post—-scram injection from the main
feedwater pumps and with only the CRD hydraulic system injecting at
about 105 gpm (0.0066 m3/s), the reactor vessel water level (Fig. 5.7)
decreases to 413.5 in. (10.50 m) after only 20 min. With the assumption
that there is no prospect for restart of HPCI or RCIC, the operators
initiate a manual emergency depressurization. As the reactor vessel de-
pressurizes (Fig. 5.9), the operators avoid the vessel flooding problem
of the no-operator—action case by turning off most of the low pressure
injection pumps. One core spray system pump is allowed to run for re-
fill of the vessel, and is tripped 15 min later to avoid overfill after
the normal vessel water level of 561 in (l4.25 m) is regained. Inter-
mittent core spray pump operation (Fig. 5.8) is used over the next sev-
eral hours to maintain level as the reactor vessel remains at low pres-
sure. - y
Recognizing that the loss of drywell control air pressure will
eventually iaterfere with the capability for remote operation of the
‘SRVs, the operators decide to go into the shutdown cooling mode of the
RHR system as scon as possible. (If the core decay heat can be continu-
ously rtemoved, the reactor vessel can be main:ained depressurized even
if the SRVs -are inoperable.) They accomplish this task about 40 min
after theAreactor scram. However, shutdown cooling is successful for
only about_ 25 min, ‘because a high drywell pressure signal is received
65 min after the scram (Fig. 5.11),-and the isolation valves between the
reactor vessel ~and the RHR pump suctions go shut and are interIbcked*
Shut-

- It i possible that the Primary Containment Isolation System (PCIS)
shutdown cooling supply valve irterlocks could be defeated by actuating
bypass clrcuitry at the Backup Control Panel located outside the control
room. - However, the Backup Control Panel is intended to be- used in the
-event of loss of control room habitability and there are no procedures
in place to instruct the operators in selective use of the -particular
backup control panel coantrols that sould have to be actuated to override

 specific iaterlocks.  The drywell cannot be vented to reduce its in-

ternal pressure to below the 2.45 psig (0.118 MPa) setpoint for PCIS
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Table 5.2. Sequence of eveuats for loss of control air with
operator action — reactotr vessel depressurized.
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protection logic because the necessary containment ventilation system

valves cannot be opened without the availability of plant control air.
. After terminatlion of shutdown cooling, the reactor vessel remains
depressurized unt{l there 1s no longer sufficient alr pressure in the
ADS accumulators to hold one or more SRYs cpen. About 6 h after reactor
scram, the last open SRV closes and the reactor vessel begins repressur-
izing. During the period that the decay-heat generated steam is pres-—
surizing the reactor vessel, there 1s virtually no lnventory loss from
the vessel, and the liquid coolant swells as it 1s heated by the core
decay heat.

The CRD hydraulic system, 1f permitted to continue Lto operate,
would increase the reactor vessel water inventory during the period of
repressurization and thereby contribute to the rate of level increase.
It is assumed here that the operators trip the CRD hydraullc system
pumps just before the indicated reactor vessel water level goes off-
scale high, which would occur at 588 in., (14,93 m).

The BWR reactor vessel contains a large volume of water. Even
after trip of the CRD hydraulic system pumps, the reactor vessel water
‘level continues to increase as a result of decay heating and dersity de-
crease. The water level reaches 646.5 in. (16.42 m), the level of the
lower lip of the main steam line nozzles, and calculations indicate that
334 ft3 (9.45 m3) of water would be spilled over into the four steam
lines. This overflow would fill the lower horizontal and vertical pip-
ing runs immediately upstream of each closed inboard MSIV, but would not
regsult in the introduction of water to the SRVs, which are mounted on
the upper surface of the upper horizontal steam line piping runs.

About 2,4 h after the capability for remot#, alr-operated, SRV ac-
- - - tuaation is lost, the reactor vessel would havie repressurized ta the
- 1105 psig (7.720 MPa) setpoint for automatic, steam—operated, actuation

of the lowest~set group of SRVs, Subsequently, the reactor vessel would

‘remain at pressure, with intermittent operation of the lowest—set SRV,

Inventory loss through the cycling SRV would, in the absence of recovery

- - - of .HPCI or RCIC, necessitate the resumption of CRD hydraulic system
- -~ _ flow, enhanced to about 145 gpm (0.0092 m3/s), in order to avoid
.-~ _ _- - _eventual coré uncovery. - Failure to resume CRD hydraulic system flow
S ,,5V—mvr‘—wou1d result in core uncovery within about 90 ndn,after automatic SRV

mode is assumed ta‘hegin 65- min after the reactor. ‘scram. _Even with

ne*cf the four RHR,system heat’exchangers app]ied to,pnol cooling,*

—— T T TH4355 );; Ihe drywell atmosphere bulk temperature (Fig. 5.12) remains
- ' Nhe‘281 F (411,53 K) desdgn temperature of the drywell for more
: — ~ © -~ -tha h. - After 24 h, the average drywell temperature, An the absence
e any~app11cation of drywell sprays would reach 315°F (431 K)o

o 77553,2j’ﬁfféct of,stuck;oﬁen SRVs - -

Y Y- 1n other cases, the a2ffect of one or more stuck-open relief
: ) 'valves would actually be beneficial, permitting the Teactor vessel to
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remaln depressurized after the capability for remote, alr-operated, SEV
actuation is lost, With permanent reactor vessel depressurizatfon, the
core could be cooled indefinitely by means of the low-pressure injectfon
systems.

5.3.3 Effect of fallure of the CRD hydraulic sysatem

Reactor vessel water level can be maintained by vperator control of
one core spray system pump during the first 6 h after scram hecause the
reactor vessel is kept depressurized by the six open 5RVs associated
with the ADS system. During the perlod between 6 h and 8.4 h after
scram, while the reactor vessel is repressurizing, there 1s no need for
additional injection since the SRVs are closed and there i8 n¢ inventory
loss from the vessel.

Failure of the CRD hydraulic system after 8.4 h would lead to a
- boii-off of the remaining reactor vessel water inventory above the core
and core uncovery about 90 min later. Therefore, even with failure of
the CRD hydraulic system, core uncovery would not occur earlier than
10 h after the reactor scram.

5.3.4 Emergency action levels and timing

This dlsCussion is based upon a review of the BWR-LTAS accident se-
quence calculations, the Browns Ferry Radiological Emergency FPlan, and
_the corresponding Implementing Procedures Document.

Total failure of the Plant Control Air System might be caused by
 explosion or fire, events that in themselves would cause declaration of
~an- UNUSUAL EVENT at the plant. If the cause of lpss of plant control
alr pressure were -less spectacular, then reacto¥ scram would occur
fi- st, with deéclaration of an UNUSUAL EVENT due to "conditions warrant-
~ dng increased awareness of plant operating staff" occuriing spon there-
after. -

- Failure of the" Unit. l HPCI “and_ RCIC systems te start upon demand.
and faiIUre of the ‘immediate operator actions taken in attempts to re-
store, these, _systems would warrant escalation of the plant status to,

:is woul& occur. [o 1ater than 20 min after the scram.

cdbling,;the temperature and pressure of the ‘rela- ‘
atmcsphere would rapidly increase,Acausing pressute i
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6., DISCUSSION OF UNCERTAINTIES

Most of the uncertafnties discussed in this chapter affact only the
. detatls of accldent sequence development. Nevertheless, uncertainties
that concern the fundamental operability or flow capability of the con-
tral rod drive (CRD) hydraulic system have the potential to affect the
major conclusions of the atudy.

6:1 Uncertainties in the Calculation Model

The BWR-LTAS code has been used to determine accldent sequence
events prior to the onset of severe fuel damage in this and all previous
ORNL SASA program studies. Comparisons between BWR-LTAS results and
those of other computer codes applied to the same event sequences have
always been satisfactory (see Chapter 9 of Ref. 6.1).

The most i~portant model uncertainty for the loss of control air
study concerns the calculation of the rate of CRD hydraulic system in-—
jection into the reactor vessel. The model employed is iairly simple
(Ref. 6.1), but 1s capable of accurately predicting the flow into the
reactor vessel if supplied with accurate input data concerning the oper—
ation of the system. The piping arrangement of the CRD hydraulic system

: and the passible valve lineups that determine its flow capacity are
- - - described in Charcer 3 of Ref. 6.2.

- The most important input data for the CRD hydraulic system ia in-
_ formation concerning the head vs. capacity curve for the system pumps.
‘The current Input data is taken from the pump manufacturer's design
curve, supplied with the pump more than 10 years: ago when Browns Ferry
‘Uait 1 was under construction. If pump performance has degraded over
- the years, then the ability of the CRD hydraulic system to perform as a
. - standby high-pressure 1injection system would also be reduced. Duriag
' ~ normal reactor operation, each pump supplies 60 gpm (0.0038 m3/fs) con-
_~ trol blade cooling flow, 20 gpm (0.0013 m3/e) flow back to suction, and
‘ - - -8 gpm (0.0005 m3/s) of cooling flow for the recirculation pump seals.
I .~ -~ -The flow into the reactor vessel is increased automatically following
- -~ _-_-_ -scram, as discussed In Ref. 6.3, but there 1s no requirement to period—

e 1ecally -confirm the. ‘pump capability for higher flows. ,
Echet code,inpnt also sffects the calculated flow. If :he ‘actual

L ,_7fr‘themﬂelyes 13‘ the dominating uncertaintyi Tﬁé arrangement of these )
- . VZLIV&S is iﬂdicated 1“. Figl’ﬁlll - - - - -

I R ,im‘;_, “1f the mntor—operated 85-50 valve in the piping :ha: connects the
. o " CRD hydraulic system to the reactor vessel via’ feedwater 1ine B will not
i . _ - . _open, -then there would be no flow through the pump test bypass path.
- The “Yemaining “flow into the reactor vessel (through the control rod
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drive mechanism assemblies) with the reactor vessel pressurized cannot
exceed about 225 gpm (0.0142 m3/s), which would be achieved with both
CRD hydraulic system pumps running and the pump discharge throttle valve
B5~527 and the flow control valve 85-11 wide open.

The circuit breakers for the 85-50 valve motor operator are main-—
tained in the open state during normal reactor operation, to preclude
inadvertent opening of this valve from the Control Roomw. Furthermore,
there is no requirement that the operability of components in the pump
test bypass path be periodically verified. For these reasons, valve
operability contributes to the uncertainty of the performance of the CRD
hydraulic system as a backup to the steam turbine-driven high~pressure
injection systems,

6.2 Uncertainties with Regard to Operator Actions

The operator actions assumed for the analyses presented in Chapter
5 are only those specified by procedure or of such a nature that it is
reasonable to suppose that they would occur to any of the well-trained
operators ifnvolved in the operation of the Browns Ferry plant., As dis-
cussed in subsection 5.3.4, the declaration and escalation of emergency
action levels from UNUSUAL EVENT to ALERT to GENERAL EMERGENCY would as-~
sure the presence of designated emergency response staff members. These
personael would be capable of form:lating and evaluating the non-
standard maneuvers necessary for recovery from the assumed equipment
casualties.

Consider, for example, the need to enhance the CRD hydraulic system
injectior to the reactor vessel. For the case in which the reactor ves-
sel remaine pressurized (Sect. 5.2), it has been assumed that, the oper-
ators would be able to effect the necessary flow enhancement within the
first 30 min following the reactor scram. There is, however, some
uncertainty that the on~-shift personnel would actually be able to accom~
plish this. On the other hand, If the operators exercise the option of
depressurizing the reactor vessel and utilizing one of the low-pressure
injection systems for level control (Sect. 5.3), then the need to en~
hance the CRD hydraulic system flow does not arise until drywell control
air pressure has been lost and the reactor vessel has repressurized,
some - 9-h after the reactor scram. By this time, a multitude of exper-
ienced gperating and engineering personnel would, per the station Radio-
logical Emergency Plan, Be affhand'to'aésiat,inrthe'flowrenhancement
task. - S '
Dne pOssibie upet&tot action that, if taken, would eiacerbate the

- ercise of the safety/relief valves (SRVs) in the remote—maﬁual mode more
- often than necessary, Each ‘manual SRV actuation -expends.-a quantity of
- air,,either from the wvalve's “individial accumulator if one of the six
;fvalves assoclated with the Automatic Depressurization System (ADS) is
operated, or from the drywell control air _receivers if a non-ADS valve
i3 operated. However, it 1s unlikely that the -operators would waste-the
available stored air in such a fashion. The Browns Ferry Operating In-

 struction- that addresses Loss of Drywell Control Air Pressure (0I 32,
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Sect. V.C and V,D) directs the operatots to minimize SRV actuations "to

conserve accumulated air,”

6.3 Uncertainties in Assumed Timing of Equipment Failures

Perhaps the largest uncertainty invoelved in this accident sequence
analysis is the mode of failure of the Plant Control Air System. De-
pending on the nature of the system failure, the resulting rate of decay
of the stored alr pressure might be either slow or rapid. Nevertheless,
an inability to resolve this uncertainty 1s not of concern because once
the system has failed, no other event of significance will occur umntil
the system pressure has decayed from its normal operating range of
85-110 psig (0.689-0.862 MPa) to the 60 psig (0.517 MPa) setpoint for
reactor scram on low plant control air pressure. It has been conserv-
atively assumed in this analysis that the operators do not take action
to reduce reactor power or tco manually scram the reactor during the pe-
riod of pressure decay, either because there is insufficient time or
because there is a simple failure to act.

Another uncertainty in equipment response involves the timing and
mode of failure of the drywell atmosphere coolers. The analyses of this
report are based on the assumption that the drywell cooler blower outlet
dampers, whose position is adjusted by drywell caontrol air pressure
under normal operating conditions, would fail closed 1 h after loss of
the Drywell Control Air System. This assumption is based upon actual
plant tests in which the time required for the trapped air to bleed from
the damper solenoid valve back through a check valve into a depressur—~
1zed drywell control air header was measured for three dam@ers, with a
minimum time of I h (Ref. 6.4).

‘Loss of effectiveness of the drywell coolers leads to a rapid in—
crease in drywell atmosphere temperature and a concomitant increase in
primary coaotainment pressure. A high drywell pressure signal at
2.45 psig (0,118 MPa) rriggers many automatic reactor protection and
contalnment fsolation responses, including closure of the valves in Pri-
mary Containment Isolation System (PCIS) Groups 2, 6, and 8. - This has
partieular impact on the- progression of the Loss of Control Air accident
sequence case discussed in Section 5.3, in which the operators take ac-
tion to depressurize the reactor vessel and _go into the shutdown cooling

shutdown cooling supply isolation valves are included in PCIS Group- 2.
- _-In actuality, the peridd of time between closure of -the- drywell air

"compressor ‘suction valves and closure  of the dtywell cooler outlet

ﬂampers might be -much greater than 1 h, depending on_the rate of decay

- of ‘the _pressure -in. the drywell control alr - system supply headers.

Therefore, the approach taken here is belleved to be conservative,

d The equipment failure most crucial to this effort to establish the
timing of events in the Loss of Control Air accident sequence 1is the
“faflure of the- remote~manua]l mode of SRV actuation. The air pressure
available for remote-manual operation of the SRVs must exceed drywell
pressure by 25 psi (0.172 MPa) if a valve 1is to be opened or if an
already-open valve is to be held open. As previously discussed, the six
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valves associated with the ADS system have individual accumulators pro-
tected by check valves from the general drywell control air headers.

The analysis described in Section A.2 of Appendix A provides a
basis for assertion that the SRVs assocliated with the ADS syatem would
remaln available for remote-manual actuation for at least 6 h after the
reactor scram. The calculation is based upon the maximum allowable ADS
accumulator leak rate of 1C psi/h (0.069 MPa/h). The Browns Ferry Tech—
nical Specifications require that the leak rate of each ADS accumulator
be measured once per operating cycle. The leakage measurement method is
to suddenly remove air pressure upstream of the check valves that 1so-
late each ADS accumulator from the drywell contrel air header, then to
record the accumulator pressure as it slowly decays over the next
several hours. If the measured leakage exceeds the allowable rate,
repairs are required.

The prescribed method for surveillance that the ADS accumulatots
will perform their intended mission is unquestionably valid for cases in
which drywell coatrel ailr pressure 1s suddenly lost. Nevertheless, the
subject of this chapter is uncertainties, and it can be argued that the
sudden removal of drywell control air pressure upstream of the accumula-
tor isolation check wvalves during tests results in much better seating
of the check vaslves than would occur if the drywell control air pressure
were bled down very slowly. As a matter of fact, the Loss of Control
Alr accident sequence examined in this study involves a very slow rate
of loss of drywell contrel air pressure.

Nevertheless, even if the ADS accumulators should be totally in-
effective as a result of isolation check valve leakage, it is estimated
that a safety/relief valve could be held open for at least 3 h after
reactor scram, and this would be sufficient to maintain the reactor ves-—
gel depressurized. It should be recalled that the drywell control air
system recelvers provide a large source of stored air for use after com-
pressor fallure; the overall system would be expected to lose pressure
at the rate of 26 psi/h (0.179 MPa/h) as explained in Section 2.2,
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7. IMPLICATIUNS OF RESULTS

The purpose of this chapter 1s to provide a discussion of the pres~
ent state of readiness at the Browns Ferry MNuclear Plant to cope with a
loss of the Plant Conktrol Alr System. Loss of plant control alr pres-
sure would cause reactor scram and closure of the outboard main steam
isolation valves ar all three units.

7.1 Control Room Instruments

The coatrol room operators cannot appreciate the rate of injection
achieved by the control rod drive (CRD)} hydraulic system after reactor
scram because the control room panel instrument range extends only to an
indicated rate <. 100 gpm (0.0063 m3/s). In actuality, the injection
rate will be almost twice as high with a scram in effect and the reactor
vessel depressurized, and still higher 1f the operator takes action to
enhance the tlow. Upgrade of the CRD hydraulic system control room in—
dication range should be coasidered.

7.2 System Design

It is obvious that the susceptibility of the Browns Ferry Muclear
Plant to loss of the Plant Control Air System is due to the dependence
of the Drywell Control Air Systems of Units 1 and 2 upon plant control
air to hold open the suction valves to the drywell control air compres-—
sors. If drywell control air pressure is lost, ultimately the reactor
vessel could not be maintailned depressurized and the low~pressure injec-
tion systems would not be available for use to keep the core covered.

The present design at Unit 3 keeps the Drywell Control Air System
of that unit independent from the Plant Comtrol Air System by providing
that the air compressor suction valves are operated by drywell control
air instead of plant control air. Consideration should be given to ex-
tending this design improvement to Units 1 and 2.

' - The threat to reactor safety caused by loss of drywell “control air
-pressure obtains from the consequent inability to operate the safety/re-
1ief valves and maintain the reactor vessel depressurized. The ‘TVA has

voluntarily committed -to the NRC to provide a safety-grade, long-term
Adepressurization capability to the safety/relief valves associated with
the Automatic Depressurization system by installing supply lines from
the uitrogen supply trains of the Containment Atmosphere Dilution (CAD)
system,~ This improvement should - reduce the probability to an insignif-

" icant level that this severe accident -sequence, or any other sequence
involving loss of the Drywell . Control Air System, will lead to an in-
ability to depressurize the reactor vessel, . N
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7.3 Operator Preparedness

Control room operator trailning should be expanded to include an ex~
planation of the Control Rod Drive Hydraulic Syatem resources availahle
in an emergency. The flow from this system can be augmented to the ex-—
tent necassary to avold a severe accident if the proper steps are taken
to start a secand CRD hydraulic system pump, open the diacharge throttle
valve fully, and so forth. The potential of this system is discussed in
detatl in NUREG/CR-3179.

The motor-operated RHR system shutdown ccoling valves from the re-
actor vessel will automatically shut upon low reactor vessel water level
or high drywell preasure [at 2.5 psig (0.115 MPa)}. The feasibility of
overriding the high drywell pressure interlock should be evaluated, and
instruetions for executlon of this mitigation strategy should be in-
¢luded in emergency procedures.
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dppendix A. MODIFICATIONS TO THE BWR-LTAS
CODE FOR THIS STUDY

Several new capabilities were added for the Loss of Control Alr
study. Analysis of the no-operator—action case (Chapter 4) required the
capability to model the discharge of water through the 5RVa. The de-
pressurlzed operator actlion case (Sect. 5.3) resuired a model for heat
removal from the primary coolant via the shutdown cooling mode of the
RHR system. The programming necessary to effect the failure of remote-
manual operation of the SRVs was necessary for all cases with depresaur-
ization. Although not specifically needed for this study, an expanded
simulation of the primary containment heat sinks was employed. Each of
these items 1is discussed below.

A.l Modeling of Water Discharge Through
Safety Relief Valves

Equations were added to accurately calculate the flow of water
through the 5RVs in the event of flooding of the main steam lines. Ad-
ditionally, minor modifications were necessary to interface the calcu-
lated rate of water discharge with the rest of the existing simulation.

The flow of water through an SRV is calculated by the expression

B =C/lo/(p tP)] /2

where,

the bulk (volumetric) flow of liquid through the open SRV,
discharge coefficlent for flow of water through an SRV,
the density of water at the SRV inlet,

the pressure difference across the SRV, and

the denaity of water at 6G°F (15.5°C).

o g
=] %Ud =
4 b

This expression is valid for the discharge of subcooled water provided
that. the valve discharge coefficlent, C_, is known., Fortunately, exper-
_ imental data recorded under actual water discharge conditions are avail-
-ahle (Ref. A«l)- and-have been used to validate the predicted flow. The

- _ assumption_ of “subcooling is reasonable because a vessel overfill 1inci-

‘dent” Is most likely to ‘occur when the injection rate of cool water 1is
greatly in excess of the capacity of- decay— ﬁeatiug to bring to satura-
- tion -and boil the injected water. . —

-~ “The model-is programmed to begin,water disaharge when the vessel 1is
" flooded to above the level of the vessel steam outlet nozzles and suffi-
ctent water has overflowed from the vessel to entirely fill the main
~steam _lines Ingide containment (note:* the inboard MSIVs are closed).
Steam discharge 1s allowed to resume when and If the vessel water level

- subsides to below the level of the steam outlet nozzles. Loglc was also
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added to permanently fall the steam turbine-driven HPPCl and RCIC systems
atter the onset of water discharge.

The rising water level that floods the main steam lines cuts oft
the steam—filled region at the top of the reactor vessel from communica-
tton with the SRVs, The steam reglon contlnues to recelve steam pro-
duced In the core (If any) and to be depleted by condensation on the
walls of the upper reactor vessel and on the water surface.

Calculations indlicate that the steam region shrinks rapidly in an
overfill event because of condensation onto the surface of the subcooled
water region. However, a flag 1s included in the model to halt this
condensatlion proecess before the steam reglon 18 entirely consumed. As
discussed 1n Sectlion 3.2 of Ref. A.2, the method used to calculate the
reactor vessel pressure depends upon the existence of a finite volume ot
steam 1In the steam reglioan in order to solve fur the pressure in the
reactor vessel.

A.2 Safety Relief Valve Dependence on Control Air Pressure

The purpose of this subsection 1s to provide the basis for the
assumptlon of a 6 h period of availability lor remote-manual actuation
of the AUS 5RVs after the loss of the drywell contrel alv compressors.
The no-operator-action cases of Chapter 4 and the second operator-action
case of Chapter 5 both utilize this assumption. In the discussion
below, operation of the two-stage Target Rock SRV 1s outlined briefly,
and then the calculation of the 6-h availability period is presented.

The opening of a two-stage Target Rock SRV is a two step process
‘that is initiated by the opening of che pilot stage of rhe valve. The
repositioning of the pilot valve opens a path through which the above-
piston volume of the main disc, previocusly at upstream (reactor vessel)
pressure, is vented to the downstream (suppression pool) side, The re-
sulting differential pressure across the main disc piston overcomes the

-spring and pressure forces that tend to keep the main disc seated and
opens the main stage, allowing steam to flow from the reactor vessel
through the main stage to the wetwell. The reactor vessel pressure must
be at least 50 psi (0,345 MPa) above the wetwell pressure in order for
the main stage to ovpen.

“The- pilot,atage can be pushed off its seat and repositioned by the
reactor -vessel steam pressure, or it can be pulled off its seat by the
action of the control -air diaphragm on the pilot stem, orf it can be
repositlaned by a combination of contro[~air-generated force and reactor
veasel steam- pressure, "For the lowest-set bank of four SRVe, a reactor
vessel  pressure of (105 psi (762 MPa) above supprassinn pool pressure
will automacically open the  pilot stage {and hence the -main stage)
without any additional Force from the countrol air disphragm. A net
control alr pressure of 25 psi (0. 172 MPa) above drywell pressure is
tequired to- open the pilot stage if the reactor veasel is completely
depressurized. . The control air pressure necessary for remote-manual
opening varles linearly between these two extremes for intermediate
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reactor vessel pressures. The control air pressure necessary to hold
the pilot stage open after its initial unseating is comparable to that
required for the initial opening.

For the calculations presented below, it 1is assumed that the reac-
tor vessel has been depressurized to 100 psia (0.689 MPa), so that a
control air pressure of 23 psi (0,159 MPa) above drywell pressure is re-—
quired for the ADS SRVs to remain open. For the no-operator—action case
of Chupter 4, the SRVs are signaled to open and remain open by actuation
of the ADS about 1 h after the reactor scram; for the second operator-
action case of Chapter 5 the SRVs are signaled to open and remain open
‘soon after the reactor scram by operator actuation of the remote-manual
SRV opening switches in the main control room.

For the ADS S5RVs, adequate control air pressure is assured by in-
dividual accumulators attached to each valve's air supply line. When
drywell control air pressure falls below the accumulator pressure, check
valves seat and hold captive the air withim the aceumulators. bDuring
normal operation, the accumulators are kept charged as the drywell air
compressors cycle on and off between 10l1.5 and 1l4.5 psia (0.696 and
0.789 MPa) (see Sect. 2.2). The ADS accumulators are more leaktight
than the rest of the system, so their pressure will remain above about
109.5 psia (0.755 MPa) during normal operation., During a long period
without drywell control air pressure, the accumulators would 1lose air
pressure by two mechanisms: leakage and valve actuation. The leakage
may be taken to be 10 psi/h (69 kPa/h) on the basis of the surveillance
and maintenance requirements of the Browns Ferry Technical Specifica-
tions, This leak rate 1is assumed to remain constant during the first
2 h and then to decrease in proportion to the decreasing accumulator
pressure.

' The volume of air expended for each SRV actuation is determined
primarily by the volume of the control air tubing and the volume of air

“internal to the SRV actuator mechanisms. Air within each accumulator
expands by the same fraction for each actuation; hence, pressure should
decrease by a characteristic fraction as a result of each remote-manual
actuation. Although without precise geometric information, we were able
to infer a fractional pressure decrease of 0.12 per actuation from the
basic design criterion thar was used to determine the required stored
air volume of the ADS accumulators* ’ -

- Sioréd_ air in -each accumelator must be sufficient for five
~actuations, - the first and second actuations with a drywell
‘pressure of 35 pgig and the remaining three actuations with a

drywell pressure of 0 psig.

B Thé 6 h availability time for remote actuatfon efithé ADS SRVs may
be .calculated from the 0.12 pressure reduction fraction, the 10 psi/h
(69 kPa/h) leak rate, and from the following facts about the sequence:

(1) initial ADS accumulator pressure is 109.5 psia (0.755 MPa);

(2) the ADS SRVs are opened after about 1 h and left open;

(3) _the reactor pressure is nominally at 100 psia (0.69 MPa) between |
7 and 6 h; and
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(4) drywell pressure will increase to about 20 psia (138 kPa) by 6 h,

so the SRVs will close when accumulator pressure decreases to below
43 psia (296 kPa}.

The calculation proceeds in stages, as follows:

= 109.5 psia (0.755 MPa) at time zero,

= 99,5 psia (0.686 MPa) after | h (but before actuation),

87.6 psia (0.60 MPa) after 1 (but after actuation),

77.6 psia (0,54 MPa) after 2

68.6 psia (0.47 MPa) after 3

60.6 psia (0.42 MPa) after 4
5
b

B g B g 8

52,6 psia (U.36 MPa) after
45.6 psia (0.3l MPa) after
43 psia (0.30 MPa) after 6.37 h,

h
h,
h,
h,
h,
h,

P
p
P
p
P
P
p
p and
P

where P = the alr pressure inside the ADS accumulators. For the BWR-
LTAS calculations of this report this flgure wad rounded to 6 h.

A.3 Shutdown Cooling

The shutdown cooling mode of the RHR system plays a small part in
the depressurized loss of control afr sequence of Sect, 5.3, The per-
formance of an RHR system heat exchanger in the shutdown cooling wode
should be very simllar to the performance that could be expected in the
pool cooling mode. 1In elther case, the RHR Service Water flow would be
the same, The flow of primary coolant (or of suppression pocl water for
the pool coocling mode) would, {f anything, be greater for shutdown cool-
ing than 1t would be for the peool cooling mode, Therefore it was
decided that the heat exchanger formulation developed previously for
pressure suppression pool cooling would he applicable.

The following expreasfon for the heat transferred in one RHR gysten
heat exchanger was used to represent shutdown cooling:

Quae = & Héu € (Tee = T? »

where, _

Qsdc heat transferred per heat e,xifhanger fmn the reaf;tt;r :uﬂiﬂg:
- to the river water, -
E- = heat exchanger effictency factor = 0. 375, - - -
A—st = gervice water tlow per heat exchanget,
Cp - speelfic heat of water, )
Tye = reactor coolant temperature at heat eicﬁxﬁggr tm}et, and
Taﬁ = service_ water temperature at heat exchenger Inlet.,
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A.4 Containment Heat SinEg

Several previously unsimulated heat sinks were added prior to per-
forming the calculations for this report, including the drywell atmo-
sphere miscellaneous wmetallic heat sinks, and the wetwell atmosphere
miscellaneous metallic heat sinks. A single average temperature is cal-
culated for each heat sink. The heat exchange between each of the heat
sinks and the atmosphere that surrounds it 1is treated exactly the same
as the heat exchange between the steel drywell liner and the drywell
atmosphere {(or between the steel wall of the suppression pool torus and
the wetwell atmosphere).

Metallic heat sinks can have a significant effect on the heatup
rate of the atmosphere because of their characteristic low internal heat
transfer resistance and because their heat capacity is large compared to
the heat capacity of the atmosphere,

The BWR-LTAS input description of the drywell miscellaneocus metal-
lic heat sinks is a mass of 240,000 lbs (109,000 kg) with a total sur-
face area of 8617 ft? (800 m?) and the input for the wetwell heat sinks
is a mass of 629,000 lbs (285,909 kg) with a surface area of 2254z ft2
(2094 m2). These values are based on information in the TVA report
"Integrated Leak Rate Test of the Reactor Containment Building,"” page
105, reporting miscellaneous steel volumes in the drywell and wetwell
of, respectively, 493.7 ft3 (13.98 m3) and 2583 ft3 (73.13 m3). The
estimate was made that approximately half of the wetwell migcellaneous
metal mass would be above the water level of the suppression pool and
therefore exposed to the wetwell atmosphere. The input for the surface
areas 1s calculated on the assumption that the typical wmiscellaneous
metallic heat sink can be represented in slab geometyy, with thickness
of 1.375 in. (3.49 cm), and exposed to the atmosphere on both sides.

References for Appendix A

A.1 “Analysis of Generic BWR Safety/Relief Valve Operability Test Re—
- sults,” NEDE-24988-P, Class ILI, October 1981.

A.2 R. M. Harrington and L. C. Fuller, "BWR-LTAS: A Boliling Water Re-
" actor Long-Term -Accident Simulation JCode." NUREG/CRE-3764, ORNL/TM~
2663, Tebru&ry I?BS. - )
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Appendix B. MAXIMUM PRESSURE SUPPRESSION POOL TEMPERATURE
WITH ONLY ONE RESIDUAL HEAT REMOVAL SYSTEM HEAT
EXCHANGER IN THE POOL COOLING MODE

The Browns Ferry Unit 1 RHR system comprises four heat exchangers
and four pumps, one pump assoclated with each heat exchanger. In many
accident sequences, some number of the full complement of heat exchang-
ers must be operated in the pool cooling mode in order to maintain a
safe suppression pool temperature during the hours following a reactor
scram. The question of how many of the four heat exchangers must be
available for suppression pool cooling 1is of obvious satfety signifi-
cance. A peak suppression pool temperature of 200°F (367 K) or below is
generally counsidered safe fcu ihe condensation of SRV discharge within
the water of the pool. Ade junie net positive suction head (NPSH) can
safely be assumed at this temperature, especially considering the back-
pressure expected 1in the primary containment during a long accident
sequence with the MSIVs closed.

Two BWR~LTAS runs were made to find the peak suppression pool tem-
perature in the event that only ore RHR heat exchanger is available for
pool cooling. Both runs start after reactor scram from full power and
closure of the MSIVs. The suppression pool temperature at the beginning
of each run (30 s after the scram from full power) was taken to be 94°F
(308 K), which is consistent with a pre~scram pool temperature of 90°F
{305.6 K).

For Run #1, the reactor vessel remains at power with the SRVs in-
termittently opening to discharge the decay heat-produced steam to the
suppression pool; wvessel injection 1s provided from the Condensate
Storage Tank (CST) by the RCIC system. Run #2 starts identically, but
at 10 min, four SRVs are opened to depressurize the reactor vessel, and
the reactor vessel remains at low pressure [~100 psia (0.69 MPa)] for
the rest of the run. After depressurization, vessel injection is pro-
vided from the suppression pool by - intermittent operation of a core
spray pump.

A peak suppression pool temperature of 182°F (357 K) is predicted
by -Run-#1 (12 h after scram). The peak of 185°F (358.3 K) in Run #2 oc-
curs 15 h after the scram. The higher suppression pool temperature for
Run #2 is due to the extra energy transferred to the pool by the reactor
vessel depressurization, and to the lower suppression pool mass main-

" tained throughout the run. Pool mass is constantly increasing in Run #1

because vessel injectien is from the CST in an open cycle, instead of

" - being recycled from the suppression pool. These two BWR-LTAS runs,

taken together, suggest that one RHR heat exchanger is sufficient, but

- higher pool temperatures might be possible. For example, what if the

reactor vessel 1s depressurized after 10 h instead of after 10 min?

. A closed form- analytical solution (described in- Appendix C) was
developed to aid in the parameterization te find the maximum possible

" suppression pool temperature. Besides_ saving computer time, the ana-

lytical solution has the advantage of eliminating any question about the
accuracy of the BWR-LTAS numerical solution. The long term pool tem—
perature response can be simplified into a problem amenable to analyri-
cal solution hecause of the relatively simple nature of the problem.
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Except during the relatively brief periods during and immediately fol-
lowing reactor scram and reactor vessel depressurization, the reactor
vessel is in a quasi-steady state, discharging to the suppression pool
the amount of steam dictated by the slowly decreasing decay heat level.
The suppression pool temperature slowly 1ncreases as 1t becomes the
recipient of the integrated decay heat product{on; heat removal from the
pool 18 directly proportional to the increase of suppression pool tem—
perature above the temperature of the river water running on the tube—
side of the RHR system heat exchangers.
Significant input numbers for the analytical model include the fol-
lowing:
l. onol cooling 234 (Tpsp — 90), where onol cooling 1s the heat
(in Btu/s) removed by one RHR system heat exchanger;
2. suppression pool temperature increase due to depressurization of
the reactor vessel is 21°F (1l.7 K);
3. suppression pool temperature = 94°F (308 K) at 30 s after reactor
scram [consistent with 90°F (305.6 K) pre-scram temperaturel];
4. service water temperature = 90°F (305.6 K);
5. the single running RHR pump adds 1.5 MW of h~at to the suppression
pool; and
6. a constant value of 0.37 MW was used to approximate the heat losses
from the pool due to radiant and convective heat trausfer from the
outer surface of the torus.

The results of the calculations utilizing the analytical model are
summarized in Table B.l. The peak suppression pool temperature is 201°F

Table B.1l. Peak suppression pocl temperature
as a function of reactor vessel
depresasurization time

Reactor Peakr Time of
- veasel auppression eak ol
_ depressurization pocl 4 po
tempersture,
- tine temperature (n)
T - {(h} 7 L°F (K)] -
[ 5 £ < B 18425 (358.1) 13 -
- I B 184.9 (358.3) 13
. T T 185.6 (358.7) 12.5 -
B I 3 ) 186.4 (35%.1) - 125 ,
- 4 187,73 (359.6) 12 - -
) S8 T 188, (369.2) ks - -
) - s 189.6 (360.9) o - -
- - 8 192.7 (362.6) 9.5 :
e 1 196.7 (364.8) “10
- - 12 199.3 (366.3) 12
' . t4 200.5 (366.9) 14
4 201 (367.2) I6

20 200.5 (366.9) 20
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(367.2 K), and is the result of delaying 16 h to depressurize the re-
actor vessel. The 184.5 (358.1 K) peak predicted for the 20 min depres-
surization time can be regarded as a confirmation of the 185°F (358.3 K)
peak temperature predicted by the BWR-LTAS run with depressurfzation at
10 min after the scram. Overall, the conclusion that one RHR heat ex—
ck. ager can provide adequate pool cooling is supported by the calculated
results,
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Appendix €. DEVELOPMENT OF ANALYTICAL MODEL FOR PRESSURE
SUPPRESSION POOL (PSP) HEATUP

The analytical model developed in the following paragraphs applies

under the following clrcumstances:

(1) Both the reactor vessel and the PSP are in a quasi-steady state
mode with respect to mass Iinventories. The flow of water from the
PSP to the reactor vessel 1s assumed to be exactly that required to
counterbalance the steaming from the reactor vessel to the PSP;
therefore PSP mass is constant during pool heatup.

{2) The PSP ia receiving decay heat generated steam discharged from the
reactor vessel (RV) between 0 and 24 h after scram from full pawer
(note: the decay heat correlation will be inaccurate for times
longer than 24 h}.

(3) Depressurization 1is allowed, but 1t must bhe rapid (the model
agsumes instantaneoua).

(4) Pool cooling is given by Q, = Ecnin (TP -Tsw) where T = PSP rem
perature, Tsw = gervice water temperature, and Ec is the cooler
efficiency times the smaller of the flow-gpecific heat product of
the hot (PSP) or cold (service water) sides of the coaler(s).

The energy and mass balances for the PSP are:
g-'(h M)=%W h —Q —Wh
t T p o p 8 8 c f'p
d
d—t(Mp) = HS —Hf
where,
M = total pool maas
h: = gteam enthalpy ,
- W, = SRV steam discharge B - -
- Wp flow rakén from PSP for RV feed .
hp =—enchalpy of poul wWiter. S o

If we- subatitute the mass balance in;a the energy kalgn:e and asuume

that the specific “heat ef uater is eenstant at 1.0, thesz'eqs;;ians re—
,duce tor

at - o
Mp -—Edt ~ Hs, (hs - hp} '—Qc

If the reactor vessel is at ateaéy—state, with lﬂjﬂctiﬁﬁ frag the PSP,
chen we can atate that
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Q, = W (hs - hp)

where
th = decay heat generated in the RV.

s¢ the equation for heatup of the PSP becomes:

y
Mo 3t = Yn

Eentn (Tp - Tsw) *

For later convenience in the solution, the pool temperature is refer-
enced to service water temperature

ar dTE* X

ac EE’(TP _'Tsw) T [th ~ Eomin (Tp)lfup

*
where T =T —T .
p sW

Since we have assumed = constant, we can immedliately state two easy
solutiong to special cases of this equation:

* * t

ST A [ qQ, dt the case with no PSP cooling

P pd M o dh reses ) '

* *

T =T, ex [-t(EcmniM )] +iees The case with PSP cooling but no

P P P steam discharge (1.e. no
heating)

- -In general, however, it is necessgry to solve the {inhomogenious,
first order differeantial equation for T . The ANS standard expression
for decay heat (relative to fnitial 5@,.3&;, level) 4. Bet inciuding acti-
nides or a~tivation products, is: {P/Po} = O.13/t "2&3, valid for times
_after sci~a bétween 150 s and 4(10)% s. Since the author could not find
- an analyt.cal sclution involving this expression, it was necesgary to

recast the - decay heat in terms of polynomials and sums of simple expo—

" nentials: - - i ] . -

11

- {?fE;—p) "763 +7C3t + Er Ej expi—&jtl :
: 5= :
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The coefficients Ej and )., in rhe exponential sum were taken from

Table V.8-1 of the RETRAN manual and cp and c) were calculated by means
of a least squares fit that minimized the difference between the total
decay heat including actinides and activation products as specified by
the ANS standard for the first 24 h following scram.

The equation for pool heatup, as demonstrated above, is now of the

d Ll -A.t
E—a y=c0+clt+E Eje J ’

371

form

and the handbook solution for this equation is

at L1 Ej exp(*ljt)
= - + + -_
y =Ae (cg + ¢; t + ¢ /a)/a E (Aj T 2
j=1
khere,
*
y=Tp
A, = constant of integration (see below)
a= Ecmin/Mp

and the previously defined constants cp, ci, Ey have been multiplied by
the total initlal thermal power. To find the” constant of integration,
Ay, 1t 1s only necessary that pool temperature e known at some initfal
time, t,:

' at_ 7 Ej exp(-kjto)
Ae =y, t (cg+tep tg+ey/a)a+ _ O T )

ITE

The short cdmputeprcode'utilized toe evaluate the expressions for pool
temperature response works in- three segments: pool heatup prior to the
start of PSP cooling, pool heatup after start of PSP cooling, but before

- depressurization, and pool heatup. after depressurization (pool ceoling

_assumed running). The first segment is just the simple integration of
decay heat, as noted previously. The second segment utilizes the hand~
book solution developed above, with inftial conditions taken at the end
~of the first ‘segment. - Depressurization is handled as a discontinuity.
The predetermined PSP temperature ‘increase due to depressurization 1is

" added to the temperature calculated -at the end of the second segment,

just prior te depressurization. The resulting temperature becomes the
initial Conditlﬁﬂ far ewaluatian of the constant of integration for the
third segmant.




81

Appendix D, KEEPING THE BWR CORE COVERED
IN NON-LOCA ACCIDENT SITUATIONS

The reactor vessel injection rate required to replace the water
mass converted to steam by decay heat 1is shown in Fig. D.l. As
expected, the curve representing the required injection rate falls off
rapidly during the first hour following scram and resembles the decay
heat curve., The relation between the required Injection flow and the
time after scram was calculated assuming constant reactor veasel pres-
sure, an initial power of 100%, decay heat according to the 1979 ANS
standard with actinide decay, a coolant injection temperature of 90°F
(305 K), and that the steam leaving the reactor vessel via the safety/
relief valves is in the dry saturated state.

As noted above, 1njection according to Fig. Dl would result in a
constant reactor vessel water level [which would be the water level
existing at the time of scram, about 561 in. (14.25 m) above vessel
zero]. It is also 1important to an understanding of BWR accident
sequences to know the single continuous rate of injectlon that would
prevent core uncovery. Information concerning this calculation for
Browns Ferry 1s provided in a previous ORNL SASA program report
(Ref. D.1), Assuming scram from 100% power, a continuous injection rate
of 225 gpm (0.014 m¥/s) would result in a continuous level decrease for
about 100 min, with the water level just above the top of the core at
the end of this period. Subsequently, the water level would slowly but
monotonically increase.

The capacities of the available ECCS injestion system pumps are
each much greater than 225 gpm (0.0l4 m3/s). As indicated on Fig. D.2,
each of the four available RHR system pumps has a capacity of 10,000 gpm
(0.622 m3/s), the steam turbine-driven HPCI system pump is capable of
5000 gpm (0.311 m3/s), and each of the four core §pray systew pumps has
a capacity of 3125 gpm (0.194 m?/s). The gteam turbine-driven RCIC
system pump, which 1s not part of the ECCS protection design, also has a
capacity [600 gpm (0.037 m3/s)} that is greater than that necessary to
prevent core uncovery in accident sequences other than LOCA.

Some of the postulated BWR severe accident seguences other than

- LOCA- involve loss of ability to depressurize the reactor vessel or to

maintain it at low pressure if previovs lepressurization was success~
ful. The low-pressure injection Systems HR -and core spray) camnot be

- used unless the reactor vessel is depress. "ized. This leaves the high-—

pressure injection systems HPCI and RCIC, which have a calcylated rate
“of combined failure-upon-demand of 1.5%. What happens £f the reactor
vessel 18 not depressurized and the HPCI acd RCIC systems both fail upon
".demand, and cannot subsequently -be restored? There remains a system
that can be utilized to preclude significant core damage. -

The last-ditch injection system is the control rod drive (CRD)
hydraulic system that injects cooling water for the contrel blades
- during normal reactor operatiaa- As explained in Ref. D.l, this system
employs electric motor-driven pumps that inject 60 gpm (0.004 z3/s)
through flow-limiting orifices normally, but these orifices are auto-
matically bypassed after -scram. Thus, post~scram imjection by this
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Fig. D.1. The required rate of reactor vessel injection to main-
tain a constant reactor vessel water level after scram at a Browns Ferry
unit.
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) Fig. D.2.- Reactor vessel Injection system capacities compsred to
the injection rate required to maintain a emtant reactor vessel water
level after scram at Browns Ferry.
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system automatically rises to about 112 gpm (0.007 m3/s) with the reac-
tor vessel remaining pressurized and about 180 gpm (0.011 m3fs) 1f the
vessel is depressurized. 1In addition, there is the potential for the
operators to take action te Iincrease the rate of injection by this sys-—
tem. The effects of three specific cases of operator action are dis=-
played on Fig. D.2.

It is important to remember that the CRD hydraulic system 1s not a
safety system and that its potential for injection uader accidernt situa-
tions is plant-specific. This system can be effective at Browns Ferry,
as proven by its important role during the actual accident sequence of
the fire in March, 1985.

References for Appendix D

D.l R. M. Harriugton and L. J. Ott, "The Effect of Small-Capacity,
High-Pressure Injection Systems on TQUV Sequences at Browns Ferry
Unit One,”™ NUREG/CR-3179, September 1983, Chapter 4.
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Appendix E: LIST OF ACRONYMS

Automatic Depressurizatien System
American Muclear Scciety

Boiling Water Reactor

Containment Atmosphere Dilution
Control Rod Drive

Core Spray

Condensate Storage Tank

Emergency Clore Cooling System
Emergency Equipment Cooling Water
Emergency Procedure Guidelines
Pinal Safety Analysis Report
Hydrauliec Contalnment Unit

High Pressure Coolant Injection
Main Steam lsolation Valwve

Net Positive Suction Head

Oak Ridge National Laboratory
Primary Contaioment Isolation Systewm
Pressurized Containment Valwves
Pressure Switchas

Freasure Suppression Pgol
Probabilistic Risk Assessment
Pressurized Water Reactor .
Reactor Building Closed Cooling Water
Reactor Core Isolation Cooling
Raw Cooling Water

Resfdual Hear Removal

Reactor Protection System

Reactor Service Water

Raactor Vessel

Reactor Water Cleanup

Severe Accicent Sequence &n&iygii
Sceram DHMacharge Instrument vo}aue
Scram Diecharge Volums

_Standby Liquid Control
. Safety Relief Valve

Top of the Active Fuel -

- Transversiog Iaterior Probe
_Tennessee Valley Authority
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