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SUMMARY i

. ]
,

This is the first of a two-volume study describing the predicted re-; . !

I sponse of Unit 1 at the Browns Ferry Nuclear Plant (BFNP) to a hypotheti- |
cal break in the scram discharge volume (SDV) piping following a reactor

'

scram that cannot be rese t. Under scrammed conditions with the scram out-
let valves oper a flow path exists between the reactor vessel and the
SDV, which is : :sted in the reactor building at the 172-m (565-f t) level
outside of thm ;;imary containment (drywell) . Until the scram is reset,
which shuts the scram outlet valves, reactor coolant at reactor vessel
pressure is contained within the boundaries of the SDV. Thus, a break in
this piping system would release reactor coolant directly into the reactor

i building atmosphere until the scram it rese t.
I The boiling water reactor-loss of ac power (BWR-LACP) code, de scribed

in Appendix A, has been used for the analysis of the sequence of events
before core uncovery. It has not been necessary to define a specific
location or size for the SDV piping break for this analysis. Rather,

the break was assumed to be large enough such that the leakage into the '

reactor building is constrained only by the flow restriction afforded by
the graphitar seals within the control rod drive (CRD) mechanism assen-

; blies. Under normal conditions, the average seal leakage is about 1.89 x
i a /s (3 spm) per mechanism assembly, so that the total leakage from10-4 s

the 185 CRD mechanisms would be about 0.035 m8/s (550 spm) initially. The
graphitar seals are subj ect to degradation at high temperature; it has
been assumed that af ter 90 min of exposure to the hot coolant leaking past*

the seals from the reactor vessel, the seals would begin to erode, with
the effective leakage area assumed to increase linearly over a 6-1/2-h

m /s (10 gpa) perperiod to a final value corresponding to 6.31 x 10-4 8

assembly at normal operating temperature and pressure. The latter value.

corresponds to CRD mechanism leakage that has been measured in tests con-
ducted with the seals completely removed. ,

Thus, if the fluid in the reactor vessel were to remain at normal

| operating temperature and pressure, the leakage model employed for this
study would predict a constant total leakage of 0.035 m /s (550 spm) fors

the first 90 min following the SDV break; af ter 90 min, the calculated
leakage would increase linearly over the subsequent 6-1/2 h to 0.114 m /s8

(1800 gpm), reaching this value at the 8-h point and remaining constant at 5

this level. However, the leakage model actually employs a time-dependent
effective seal leakage area so that the leakage flow is a function of the
reactor vessel temperature and pressure as well.

The total leakage into the reactor building is the sum of the flow of
hot water from the reactor vessel and the ~0.011 a /s (170 spa) of room-s

temperature flow into the CRD mechanism assemblies from the CRD hydraulic
system via the open scram inlet valves. These two flows are assumed to
mix uniformly within the CRD mechanism assemblies before passing out to
the SDV piping and from there through the break into the reactor building

| a tmosph ere.
*

| Once the control room operator is aware that there is leakage into
| the reactor building and has correctly diagnosed its cause there are

several corrective actions that he might take. The most effective action
would be to reset the scram so that the scram outlet valves would close,

1 O
|

|
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isolating the SDV piping and the break from the reactor vessel. However,*

' it has been assumed that the reactor scram was initiated by a reactor
protection system (RPS) signal that remains in ef fect throughout the
a c cide nt. * Therefore, to rese t the scram, the operator would have to ,

override the scram signal by the placement of rubber insulation between
the applicable relay contacts in the auxiliary instrument room, which is
certainly not a standard procedure.

If the scram is not rese t, then the most ef fective operator action
would be to depressurize the reactor vessel as quickly as possible while
maintaining vessel level with the high pressure coolant injection (HPCI)

system. Depressurization reduces the driving force for leakage from the
;

reactor vessel and decreases the potential for seal erosion by reducing
the temperature of the leaked coolant. Full depressurization would
greatly reduce the flow from the reactor vessel so that the leakage from

.,

the SDV piping would consist primarily of the pumped flow fram the CRD
hydraulic system. Af ter depressurization, the CRD hydraulic system flow
could be throttled to reduce the total leakage while keeping the leakage

mixture subcooled.;
; Once the operator has recognized the existence of a maall break in
] the SDV system, the Emergency Operating Instruction (E01) applicable to

man 11-break lost-of-coolant accidents (SBLOCAs) outside of primary con-'

| tainment should become controlling. This E0I does not call for depres-

! surization unless the vessel level cannot be maintained by the high-

pressure inj ection systems, which, in the case of the SDV piping break
, a c cide nt , would consist of the HPCI and the reactor core isolation cool-

ing (RCIC) systems.t Therefore, depressurization would not be required -

by the E01 for small breaks outside of the primary containment unless the
leakage exceeds 0.355 m8/s (5600 spm), the combined capacity of the HPCI

- and RCIC systems.
The loss of primaxy coolant outside of primary containment to any ,

significant degree is a serious matter that can threaten the viability of
safety equipment located in the reactor building. Accordingly, it is rec-
ommended that reactor vessel depressuri ation be required for any non-
isolatable break outside of the primary containment.*

The question of how long it would take for the operator to comprehend
the scope of this accident is contral to the analysis of the sequence of
events. An abnormal occurrence, that is, a scram from full power, would

immediately precede the SDV piping break that constitutes the initiating
event fer the SBLOCA-outside-containment accident sequence ' considered

i here. It would not be difficult for the operator to assume that many of
ithe symptoms of the SDV break were in f act produced by the event causing'

the scram. For example, if the scram were caused by high main steam line
radiation, he might incorrectly assume that the reactor building high

,

i

'The scram cannot be reset as long as the scram signal stays in of-
,

fact. Note that several scram signals do not have provision for bypass
;

i from the control roma (see Table E.1).
*

The feedpumps are not available because the main steam isolation
valves (MSIVs) are shut. The CRD hydraulic pump discharge is being lost'

j out the break.

*
t
'

|

t c

,

,
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radiation alarms associated with the SDV piping break were also caused by4

the high radiation within the main steam lines, which he would know had
caused the scram.

Nevertheless, the probability that the operator would understand that
, ,

he is confronted with an SBLOCA-outside-containment in addition to the
event that initiated the scram would be a strongly increasing function of
time. Roving patrols would report the presence of steam in the reactor
building, the radwaste building control room operator would report a
marked increase in flow from the reactor building floor drain sump, and

i there would be both high-temperature and high-radiation alarms in the cour
1 trol room for the monitored locations in the reactor building.

The operator would probably recognize the existence of an SBLOCA-
outside-containment before he ascertained its cause. However, the indi-
cations of an unusual af ter-scram condition in the scram discharge system
would be prominent, including a persistent CRD high-temperature alarm with
high-temperature readings for all of the mechanisms and an abnormal CRD
position indication for all of the control rods, caused by the existence
of the leakage path from the SDV. Once the operator did understand that
the source of the leakage was a break in the SDV piping, he could take

I action to isolate the break by initiative to override the scram signal and
reset the scram as discussed previously.

It is important to note that much of the safety-rsisted equipment
important to accident diagnosis and mitigation, such as pump and valve

i motor control centers located in the vicinity of the SDV piping, has not
yet been qualified for exposure to harsh environments. Even if the scram
is reset, it is possible that the scram pilot valves would not close be-.

cause of moisture accumulation within the RPS fuse cabinets that are
located near the hydraulic control units. If the circuits within these
cabinets are short-circuited, the scram valves would not close because
power would not be available to the scram solenoids as a result of the

,

blown fuses associated with the individual hydraulic control units; these
cabinets are not environmentally qualified for exposure to the conditions
that would be produced by the SDV piping break.*

Without operator action, the situation would develop into a severe
accident with core damage and subsequent release of fission products to
the atmosphere. Analysis of the sequence of events for this postulated
accident without operator action also reveals some important considera-
tions that have application to other accident situations as well.

Without operator action, the HPCI system would automatically cycle to
maintain reactor vessel water level between the limits of 12.1 m (476.5
in.) and 14.8 m (582 in.) above the bottom of the reactor vessel.t How-
ever, each time the HPCI system is actuated to restore vessel level, the
reactor vessel pressure significantly decreases because of the steam flow
to the HPCI turbine and the quenching ef fect produced by the introduction
of cold water o the vessel. With the decreasing decay heat and the

*From comments to the draf t of this report prepared by J. Rubin of

|
the NRC Of fice for Analysis and Evaluation of Operational Data (AEOD)..

tReactor vessel level during normal operation is 14.25 m (561 in.).
The HPCI system injects water into the reactor vessel from the condensate
storage tank (CST).

o
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increasing SDV break size caused by the seal erosion assumed in this
st udy, the average reactor vessel pressure during the level-restoring
cycles of the HPCI system would continually decrease.,

Although the turbine-driven feed pumps would cease operation upon ,

( the high reactor vessel water level caused by continued feed pump opera-
j tion j ust af ter the scram,* the condensate pumps (cps) and the condensate

booster pumps (CBPs) are electric-motor driven and would remain operating
j with the potential to inject water into the reactor vessel through the

idle centrifugal feed pumps. The shutof f head of the CBPs is about 2.86
MPa (415 psia), and there would be no flow into the reactor vessel until
the vessel pressure fell below this point. In the interim, the cps and
CBPs would be protected by a recirculation line that permits the limited

7

pump flow to pass back into the main condenser hotwell. The concomitant
heatup of the recirculated water has been modeled in this analysis.

When the reactor vessel pressure does drop below the shutof f head of
the three CBPs, which have a combined injection capability of 1.892 m /ss1

| (30,000 spa), the reactor ves.cl rapidly fills with cold water, which
! spills over into the main steam lines. Without operator action, the fill-

ing of the main steam lines and, consequently, the steam supply lines to
the RCIC and HPCI turbine precludes any further use of these high pressure
inj ection systems.

With the MSIVs shut, main condenser vacuum could not be maintained,
and makeup water to the main condenser hotwells from the CST would be lin-
ited to that induced by gravity feed. Because the pumped flow into the
reactor vessel would greatly exceed the hotwell makeup rate under these
conditions, the hotwell would eventually be pumped dry and the cps and the *

CBPs would trip on low suction pressure. After this occurrence, no cool-
ant makeup would be available to the reactor vesself and a bolloff would
occur, exposing the top of the core about 7.4 h af ter the inception of the
accident. .

'
This study shows a clear need for consideration of the vessel over-

flooding that might occur following injection from the CBPs or, in other
accident sequence s, the residual heat removal (RHR) and the core spray

' (CS) pumps. All of these pumping systems have enormous pumping capabili-
ties that can rapidly fill the reactor vessel under accident conditions
with the MSIVs shut. However, none of these systems has a high-level
shutoff to protect against flooding of the HPCI and RCIC steam supply,

lines, so that their actuation, unless the ope.ator is very quick, will
; preclude further operation of the high pressure injection systems if the

; reactor vessel repressurizes later in the accident sequence.
The MARCH code has been used for the analysis of the events following ;

core uncovery. The existing versions of MARCH employ thermal-hydraulic j

| 'The reactor vessel water level increases rapidly af ter the scram be-
cause of continued operation of the three main feed pumps. The feed pumps,

1
! are automatically tripped on high vessel level and the MSIVs subsequently

{ close on low vessel level.
i

*
j tThe low pressure Emergency Core Cooling (ECCS) systems are ineffec-
i tive under these conditions because when ve ssel level has dropped to ini-
'

tlation sJtpoints, the pressure has increased to a value above the shutoff
head of these systems.

i e

!
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sodels that are too crude to permit determination of the plant response
to postulated operator actions or automatic HPCI system operation before
core uncovery. Accordingly, the MARCH code analysis was initiated j ust
before core uncovery with initial conditions provided by the results of

.

the BWR-LACP code.
The MARCH results predict that the water level would be beneath the

fuel bundle flow inlets (about 1 f t below the bottom of the core) at about
7.6 h af ter the inception of the accident, with core melting beginning
about 50 min later. The reactor vessel pressure steadily decreases af ter
the fuel bundle flow inlets are uncovered, because the leakage from the
vessel is through those openings and the leakage medium scifts from water
to steam when they are uncovered. When the dif ferential pressure be tween

the vessel and the wetwell has decreased to a value corresponding to the
effective shutoff head (pump shutoff head minus the elevation head between
the suppression pool surf ace and the injection point into the primary sys-
tem) of the low pressure emergency-core-cooling systems (LPECCS), flow
into the reactor vessel begins.

The ef fects of two LPECCS configurations have been analyzed in this
study. The LPECCS system design specifications provide that the low-
pressure coolant inj ection (LPCI) mode of the Residual Heat Removal (RHR)
system should have a slightly (5 psi) higher effective shutoff head than
the Core Spray (CS) system, enabling injection to begin when the reactor
vessel pressure has decreased to within 295 psi of the pressure in the wet-
well, from which the LPECCS pumps take suction. The meltdown model pro-
vides that the melted core slumps down into the bottom of the reactor ves-
sel, and this results in a predicted f ailure of the reactor vessel bottomi *

head at ~10.9 h af ter the inception of the accident.
Af ter f ailure of the reactor vessel bottom head, the core f alls onto

the concrete floor of the drywell and a corium-concrete reaction begins.
There is question at this point as to whether the leakage path to the.

reactor building atmosphere via the SDV piping break would remain open.
I Because the f ailure of the bottom head would cause the CRD mechanism as-

semblies to f all into the drywell with the molten core, the CRD assemblies
most likely would melt, breaking of f the connections to the 3/4-in. lines
that lead f rom each assembly to the SDV piping. Assuming that this is
the case, there would be 185 open 3/4-in. lines leading f rom the drywell
through the scram outlet valves to the SDV piping. This is equivalent to

a break area in the drywell of 0.053 m8 (0.568 ft8).
With the assumption that the leakage path to the SDV piping does re-

8 (0.568 ft2), there ismain open with an increased leakage area of 0.053 m
continuous leakage f rom the drywell abnosphere into the reactor building
af ter reactor vessel bottom head f ailure. The drywell coolers are assumed
to f ail when the drywell atmosphere temperature reaches 149'C (300'F), and
there is an assumed subsequent additional breaching of the primary con-
tainment at about 11.8 h af ter the inception of the accident because of
f ailure of the drywell electrical pene tration assembly modules by overten-
perature. The detailed thermohydraulic parameters needed for the analysis
of fission product release from the f ac1 rods and the subsequent transport
to the environment were taken f rom the MARCH results for this sequence, in*

f which the LPECCS is assumed to function as designed and the injection is
primarily core bottom flooding r!. the LPCI mode of the RHR system.

o
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The second LPECCS configuration analyzed was determined from the head
curves for the installed RHR and CS pumps; these curves were made avail-
able to this study by the Tennessee Valley Authority (TVA). The se test
results show that the as-built systems have a significantly higher effec-

,

tive shutof f head than that specified by the system design. As-buil t, the
core spray pumps have an effective shutoff head about 11 psi higher than
that of the RHR pumps, enabling core spray to begin when the reactor ves-
sei pressure has decreased to within 342 psi of the pressure in the wet-
well.

With the as-built configuration, the core slump and reactor vessel
j failure are delayed about 0.5 h over the as-designed case, and vessel in-

jection is primarily via the core spray system. MARCH predicts reactor
vessel lower head f ailure at 11.5 h af ter the inception of the accident
with f ailure of the primary containment drywell via overtemperature-
induced degradation of the drywell electrical penetration assembly seals
about 40 min later. However, it must be noted that the MARCH analysis for
this as-built sequence cannot be accurate because MARCH does not model the
spray effects of BWR core spray systems, which have the predominant inj e c-
tion role in the as-built LPECCS configuration. The differences in evert
timing between the two sequences are due only to the higher injection ini-
tiation pressures user-input for the as-built case. The MARCH code models
both forms of inj ection as bottom flooding.

A third MARCH analysis was performed for the assumption that there is
no LPECCS inj ection to the vessel at all. With no inj ection, the f ailure
of the reactor vessel bottom head is advanced only about 40 min over the
base as-de signed case with LPECCS, It must be recognized that the obvi- -

,

ously maall effect of the LPECCS systems in the no-operator-action acci-
dont sequences studied bere is because the reactor vessel is never fully
depre s suriz ed. In the sequences with LPECCS injection, the vessel pres-
sure drops j ust low enough to allow a maall amount of inj ection flow; the .

resulting steam generation repressurizes the vessel limiting or eliminat-
ing f urther LPECCS flow.

{ A fourth MARCH analysis was performed for the case without ECCS in-
jection; it is assumed that the leakage path to the SDV piping is shut of f
when the reactor vessel lower head f ails, that is, that the f alling molten

. core acts to effectively weld the 3/4-in. lines from each CRD mechanism
| shut. In this ca se, there is A/ leakage from the drywell into the reactor
i building until the drywell ela rtrical penetration assembly seals f ail by

over temperature, predicted to occur at about 11.3 h af ter the inception of
the accident. The drywell coolers are again assumed to fail when the tem-
perature of the drywell increases to 149'C (300*F). These MARCH code re-

. suits were most unsatisf actory, indicating that the drywell boundary would
'

f ail by overtemperature earlier if there were no leakage pathway to the
surrounding atmosphere than it would if some venting of the hot gases gen-
ersted by the core-concrete reaction occurred. As discussed in Sect. 6,

! it is believed that this f allacy is caused by the peculiar method of time-
| step control utilized in MARCH; the comparison of accident sequences with
i shut vs open CRD withdrawal lines af ter vessel bottom head f ailure has not
. been f urther pursued. *

I An analysis of the efficacy of direct drywell flooding as an accident
mitigation technique was performed as a corollary to this study. It was

e
r

I
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found that the presence of water on the outer surf ace of the reactor'ves-
sel would be ef fective in preventing a molten and collapsed core ufrom
melting through the reactor vessel bottcm head. However, if action to

begin direct drywell flooding were delayed until the time of core melting,.
practical considerations would prevent the drywell flooding from being
completed with the existing equipment in time to iccomplish its purpose.

Additional analyses were performed to determine'the effect of the
assumed CRD mechanism seal erosion on the course of the accident.. Without
the assumed seal erosion, the f ailure of reactor vessel injection capabil-

tity would not occur unt,11 about 16 h af ter the inception ot the accident.
In this case, the f ailure would be caused by flooding of the reactor
building basement to a level. suf ficient to partially submerge the ECCS'

pumps and motors located there. \ t -

An estimate of th's magnitude and timing of the telease of iLe noble
ga s, cesium, and iodine-based fission 4 products to the environment 'is pre-
vided in Volume 2 of thii study for the ad ' operator-action accident so-
quence with assumed seal' erosion. t
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SBLOCA OUTSIDE 00NTAINNENT AT BROWNS FERRY
UNIT ONE - ACCIDENT SEQUENCE ANALYSIS

W. A. Condon S. R. Greene*

R. M. Harrington S. A. Hodge

'

ABSTRACT

This study describe s the predicted response of Unit 1 at
the Browns Ferry Nuclear Plant to a postulated maall-break
loss-of-coolant accident outside of the primary containment.
The break has been assumed to occur in the scram discharge
volume piping immedistely following a reactor scram that
cannot be rese t. IT cvents before core uncovery are dis-
cussed for both the w..;st-case accident sequence without op-
erator action and for the more likely sequences with operator
action. Without operator action, the events after core un-
covery would include core meltdown and subsequent contain-
ment f ailure, and this event sequence has been determined
through use of the MARCH code. An estimate of the magnitude
and timing of the concomitant release of the noble gas,
cesium, and iodine-based fission products to the environment
is provided in Volume 2 of this report.

,

1. INTRODUCTION
.

The Tennessee Valley Authority (TVA) operates three nearly identical
reactor units at the Browns Ferry Nuclear Plant (BFNP) located on the
Tennessee River approximately midway be tween Athens and Decatur, Alabama.
The General Electric Company (GE) and the IVA j ointly participated in the
de sign of each unit, and TVA performed the construction. Unit 1 began

i commercial operation in August 1974, Unit 2 in March 1975, and Unit 3 in
' March 1977.

Each unit comprises a boiling water reactor (BWR) steam supply system
de signed by the General Electric Company for a power output of 3440 MW(t)

| [1152 NW(e)]; the maximum power authorized by the operating license is
| 3293 NW(t), or 1067 not NW(e). The primary containments are of the Mark I
I pressure suppression pool type, and the three units share a secondary con-

tainment of the controlled leakage, elevated release design; each unit
occupies a separate reactor building located underneath the common re-
fueling floor.

This report presents the results of an analysis of a postulated small-
break loss-of-coolant accident (SBLOCA) outside of the primary containment.

; at Unit 1 of the BFNP. The potential for the particular SBLOCA analyzed
I here, which involves a break in the scram discharge volume (SDV) piping,

was first identified by the Nuclear Regulatory Commission (NRC) Of fice for
Analysis and Evaluation of Operational Data (AEOD) in conj unction with,

_ _ _ _ _ - ___ _ _ _ _ _ . __
- - _ _ ___ _ __. _ _ _ . ___ ._
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their analysis of the June 28, 1980, partial failure to scram at Browns
Ferry Unit 3 (Ref.1) . Section 2 provide s a de scription of the SBLOCA
initiating event and a discussion of the motivation for consideration of
the follow-on accident sequence. *

An important consideration in this accident sequence is the possi-
bility that the operator will not recognize the nature of the break for
a significant period of time. Accordingly, a description of the accident
sequence without operator action is provided in Sect. 3. The instrumenta-
tion available in the control room for use in operator diagnosis of the
accident signatures and for subsequent recovery from the accident is de-
scribet in Sect. 4. Section 5 then contains a discussion of the accident
seque nce of events as mitigated by operator action.

Unless stated otherwise at the appropriate locations in this report,
it has been assumed that the equipment necessary to the accident mitiga-
tion ef forts would continue to f unction in the accident environment cre-
ated by the piping break. This is an important assumption because much of
the safety-related equipment essential to accident diagnosis and mitiga-
tion has not yet been environmentally qualified. Accordingly, substantial
uncertainty surrounds the assumption of the operability and capability of
a wide variety of systems. An attempt has been made to address this un-
certainty in Sect s. 4 and 5.

The study of this SBLOCA accident sequence includes consideration of
possible severe-accident phase s. A severe accident, by definition, is
an accident that in the absence of effective corrective action proceeds
through core uncovery, core meltdown, and the release of fission products ,

f rom the fuel. The severe-accident events that would follow the no-opera-
tor-action sequence described in Sect. 3 were analyzed by application of

! the MARCH code and are described in Sect. 6.
| The conclusions of this SBLOCA-outside-containment accident sequence

*
analysis and the implications of the results are discussed in Sect. 7.
This includes an evaluation of the available instrumentation, the level of
operator training, the existing emergency procedures, and the overall sys-
tem de sign from the standpoint of the requirements for mitigation of this
a c cide nt .

Appendix A contains a listing of the computer program BWR-LACP devel-
oped at Oak Ridge National Laboratory (ORNL) to model operator actions and
the associated primary system and reactor building response during the pe-
riod prior to core uncovery. The MARCH code * was used for calculation of
the severe-accident events following core uncovery but required signifi-
cant modification for application to BWR SBLOCA-outside-containment analy-
sis. A discussion of the desired MARCH code modifications for application
to BWR analyses is provided in Appendix B, and the modifications actually

| made for this study are described in Appendix C. An input listing for the
MARCH base case no-operator-action sequence computation is provided in
Appendix F.

During discussions in preparation for this study, Browns Ferry oper-
ating personnel indicated that they believed direct drywell flooding might
be an effective measure of last resort to reduce the consequences of a -

* MARCH version 1.1 from Battelle Columbus Laboratories.
:

1 -

|
|

|
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severe accident by preventing an already molten core from melting through
the reactor vessel bottom head. Because there are no existing emergency
procedures for or studies of the efficacy of such action, an analysis of
the efficacy cf direct drywell flooding as an accident mitigation tech-*

nione was performed as an adj unct to this work and is provided as Appen-
dix D.

i The operation and design of the scram discharge volume and associated

i piping is discussed in Appendix E. A knowledge of the characteristics of
this system is essential to an understanding of the SBLOCA-outside-con-
tainment that is analyzed in this study, and readers unf amilist with the
BWR scram system design should review Appendix E before proceeding to the
remainder of this report.

An important finding a ttendant to the ne-operator-action sequence
analysis (discussed in Sect. 3) is that the computed series of reactor
vessel pressure fluctuations leads to vessel filling by the condensate
booster pumps (CBPs) at about 4.6 h af ter the initiation of the accident.
Because this event has a significant impact on the accident sequence, it
was deemed desirable that these results of the BWR-LACP code be confirmed
by a more sophisticated code. The Severe Accident Sequence Analysis
(SASA) team at Idaho National Engineering Laboratory (INEL) performed the
confirmation calculations using RELAP V Mod 1; these calculations are dis-
cussed in Appendix G.,

! A listing of acronyms and symbols used in the report is provided with
definitions in Appendix H.

The magnitude and timing of the release of the fission product noble
.

gases and the various forms of lodine to the absosphere during the severe-
accident events following core uncovery are discussed in the second volume
of this report. This discussion includes consideration of the escape of

fission products from fuel as a function of temperature, specification of
the various chemical forms, the modeling of precursor / daughter exchange,'

and determination of the fission product rolesse pathways. These results

I
are incorporated into a vehicle for the calculation of the transport of ;

the individual fission products from the reactor core, through the reactor'

vessel, through the primary and secondary containment, control volume by
control volume to the abnosphere.

The General Electric Company evaluation of BWR scram system pipe
s of this issue werebreaks: and the subsequent USNRC generic evaluation

reviewed and utilized in the preparation of this report. The primary
sources of plant-specific information were the BFNP Final Safety Analysis
Report (FSAR), the USNRC BWR Systems Manual, the BFNP Hot License Training
Program Operator Training Manuals, the BFNP Unit 1 Technical Specifica-
tions, the BFNP Emergency Operating Instructions, and various other spe-
cific drawings, documents, and manuals obtained from the TVA. Additional
information was gathered during one visit to the BFNP for inspection of
the reactor building and drywell interiors and during several visits to
the TVA Power Operations Training Center at Soddy-Daisy, Tennessee, for
examination of the control room layout and determination of the instrument
responses to a simulation of events similar to those that would occur dar--

ing a SBLOCA/DC.
,

| The setpoints for automatic equipment response used in this study
I are the current established safety limits. In many case s, those dif fer

slightly from the actual setpoints used for instrument adj ustment at the,

|
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BFNP, because the instrument adj ustment setpoints are established to pro-
vide margin for known instrument error.

This study could not have been condu.'ted on a realistic basis without
the current plant status and the extensive background information provided *

by the TVA. He assistance and cooperation of TVA personnel at the BFNP,
at the Training Simulator, and at the Engineering Support of fice s in Chat-
tenooga and Knoxville are gratefully acknowledged.
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2. DESCRIPTION OF INITIATING EVENT

.

The initiating event for the SBLOCA sequence analyzed in this study*

is a break in the SDV piping outside of the primary containment at Unit 1
i of the BFNP. The break is assumed to occur following a scram that cannot

be reset so that the break is in effect nonisolable.
1 The SDV and associated piping are described in Appendix E.* Briefly,

the SDV is a receiver volume for the water displaced from the 185 control

j rod drive (CRD) mechanisms through the scram outlet valves during a scram.
During normal reactor operation this volume is vented, drained, and empty,
but when a scram occurs, the vent and drain valves shut and the SUV is

partially filled with water displaced from above the drive pistons during
the control rod scram stroke s. Shortly thereafter, the remainder of the
SDV fills because of leakage past the CRD seals and, consequently, pres-
surizes to full reactor vessel pressure. When the screa is reset, the
scram outlet valves shut to isolate the SDV from the reactor vessel, the
vent and drain valves open, and the SDV empties.

Roset is possible only if the conditions that caused the scram have
cleared and is accomplished by operating switches in the control room. If

the scram is not reset, the SDV and the associated piping downstream of
the scram outlet valves remain exposed to full reactor pressure. Although

bypass is provided for some scrams, most scrans cannot be reset until the
conditions causing the scram have cleared. If a break occurs in the SDV
or associated piping downstream of the scram outlet valves, then the con-

,

trol room operator cannot isolate the break from the reactor vesset unless
the scram can be reset, thereby shutting the scram outlet valves.t

t

As discussed previously, the SDV would be pressurized as a normal
consequence of the scram, and it is assumed that a large break in this
piping system occurs subsequent to the pressure increase. It is not nec-*

essary to the purpose of this study to specify an exact break location or
i

cause, but it is assumed that the break is of sufficient magnitude that
4

the leakage rate from the reactor vessel is controlled by the seals within
the CRD.* The leakage is into the reactor building atmosphere above the
hydraulic control units located as shown in in Appendix E, Fig. E.5.

These assumptions were chosen to permit a worst-case shalysis of the
effects of a SDV break, which by itself is a very unlikely event.1,s The
leakage is assumed to be limited only by the CRD mechanism seals to permit
analysis of the SDV break accident sequence with the maximum possible
leakage rates.

Considering the low probabilities associated with these assumptions,
which must be multiplied by the very low probability of a SDV break in the

*See the discussion in Sect. E.4 and Table E.1.
tAs discussed in Sect. 5, the break could be isolated by shutting 185

manual valves in the reactor building if environmental conditions permit-
ted, or by overriding the interlocks in the auxiliary instrument roon-

| which prevent the scram reset.

*The function and location of the CRD mechanisn seals is discussed
| in Appendix E, Sect. E.1.
l e
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first place, an SBLOCA outside containment in the manner described here is |,

an extremely unlikely event. Never thele s s, great advantage can be gained'

; by studying its consequences, because many of the lessons learned will be
~

shown to have application to other, more likely accident sequences. Ex- -

'
perience has shown that weaknesses in the current plant defenses can be
identified by postulating an accident scenario and then caref ully studying
its consequences, given the existing equipment configuration and operator
training.

References

1. U.S. Nuclear Regulatory Commission, Generio f afety Evaluation Report
Regarding Integrity of BWR Scram & stem Piping, NURBG-0803 (August
1981).

2. TVA response to D. G. Eisenhuts' letter to all BWR Licensees April 10,
1981 (A27 810415 014); Subj ect : Safety Concerns Associated with Pipe
Breaks in the BWR Scram System.

|

.

.

l

i

=

0

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



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

7

.

3. ACCIDENT SEQUENM WITHOUT OPERATOR ACTION

3.1 Introduction*

This section describes plant response to an assumed SDV break without
operator action during the approximately 8-h period before core uncovery.
Mitigating actions that the operators might take during this period to
prevent the SDV break occurrence from progressing into a severe accident
are discussed in Sect. 5.

The results described in the following paragraphs were obtained using
the BWR-LACP code (Ref. 1). Modifications made to BWR-LACP especially for
the SDV break sequence analysis are described in Appendix A. An analysis

of primary coolant system thermal-hydraulic response during the SDV break,

|
n&-operator-action sequence was also performed by Idaho National Engineer-
ins Laboratory using the RELAP'5 code. The purpose of this supplemertary,

analysis was to perform a more detailed (i.e., compared with BWR-LACP) cal-
culation of primary coolant system thermal-hydraulics to verify the over-
all sequesce of events predicted by the BWR-LACP code. The RELAP-5 re-
suits (presented in Appendix G) are in substantial agreement with the BWR-
LACP results presented in this section (Figs. 3.1-3.7) .

As discussed in Sect. 2, the break is assumed to be large enough so
| that the leakage flow (of water from the lower plenum of the reactor ves-!

sel) is controlled by the restriction of the graphitar seals within the
control rod drive (CRD) mechanisms. Reference 2 reports test data show-'

ing: (1) that initial seal-controlled leakage would be 0.03 m /s (550s

spa) at reactor vessel normal operating temperature and pressure,*
(2) that even if the CRD mechanism seals were completely removed, the
leakage would not exceed 0.11 m /s (1800 spm), and (3) that seal degrada-8

.

tion was not observed during 90 min of hot leakage under test conditions.t
For the BWR-LACP calculations reported in this section, the initial leak-
age flow is modeled as critical flow through a 6.51 x 10-4 m* (0.007-ft8)
equivalent break area. It is assumed that seal erosion occurs af ter 90
min; this is simulated by gradually increasing the equivalent break area
to 3.29 times the initial area. The increase in equivalent break area

begins 90 min af ter the SDV break and is complete 6.5 h later.t

*With 185 CRD mechanisms, this is closely equivalent to an average
seal leakage of 3 spa per mechanism,

tThe seals and bushings on the CRD drive piston and stop piston are
constructed of graphitar 14, which experiences loss of strength at high
temperatures. The extent of seal degradation af ter 90 min of exposure to
hot leakage has not been determined.

I TIf the fluid in the reactor vessel were to remain at normal operat-
| ing temperature and pressure, the model would hold the total leakage to

550 spa for 90 min, then ramp this leakage up to 1800 gym over the follow-=

ing 6.5 h. In actuality, the reactor vessel temperature and pressure are
time dependent.

l .

|
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3.2 Summary and Conclusions

Without the benefit of operator intervention, the SDV break, which4

*

is assumed to occur 30 s af ter the initiating reactor trip, causes core
uncovery af ter about 8 h. Table 3.1 summarizes maj or events during this
8-h period. Immediately af ter the scram, the reactor vessel water level
increases rapidly because of continued operation of the three main feed
p ump s. The feed pumps are automatically tripped when the reactor vessel
water level reaches 14.78 m (582 in.) . Subseque ntly, the main steam iso-
lation valves (MSIVs) automatically close when the reactor vessel water
level has decreased to 12.10 m (476.5 in.) . Detailed results are pre-,

sented in Sects. 3.3 and 3.4. The reason for the core uncovery is loss>

of automatically controlled (or self-initiated) reactor vessel inj ection
capability. Loss of inj ection capability is not caused by the environ-
mental effects (i.e., on emergency core cooling system (ECCS) pumps] of
the leak, but by uncontrolled vessel inj ection by the main feedwater sys-
tem. This ef fect, not foreseen at the beginning of the study, was first
noted by ORNL investigators at the TVA Browns Ferry simulator and later
confirmed by the BWR-LACP results.

Af ter about 4 h, the SDV leakage depressurizes the reactor vessel to
the level at which the continuously running condensate pumps (cps) and
CBPs* can inj ect water into the vessel. Uncontrolled inj ection by these
pumps fills the reactor vessel, depletes the store of water in the main
condenser hotwell, and floods the steam supply lines leading to the reac-
tor core isolation (RCIC) and high pressure coolant inj ection (HPCI) sys- -

tems. With the HPCI system inoperable and the hotwell empty, the residual
heat removal (RHR) and core spray (CS) systems would initiate on low ves-
sel level, but, without operator action, these pumps cannot pump water
into the reactor vessel. This is because the automatic initiation of RHR

,

and CS on low vessel level would not occur until af ter the pressure within
the reactor vessel had been restored to a level above the shut-off head of
the pumps. The automatic depressurization system (ADS) does not actuate
in this case because (with the break outsido primary containment) there is
no coincident high drywell pressure signal.

Calculations similar to those summarized were made with the assump-
tion of no CRD seal erosion (constant equivalent break area). Results
indicate that the f ailure of reactor vessel inj ection capability would not
occur until ~16 h siter the SDV break initiation and that the cause of the
f ailure in this case would be flooding of the basement to a level suf fi-
cient to f all the HPCI, RCIC, RHR, and CS pumps located therein by sub-
me r ge nce . Dotalled results for this case have not been included in this

report.
For the baseline SDV break na-operator-action sequence discussed

above, the assumption is made that of fsite power is available continu-
ously. This is reasonable since a reactor trip and subsequent SDV break
would not be expected to cause a loss-of-of fsite power (LOSP). However,
even a brief LOSP would significantly change the no-operator-action so-
que nce . The power supply breakers of the cps and CBFs are automatically -

'These pumps are driven by electric motors and, af ter a scram and
MSIV closure, can pump through the idle turbine-driven feedwater pumps

*
into the reactor vessel. The CBPs have a shutof f head of about 415 psia.

- - . _ - - . .- _ . . - - .. . - - - , - - _ _ _ - - . - .
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tripped upon LOSP. Even if power is promptly restored, these pumps will
not restart without operator action to reset the power supply breakers.
Therefore, af ter LOSP the cps and CBPs would not flood the vessel and HPCI
steam lines and, thus, would not cause early f ailure of HPCI inj ection and

,

core uncovery before 8 h. Instead, HPCI inj ection would maintain vessel
level until HPCI f ailure due to submergence, which would take longer than

8 h. As shown on Fig. 3.13 (from Sect. 3.4.3), the basement flooding
depth is only 0.62 m (2.04 ft) at the time of core uncovery for the base-
line no-operator-action sequence.

,

3.3 Results - Reactor Vessel and Primary Containment

Calculational results for reactor vessel and primary containment
variables are shown on Figs. 3.1-3.8. Each system variable is discussed
in the following paragraphs.

3.3.1 Reactor vessel crossure

Figure 3.1 shows the reactor vessel pressure. During the first sey-
eral minutes, reactor pressure cycles between 7.72 MPa (1120 psia) and
7.38 MPa (1070 psia) on automatic actuation of a single safety relief
valve (SRV). After about 200 s, the HPCI and RCIC systems initiate and
begin drawing steam from the reactor vessel.* Figure 3.2 shows steam flow
from the reactor vessel. Pressure decreases rapidly during HPCI system*

operation because of the steam flowing to the HPCI turbine and because of
the quenching effect of the large amount of cool water being pumped into
the reactor vessel. Each time the HPCI turbine is tripped (on high vessel
level), reactor vessel pressure first decreases at a much lower rate and.

then begins to increase when boiling is reestablished in the core. When
pressure has increased to 1120 psia, there is another period of SRV cy-
cling until HPCI once again actuates on low reactor vessel level. Each
time HPCI actuates, a lower minimum pressure is reached and the time re-
quired for pressure to recover to the SRV actuation pressure is longer.
Af ter the fif th HPCI cycle, pressure does not recover to the SRV actuation
setpoint.

The long-term trend of decreasing reactor vessel pressure is a re-
suit of the SDV break and is accelerated because the break area has been
assumed to be increasing as a result of CRD seal erosion. Relatively cool
water is introduced to the vessel by the intermittent operation of the
HPCI system and is heated to nearly saturation before flowing out the
break (Fig. 3.3), thereby removing some of the core decay heat without
steam production. As decay heat decreases, the core steam production de-
creases and the reactor vessel pressure eventually falls below that re-
quired for HPCI turbine operation.

Between about 234 and 306 min, pressure is prevented from going below
2.86 MPa (415 psia) by the action of the cps and CBPs operating near their

" combined shut-of f head. During the last half of this 32-min period, the

*The HPCI system automatically initiates at a reactor vessel level
of 476.5 in. and stops when the level has been restored to 582 in. The

,

RCIC system, however, would make only one such cycle.

__ _ _ __ , __ _ _ , _ _ _ . _ _ _ _ _ _ _ . . _ . _ . _ . _ _ _ __ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ . _
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reactor vessel has been completely filled and no steam is being produced.
When the hotwell is emptied, the cps and CBPs lose suction, trip, and are

i no longer available to pressurize the reactor vessel. Accordingly, the
pressure drops rapidly (about 300 psi in several minutes) until saturation'

,

pressure is reached in the reactor vessel.
i
'

After 320 min, the injected water has been heated to the saturation
t empe r a t ur e, core steam production resumes, and reactor vessel pressure
increa se s. Without inj ection, the vessel water level steadily decreases.
There is a period of automatic SRV actuation shortly before core uncovery.

' 3.3.2 Reactor vessel level

Figure 3.4 shows schematically the sources of inj ection ut111 ed dur-
ing the no-operator-action sequence. Vessel level, inj ection flow rate,

and total inj ected coolant volume are shown on Figs. 3.5-3.7. During the
; first 4 h following onset of the SDV leak, the HPCI system functions auto-

matica11y to maintain vessel water level be tween the 12.1-m (476-in.) HPCI'

initiation se tpoint and the 14.8-m (582-in.) HPCI high level trip se t-
point. The effective flow area of the break is increasing, but the leak-
age rate is well below the pumping capacity of the HPCI system.'

The HPCI room environment is not distressed sufficiently to f ail the
HPCI pump or turbine (see Sect. 3.4). Flooding in the HPCI room would not
cause f ailure until a level of about 1.22 m (4 f t) is reached, and there

is no possibility of direct impinsement of water from the SDV break onto
the HPCI pump or turbine. The supply of water in the condensate storage ,

tank (CST) is initially 1371 m8 (362,000 gal), and if this were depleted,
HPCI pump suction would be automatically shif ted to the suppression pool.
Under those conditions, the HPCI should be capable of maintaining adequate
vessel water level for about 16 h af ter onset of the SDV break; however,

premature HPCI f ailure would be caused by uncontrolled and excessive ves-
~

sel inj ection f rom the main feedwater system.
During the first 4 h, the electric motor driven cps and CBPs are run-

ning continuously. The steam-driven main feedwater pumps are idle (be-
cause the MSIV's are closed), but flow can be forced through them by the
cps and CDPs. Figure 3.4 shows schematically the relationship be tween
pumps in the main feedwater system. As long as vessel pressure staysi

above the combined shutoff head of the cps and CBPs [about 2.86 MPa (415'

psia)], there is no flow into the vessel. Damage to the pumps is pro-
vented by an automatic recirculation valve that allows some water to flow
from the hotwell, through the pumps, and back to the hotwell. There is
very little ef fective cooling of the condensate during this sequence;
therefore, during recirculation, the pumping power is dissipated within
the condensate, causing it to heat up at about 7'C/h (13*F/h) .

} The first time vessel pressure is below the CBP shut-off head (about
195 min af ter onset of the break), the cps and CRPs begin inj ecting water
into the vessel, but vessel pressure recovers and the flow is shutof f. The
second time, vessel pressure does not recover and the flow of condensate
into the reactor vessel increase s to several thousand gallons per minute. .

Vessel water level increases rapidly; pressure does not increase propor-
tionately because steam is condensed from the diminishing reactor vessel
steam space. When the vessel and the main steam lines (up to the MSIVs)
are essentially full of water, vessel pres ure increases slightly and the ,

- __. . _ . _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ . _ . _ _ _ _. . _ _ . _ _
_ _ _ . _ . ,I
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flow continues at a reduced rate as necessary to campensate for leakage
,

: f rom the ve s sel . The presence of water in the steam lines would preclude
HPCI system operation af ter this point. Without operator action to drain

7 the flooded HPCI steam lines, an automatic HPCI start would admit water
Into the turbine at high velocity; this would probably f ail the HPCI tur-*

bine, either directly by damaging the rotor or inlet valvo, or indirectly
by causing a break in the HPCI steam line, which would lead to closure of
the HPCI steam line isolation valves.

Af ter about 60 min, the cps and CBPs have emptied the hotwell [as-
suaed to hold an initial volume of 371 m8 (98,000 gal) - slightly more
than the volume at low level alarm], lost suction, tripped, and can no

longer inj ect water into the vessel. During the period of CP and CBP op-
eration, makeup water is antanatically gravity-fed f rom the CST to the
hotwell until the level in the CST has dropped to the inlet of the stand-

s (135,000 gal) of water forpipe, which serves to reserve the last 511 a
the HPCI and RCIC systems.

Vessel pressure f alls rapidly af ter f ailure of CP and CBP inj ection,
reaching a minimum of 0.88 MPa (128 psia) . This pressure is just above
the setpoint [0.79 MPs (115 psia)] for automatic isolation of the HPCI
turbine steam supply line, and operator action would be required to re-
start the HPCI system if isolation occurred. However, at this time the

HPCI would be inoperable anyway because of the flooding of the main steam
lines and the HPCI steam supply line. From this time on, there is no

f urther water inj ection into the reactor vessel.
Af ter f ailure of CP, CBP, and HPCI inj ection, the vessel level de-

creases steadily because of the leak. Because no more cold water is be-.

ing supplied to the vessel, the vessel water temperature increases to
saturation and core steam production begins to repressurize the vessel.
When the level reaches the 9.77-m (384.5-in.) automatic initiation se t-
point of the RHR and CS systems, the associated pumps start but are not

,

able to inject water into the vessel because vessel pressure is by this
time above the effective design shut-off head of the pumps [203 MPa (295

4

psid) for RHR and 1.99 MPa (289 psid) for CS] . The Automatic Depressur-
ization System (ADS) does not initiate to reduce vessel pressure because
the initiation logic for this system requires a high drywell pressure
signal coincident with low-sensed vessci level.* Vessel level theref ore
continues to decrease, and the core is uncovered about 7.4 h af ter onset
of the SDV break.

3.3.3 Primary containment

!

Because the drywell coolers are not lost during the SDV break acci-
dont sequence and because the SDV leakage goes to the reactor building

,

instead of the primary containment, there is no significant increase of
drywell temperature or pressure. The drywell heat load would be increased

*There is a proposed modification [ Item II.K.3.18 of the Clarifica-
tion of TNI Action Plan Requirements (NUREG-0737)] to the ADS logic that*

'

would result in ADS actuation in this circumstance by allowing a low RPCI
flow signal to bypass the high DW pressure signal. This would have the
ef fect of prolonging the period before core uncovery, which would not
occur until af ter f ailure of the ECCS pumps caused by basement flooding.=

|
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*

because of the continuing passage of hot water through the uninsulated CRD
scram outlet piping below the reactor vessel, but this increase would be
of f set by the decrease of drywell heat load when the main recirculation:

pumps trip [on low reactor vessel water level at 12.11 m (476.5 in.)]. ,

As suppression pool water temperature (Fig. 3.8) increases during the
period before core uncovery, water vapor evaporates from the pool surf ace,
increasing the total pressure of the suppression chamber. Without the
suppression chamber-to-drywell compressor (drywell DP compressor), this
temperature increase would have the ef fect of increasing the suppression '

chamber pressure by about 9.7 kPa (1.4 psi), without causing a correspond-
|'

ing increase in drywell pressure. [ Suppression chamber pressure must 1

exceed drywell pressure by 3.45 kPa (0.5 psi) before the vacuum breakers !
would open.] With the DP compressor operating (as it would be unless
off-site power were lost or unless the hot, steamy environment of reactor
building elevation-565 floor level caused it to f ail), some of the sup-
pression chamber atmosphere is transferred to the drywell as the automatic
compressor control maintains drywell pressure >9 kPa (1.1 psi) above sup-
pression chamber pressure.* For this case, the not increase in suppres-
sion chamber pressure is 3.45 kPa (0.5 psi), and the not increase in dry-
well pressure is 2.76 kPa (0.4 psi) . This increase in drywell pressure is
not enough to exceed the 114-kPa (1.9 psig) setpoint for the "high drywell
pressure" initiation signal for ADS actuation, ECCS, and containment
isolation system.

I Suppression pool water temperature is shown on Fig. 3.8. This figure

| illustrates that the suppression pool temperature increase is lower than
i might be expected. During a normal post-scram period of shutdown with the -

MSIVs shut, essentially all of the core de;ay heat must be dissipated in
the suppression pool. However, with the SDV break, a large fraction of
the core decay heat energy is deposited in the reactor building through
the leakage path. As shown by Fig. 3.8, pool temperature has increased to .

j only 49'C (120*F) af ter 6 h (without pool cooling because operator action
would be required to line up the RHR to the pool-cooling mode). Without
the SDV break, condensation of the steam generated by decay heat would

,
~

cause the suppression pool temperature to increase to about 88'C (190*F)
after 6 h. I

,

| Suppression pool level (not shown) increase s by about only 0.1 m )
| (4 in.) over the ~7-h period between event initiation and core uncovery

because most of the water injected into the reactor vessel ends up on the .

reactor building floor. The 0.1-m (4-in. ) increase in pool level is not |
| enough to initiate the automatic shif t of HPCI system suction from CST to !

!
| suppression pool that would have occurred if pool level had increased by
l 0.28 m (11 in.) to an indicated level of 0.18 m (+7 in.) .

__

*Recent Browns Ferry modifications have shortened the drywell to
suppression pool downcovers, thereby resulting in a lowering of the mini-

| mum drywell-suppression rool pressure difference from 9 kPa (1.3 psi) to ,

7.6 kPa (1.1 psi). )
;-

:
|

|

|

|
|

i
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3.4 Results - Reactor Building

The Browns Ferry secondary containment consists of the three separate
but adj acent reactor buildings and the single shared ref ueling bay. The=

reactor building is of low-leakage reinforced concrete construction and
completely surrounds the reactor vessel and the primary containment. The

|
ref ueling bay is of insulated sheet metal and steel beam construction.
There is normally no direct communication be tween the reactor building of
each unit and the ref ueling bay above; however, if the reactor building is
internally pressurized to more than 1.72 x 10-8 NPa (36 lb/fts), the reac-

'
tor building blow-out panels will open and relieve directly to the refuel-
ing bay.

The Unit I reactor building is divided into five maj or (concrete

floor) levels. Table 3.2 lists several important equipment items located
on each of the five levels. Each floor level consists of a large, mostly
open room; there is direct communication between floor levels via open
s t a irw ay s. The communication afforded by the stairways is sufficient to
essentially equalize pressure throughout the reactor building, but it is
not sufficient to assure complete thermal mixing of the abaosphere at dif-
forent floor levels.'

The BWR-LACP reactor building model divides the reactor building into
three regions: the basement, the elevation-565 room that houses the leak-
ing SDV, and a composite region combining the volume of the upper three
floors. Conditions are also calculated for the ref ueling bay, which be-

gins to receive steam and noncondensible gases from the reactor building.

af ter blowout of the building relief panels.
The water leaking from the SDV break is a mixture of hot water from

the 185 reactor vessel CRD mechanism seals (initially 550 gym) and cold
water pumped f rom the condensate storage tank by the CRD hydraulic system
(170 gym throughout the sequence) .* Because the mixture is hotter than*

the 100*C (212*F) saturation temperature at atmospheric pressure, a con-
siderable fraction (initially about one-third) fla she s t o ste am a t 1008 C.
The rate of steam release into the reactor building atmosphere caused by

flashing from the leak is shown on Fig. 3.9. The remaining 100*C water
spills or sprays onto the elevation-565 floor. Some of the spillage
drains to the basement via the floor drains, and some flows through the

'

steel grating stairways to the basement. For the calculations reported
here, it is assumed that each of the four basement corner rooms (Chap. 4,
Fig. 4.3) would receive an equal fraction of the drainage.

With respect to the ne-operator-action sequence, the maj or benefit
of the reactor building calculation during the period before core ancovery
is the prediction of environmental extremes to which the HPCI system is

!,

e xpo se d. As discussed in Sect. 3.3, the HPCI system is assumed to f unc-

tion normally during the first 4 h af ter the SDV break. The peak reactor

building basement environmental conditions during the period are: 100%

humidity, 76*C (168'F) average ba sement temperature, and 0.32-m (1.06-f t)
flood level. The HPCI pump and turbine are on pede stals, and a flood
level of ~1.22 m (4 f t) would be required for f ailure. As presented 1,n' =

TVA's response to the USNRC 01E Bulletin 79-01B, most of the HPCI system

*See the discussion in Appendix E, Sect. E.3.

|
,
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components, with the exception of the turbine, are qualified for 1005 hu-
midity at 100'C (212*F) or higher. Although high-temperature /-humidity
qualification of the HPCI turbine (afg. Terry Turbine Co.) is not docu-
mented, the Terry turbine manual and the Browns Ferry FSAR specify that it
would be operable to 64'C (148'F) in 100% humid air. This report assumes *

that exposure to the calculated maximum ambient temperature, which is 12'C
(20'F) higher than this, would not cause f ailure of the turbine.

If air temperature in the vicinity of the HPCI steam line space ex-
coeds 93*C (200'F), one of the four sets of temperature switches located
along the HPCI steam line will initiate automatic closure of the HPCI
steam line isolation valves, tiereby failing HPCI inj ection. This is
not likely to happen because a peak average basement temperature of 76*C
(168eF) was calculated for this sequence. The HPCI steam supply line
passes through the suppression chamber room and the HPCI room that, for
this accident sequence, are expected to be somewhat cooler than the corner
rooms. (Hot water and steam from the SDV break must pass through the
corner rooms before reaching the HPCI or suppression chamber rooms.)

'
3.4.1 Reactor buildina crossure

A number of f actors act to keep reactor building pressure very close
to atmospheric pressure throughout the SDV break sequence. The following

,

in-leakage rates were measured at Browns Ferry for a reactor building and '

refueling bay pressure 1.72 x 10-s MPa (0.25-in, water gauge) below atmo-
spheric: 343%/d of refueling bay free volume and lion /d of reactor build-
ing free volume. For lower building interior pressure the in-leakage ~

rates will be larger; for interior pressures exceeding atmospheric pres-
sure, the direction is reversed and in-leakage becomes out-leakage. For
the BWR-LACP reactor building model, the building leakage (in or out) was
assumed to be proportional to the 1.5 power of the difference be tween in- -

side and outside pressure to approximate a combination of laminar and tur-
bulent flow.

The building vacuum relief valves are designed to prevent interior
pressures more than 1.24 x 10-' MPa (0.5-in. water gauge) below atmo-
spheric pressure. The reactor building blowout panels prevent interior
pressure from exceeding refueling bay pressure by more than 1.73 x 10-s
MPa (7-in. water gauge). The refueling bay blowout panels prevent in-
terior pressure from exceeding atmospheric by more than 2.47 x 10-8 MPa
(10-in. water gauge).

Figure 3.10 shows reactor building and refueling bay pressures during
the SDV break accident sequence. Pressure is initially at 1/2 in. below
atmospheric pressure because the Standby Gas Treatment (SGT) system actu-
atos before the SDV break,* with a total flow of about 13 m /s (28,0008

c f a) . After initiation of the break, the reactor building pressure climbs
j very rapidly. When pressure exceeds 1.73 x 10- MPa (7-in. water gauge)

above ref ueling bay pressure, the reactor building relief panels blow,

|

*The SGT syetar would actuate on low-sensed reactor vessel level at -

13.7 m (538 in.) above vessel zero. The level decreases af ter the feed
pumps trip following the scram.

|
*

.
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allowing warm, humid air to flow into the refueling bay. The peak reac-
tor building pressure is not suf ficiently high to open the reactor build-
ing-to-suppression chamber atmosphere building vacuum breakers [0.5-psi
(3.45-kPa) pressure difference required]. The ref ueling bay pressure re-

.
lief panels do not blow because, as pointed out previously, the ref uel-
ing bay has more out-leakage to the atmosphere for a given pressure dif fer-
ence.

Af ter about 3 min of positive building pressure, the rate of expan-
sion of the building atmosphere slows and the Standby Gas Treatment (SGT)4

system returns the reactor building to a slight vacuum and maintains
building pressure below absospheric for the remainder of the sequence
before core uncovery (see Sect. 6 for a discussion of events af ter core,

uncovery).
Throughout the no-operator-action sequence, the building exhaust is

very warm [66*C (150*F) average temperature] and saturated with moisture.
The SGT system has a 40-kW air heating bundle in each of the three SGT
exhaust trains to heat the incoming building exhaust by about 8'C (15'F) .
This is to prevent condensation in the charcoal filters, which can effec-
tively retain iodine only when dry. The heaters are actuated whenever
flow is maintained through the train and have a protective shutof f at 82*C
(180*F). Because the building exhaust exceeds 82'C (180*F) throughout
most of the no-operator-action sequence af ter core uncovery, the heaters

;
' will be shutof f, moisture will accumulate in the charcoal, and the iodine

adsorption efficiency will be degraded. This fact (of minor significance
to the present discussion) will be significant to calculation of fission
product transport af ter the fuel damage phase of the no-operator-action*

seque nce .

3.4.2 Reactor buildina atmosshere tencerature and humidity
.

Figures 3.11 and 3.12 show reactor building and ref ueling bay tempera-
tures and humidities during the period before core uncovery. The tempera-

ture or humidity reported for each volume is an average value, and some
variation would be expected within each volume.

Since the floor level at elevation 565 receives all of the steam re-
leased by the leak, it experiences the highest temperature and humidity.
The basement volume receives hot steamy air from elevation 565, and hot
water from the leak floods the basement floor, transf erring heat and mois-
ture to the basement mir. However, the ambient air temperature in the
basement is limited somewhat by the ECCS room air coolers (two in each of
the RHR corner rooms),* which start antaastically when the ambient tempera-
ture exceeds 35'C (95'F),

Factors that tend to limit reactor building atmosphere temperatures
include heat transfer to structures, condensation on structures, and the
flow of outside air drawn into the building by the slight vacuum created
by the SGT system. Many structures and miscellaneous items of equipment
in the reactor building can act as heat sinks, but only the concrete,

'

.

'There is a room cooler in each of the Core Spray corner rooms, but
these coolers do not actuate unless the Core Spray pumps are running,

i
*

. _ , , . , _ , _ , , - . ___.~_._m _ _ ,_.. - _ _ _ _., . . _ _ _ . _ _ _ _ _ . _ _ . . _ _ _ . , _ . .,..,.___.,___,_,_,,m_ _
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floors and walls were considered for this analysis. Because the heat
trensfer coefficient for natural circulation increases with increasing
atmosphere-to-wall temperature difference, the heat transfer rate becomes
significant only when room temperature is suf ficiently elevated; there-

,

fore, abaoaphere temperature rises rapidly at first, but the rate of in-
crease slows as heat transfer to the heat sink becomes important. Simi-
larly, the rate of condensation of steam from the atmosphere is initially
limited by the rate of diffusion of water vapor through relatively dry
air but Locomes increasingly important as the concentration of steam
increa se s.

Throughout the period of interest, reactor building temperatures
fluctuate slowly in response to the fluctuation of the steam production
rate of the leak. For example, when the steaming rate decreases, building
temperature is decreased by mixing with outdoor air drawn in by the SGT
system and by heat transfer to internal structures.

3.4.3 Basement floodina

Figure 3.13 shows basement water level (see also Chap. 4, Fig. 4.3) .
There are floor drains in each of the six basement rooms (HPCI room, cor-
ner rooms, and suppression chamber room) . Floor drains in the east side
of the ba sement floor r.re routed to the floor drain sump in the south-
east corner room; floor drains in the west side of the basement floor
are routed to the drain sump in the southwest corner room. The two floor
drain sumps are connected by a 0.2-m (8-in.) overflow line. The degree of .

Interconnection between rooms ensures that SDV leakage reaching the base-
ment will result in a basement flooding level that is essentially the same
in each of the six rooms. The combined capacity of the two floor drain
sump pumps is 0.01 m8 /s (150 spm). The sump pump motors are mounted on
top of the sump covers (they are connected by shaf t to the submerged *

impe11ers) and are assumed to operate until the basement flooding depth
reaches 0.3 m (1 ft).
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Fig. 3.9. SDV break sequence without operator action steam release
through break to reactor building.
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Table 3.1. Maj or events during first 8 h
of no-operator-action sequence

Time
Event(s)

__

0 Reactor trip

30 SDV break
i

~60 Isolation of normal building ventilation and start of SGT
system on high radiation at reactor building exhaust

200 HPCI and RCIC initiation on low reactor vessel water
level; MSIVs close

575 HPCI and RCIC trip on high vessel level (RCIC has no sub-
sequent automatic start)

200-13,940 Vessel level maintained be tween 12.1 m (476 in.) and 14.8
,

m (582 in.) by automatic initiation and trip of HPCI sys-
tem

14,040 Vessel pressure goes below combined head of CP and CBP;
condensate from hotwell being pumped into reactor vessel *

16,510 Reactor vessel and HPCI/RCIC steam supply lines full of
condensate pumped by CP and CBP

18,680 Hotwell empty, CBP tripped on low suction pressure, ve s-
,

sel inj ection stops
3

'
19,080 Reactor vessel pressure near HPCI automatic isolation

j pre s s ur e (isolation would not be automatically reset when
'

pressure increases back above isolation setpoint)

26,400 Core beginning to be uncovered

.

<

,

!
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Table 3.2. Maj or systems on BFNPf1 floor levels

Floor level Equipment
[a (ft) above sea levell

158 (519) (Basement) ECCS pumps and HPCI pump and turbine
RCIC pump and turbino
CRD hydraulic system pump (platform mounted at
elevation 541)'

Suppression chamber
Reactor building floor drain sump
Reactor building equipment drain sump

172 (565) SUV
CRD hydraulic control units (185)
RHR system heat exchangers

, Drywell-torus DP compressor

181 (593) Reactor water cleanup (RWCU) system
Closed cooling water heat exchangers
RHR system heat exchangers*

189 (621.25) RWCU system
Unit 250-V batteries

195 (639) Standby liquid control system
Main reactor vessel recirculation pump motor-
ge nerator sets

.

$
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4. INSIRUIENTATION AVAILABIE FOR OPERATOR
DIAGNOSIS AND RECOVERY

.

4 .1 Introduction
|
,

Because loss of vital power has not been postulated, all plant in-
strumentation normally available af ter a reactor trip would be available
for operator uso during a Scram Discharge Volume (SDV) break accident.
This section describes only plant instrumentation that would be helpful
fer detection of loss of primary coolant. The following three subsections
discuss monitoring of the reactor vessel, primary containment, and second-
ary containment as applied to the general problem of detecting loss of
primary coolant. The last subsection discusses use of CRD instrumentation
for possible diagnosis of a leakage condition in the SDV. This section
concludes that the existing Browns Ferry control roam instrumentation is
adequate to allow diagnosis of the leakage condition (although perhaps not;

! the precise location) in a reasonable time. It must be realized, however,
'

that the control room has many more annunciators and indicators (than dis-
cussed in this section) that compete for operator attention, and the over-
all effect can be overwhelming, making the task of detecting the loss of
coolant somewhat more difficult than it may seen in the following dis-
cussion.

The important instrumentation for each plant system consists of both
indicators and annunciators. These are conveniently located on one of *

the front panels of the U-shaped main control area unless otherwise noted.
Indications display the measured value of a parameter. Annunciators warn
of abnormal operating conditions as detected directly from a measured,

parameter or as detected indirectly via actuation of a safety Erstem or
other protective function. Upon initiation of an annunciator, an audible

.

alarm (common to a group of annunciators) sounds and the backlighting for
a small window, labeled to indicate the specific initiating condition, be-
gins to flash. The audible alarm may be stopped by the operator at any
time (even if the initiating condition persists) by depressing the ac-
knowledge button for that set of annuciators. After the first acknowl-
edgement, illumination of the maall condition-specific window changes from
flashing to solid and continues until the condition clears, and the opera-
tor again depresses the acknowledge button. Annunciators for the reactor
trip function have a distinctive alaen horn tone, and the trip condition
that initiated the scram is accented by solid illumination on a separate
"first out" panel.

4.2 Reactor Vessel Instrumentation

The most important reactor vessel primary coolant leak detection in-
strument signals are those related to vessel coolant inventory. It is .

feasible to detect maall line breaks and to distinguish between steam line
breaks and liquid line breaks af ter the reactor is scrammed by applying

.
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the following diagnostic rules:

1. A man 11 liquid line break will require higher than normal vessel water
Inj ection flow but will involve decreased vessel steam production as*

evidenced by lower than normal vessel pressure or fewer than normal
relief valve actuations.

2. A maall steam line break may initially require higher than normal vee-
sel water inj ection, but af ter vessel pressure stabilizes at a lower
pressure the injection requirements will be very nearly normal.

It is unlikely that an operator would be able to discover a small line
break using the " greater than normal injection" criterion because of the
inherent difficulty of defining normal inj ection requirement and because
of possible measurmaent inaccuracies.

Table 4.1 gives specific information on reactor vessel indications
and annunciations. The important variables are discussed in the following
pa ragraph s.

1. Vessel water level. Automatic controls (or the control roam
operators) will maintain vessel water level near normal for all but the
large st line breaks. For example, the RCIC system could maintain a normal
vessel level for a range of small but significant breaks. Therefore,
level alone is not necessarily usef ul for detection of primary coolant
le aka ge .

2. Ve s sel ini ect ion. Af ter a normal reactor trip, water is inj ected
,

Into the reactor vessel to replace water boiled by decay heat or to re-.

place water flashed if there is not loss of vessel pressure. Figure 4.1
shows the vessel inj ection flow required to remove decay heat as a func-

I tion of time after reactor trip. If, during a period of shutdown at
stable vessel pressure, more inj ection is required than that indicated in

*' Fig. 4.1, then vessel water leakage would be strongly indicated. If the
vessel inj ection is being supplied by the RCIC system (which is preferred
over the HPCI system when high pressure inj ection is required with closed

'
MSIVs) , as is assumed for the operator-action SDV break sequence in
Sect. 5, then inj ection flow is in the 200- to 700 spa raege and can be
monitored accurately. However, if vessel inj ection is provided by the
large-capacity HPCI system or the main feedwater system, an additional
inj ection requirement of several hundred gallons per minuto could go un-

; noticed because the standerd dP-type flowmoters for these systems would
not be accurate in the botton 20% of their indication ranges (ranges given'

by Table 4.1).
As an example of the possible use of Fig. 4.1 to detect an abnormally

high inj ection flow requirement, consider the SDV break operator-action
sequence with f ast depressurization (Sect. 5); Fig. 5.10 shows vessel pres-
sure and Fig. 5.14 shows inj ected flow rate. During the first 15 min, an
HPCI inj ection cycle masks the ef fect of the leak, making RCIC inj ection
flow appear normal. Between 15 and 80 min, the operator is depressurizing
the reactor vessel and would therefore expect a high RCIC flow to replace
water flashed during the depressurization. Between 80 and 200 min, Fig.=

4.1 can be applied because pressure is stable and injection is being sup-
plied by RCIC. During this period, RCIC flow averages 0.021 m8/s (330

; spa), which is 0.006 m /s (100 spa) above the average injection require-8

ment spe cified by Fig. 4.1. The correct conclusion is, therefore, that.

.- . - _ _ - - _ _ . _ _ _ . . _ - __ - _ _ _ . _-_ _ _ _ - _ _ _ -- -. .__.
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the average leakage flow between 80 and 200 min is about 0.006 a /s (100s

spm). Because plant emergency procedures do not require quantitativo

de termination of exce ssive inj ection flow requirements, it is doubtful
*

that such an estimate would be made during an accident.
3. Ve ssel steam flow. Direct measurement of steam flow af ter reac-

tor trip will be in most sequences either inaccurate or indirect. If the
MSIVs are open, the measurement will be inaccurate because the main steam
flowmeters are sized for power operation and thus are inaccurate at low
flow s. With MSIVs shut (as is the case with the SDV break discussed in
this report), stoma flowing to the RCIC turbine can be measured with rea-
sonable accuracy. In either case, flow through the SRVs is not measured
and would be difficult or impossible to infer from the acoustic valve
monitors or the recorded tailpipe temperatures. There is no control roan

) indication of steam flow to the HPCI turbine.
4. Em ac t or ve s sel nre s s ur e. Operating procedures call for operators

to maintain reactor pressure in the 900- to lica psi range af ter reactor
trip, unless the decision has been made to depressurize and go to cold
shut down. If pressure cannot be maintained in this range or if the pres-
sure is approximately stable in this range with no (or fewer than normal)
relief valve actuations, then primary coolant leakage is strongly indi-
cated.

4.3 Primary Containment
.

The Browns Ferry primary containne._t (drywell and communicating sup-
pression chamber) forms an essentially leakproof enclosure around the re-
actor vessel. The SDV break sequence involves leakage from the reactor
vessel into the reactor building outside the primary containment; never- -

theless, a brief discussion of primary containment leak detection is pro-
vided because the very absence of these signals would provide information
concerning the location of the break. Table 4.2 lists the maj or control
room indications and annunciators for the drywell and suppression chamber.
Because of the relatively small size and luskproof nature of the Browns
Ferry primary containment, even relatively man 11 leaks will cause control
room instruments to respond suf ficiently to allow effective operator
dia gno sis.

1. Drvwell nressure. This is an early and direct indicator of reac-
tor coolant leakage insido primary containment. A number of protective
actions are antaastically initiated when drywell pressure exceeds 0.115
MPa (2 psig): reactor trip, HPCI start, Primary Containment Isolation
System (PCIS) Groups 2, 6, and 8 sctuation, diesel generator start, maer-
gency equipment cooling water (EECW) pump start, standby gas treatment

,

j system start, isolation of affected unit (i.e., Unit 1, 2, or 3) normal

i ventilation system, and isolation and emergency pressurization of the
control bay.

! 2. Drywell atmosokere tomoerature will be elevated in the event of
.

coolant leakage within the primary containment. Consideration of drywell
pressure and temperature alone will not lead to 100E certain diagnosis of
all in-containment line breaks because the f ailure of drywell abaosphere

.

__...-.,.._..m.._ _ . _ .. . . . . . _ , _ . . _ _ . , _ . _ . _ . . . . - , . _ .---___._.__,_c-_m. . . , , _ . . , ---



| 35
.

!

cooling (i.e., without a line break) can also cause ' high-drywell tempera-
ture (Fig. 3.3 of Ref.1) and a concomitant ~0.007-MPa (2 psi) elevation
of drywell pressure.

*
3. Drywell suuns. Drywell equipment drain snap and floor drain sump

water level, temperature, and sump pasp flow abnormalities are annunciated
in the control room. These sump annunciations are very important because
they provide early warning for very naall leaks (i.e., about 5 gym f or

; floor drain sump or 20 spa for the equipment drain sump) that may not
| significantly elevate drywell pressure or temperature; they also provide
| positive confirmation for larger leaks that may elevate drywell pressure

and temperature slightly.
4. Sunnression nool water tonnerature. The suppression pool is de-

signed to condense the large amounts of steam that can be released to pri-
mary containment in the event of an LOCA. Peak primary containment pres-
sure under accident conditions remains below the 56 psig drywell design

I pressure even in the event of complete severance of the largest primary
coolant piping. During a large LOCA, the pool temperature would rise 10"

to 20*F in a matter of minutes.
A secondary design goal for the suppression pool is that it thould

serve as a heat sink for decay heat when the main steam isolation valves
are shut. During the first 6 h af ter reactor trip from full power with

| the MSIVs closed and the SRVs discharging to the suppression pool, the
pool temperature will increase by about 50*C (90*F) (Ref.1, Fig. 7.14) if'

no pool cooling is provided. A similar period of shutdown with the SDV
break sequence described in this report (Sect. 3) would result in a much, .

lower pool temperature because most of the decay heat energy discharged
through the SDV break would be deposited outside the primary containment. !

.

4.4 Secondary Containment

f The Browns Ferry secondary containment consists of the three separate
l but adj acent reactor buildings with a common ref ueling bay shared by all

three units (Fig. 4.2) . The reactor building is of low-leakage reinforced
concrete construction and completely surrounds the reactor vessel and the
primary containment. The ref ueling bay is of insulated sheet metal and
steel beam construction. There is normally no direct communication be-
tween the reactor building of each unit and the ref ueling bay above; how-
ever, if the reactor building is internally pressurized to more than
1.72 x 10-s MPs (36 lb/ft8), the reactor building blowout panels will open
and relieve directly to the refueling bay.

Table 4.3 lists the control room indicators and annunciators relevant
to detection of primary coolant leakage within the reactor building. Com-
pared with the detection of leakage within the primary containment, the
detection (by the operators using only control room instrumentation) of an
unisolated leak within the reactor building is more difficult. This is
due to the much larger size of the reactor building and the operation of,

the ventilation systems. However, an adequate set of indicators and an-
nunciators ensure that the control room operators can detect in a reason-
able time an unisolated reactor coolant leak of the magnitude assumed for
the SDV break.

,

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



-. . - _ . .

i 36
.

1. Reactor buildina atmosnhere tennerature is measured at 28 loca- |

tions within 9 regions or systems. Table 4.4 specifies the location and

; the primary monitoring function of each of the temperature sensors. Ex-
*

cessive air temperature in any of the monitored regions would be annunci-
ated in the main control room. Primary coolant leaking from the posta-
lated SDV break would leak onto the floor of the reactor building at
elevation 565 (Fig. 4.2) and drain to the basement via floor drains and,

s tairway s. There is no temperature sensor for the general elevation-565
floor levels, but the large amount of hot water accumulating in the base-
ment would increase the ambient temperature in the reactor building base- I

ment and/or on a higher floor level sufficiently to actuate high-tempera-
ture annunciators in the control room. High temperature alone is not a
sufficient condition for positive diagnosis of primary coolant leakage.
Other causes, such as local upsets in normal ventilation flows, could
actuate a high-temperature annunciator.

2. Reactor buildina radiation. Area radiation monitors (ARMS) are
distributed throughout the reactor building (Table 4.5). A radiation dose
rate of 100 ares /h in excess of background at any one of the locations
listed on Table 4.5 would actuate the reactor building high-radiation an-
nunciator in the control room. The dose rate for each individual area is
displayed by meters on the ARM panel in the control room. The occurrence,

I of simultaneous high area radiation and high area temperature within the
reactor building would be a strong indication that primary coolant was
leaking outsidc of the primary containment.

For the SDV break sequence, the increase in area radiation exposure .

would probably be highest at the 565-elevation (east and west CED-HCU
1 areas listed as 20-21 on Table 4.5), somewhat lower in the reactor build-
1 ing ba sement rooms, and much lower on the upper ficors (for example, in

the vicinity of the "N-G set area" sensor on the elevation-639 floor
,

level). This pattern of radiation levels within the reactor building

; should indicate the existence of a primary coolant leak in the vicinity
; of the hydraulic control units to the operator.
1 The reactor building area radiation monitoring system is not consid-
j ered safety-related and is, therefore, not required to be environmentally

qualified for high-temperature or water-spray service. The sensors most
severely affected by the SDV break environment would be those located in
the vicinity of the leaking SDV header. There are two sensors at oppo-
site sides of the building: one in the HCU-East area and one in the HCU-

| West area. The wide separation be tween sensors makes it very unlikely
that both would be exposed to direct water / steam impingement from the SDV

| break; therefore, the Operator-Action analysis presented in Sect. 5 as-

| sumes that at least one of these sensors would be available to annunciate
i in the control room when radiation level exceeds 100 mrea/h.

3. Reactor buildina floodina. As shown in Fig. 4.3, the reactor
building basement (elevation 519) is divided into six rooms: the four

| corner rooms (which house the low pressure ECCS and RCIC pumps), the HPCI
| room, and the central suppression chamber room. Flooding is monitored in
I each of the six rooms and annunciated in the control room if flood level *

exceeds 0.06 m (2 in.). Flood levels from SDV break leakage should riso,

'
approximately simultaneously in each of the six basement rooms because
they are interconnected via the basement floor drain system (see also

.

;

I
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Sect. 3.4.3). Basement flooding in combination with high radiation and/
or high area temperatures would make the diagnosis of primary coolant
leakage almost inescapable. ,

4. Reacter buildina ventilation radiation. Normal ventilation ex-*

haust is monitored, and an annunciator is actuated if the exposure rate
exceeds 11 ares /h above normal background. A high exhaust radiation
signal isolates the reactor building from its normal ventilation supply
and exhaust and actuates the Standby Gas Treatment system to provide fil-
tered, elevated release of the potentially radioactive exha:St. A low
reactor vessel water icvel signal * also initiates these actions. De pe nd-
ing on the initiating scram, the MSIVs might close in the SDV break acci-
dont sequence at the inception of the accident and cause a transient low
reactor vessel water level. If this occurred, the normal ventilation sys-

ten would be isolated and the normal exhaust radiation sensor would not
be capable of detecting the increased radiation released to the reactor
building after the SDV break.

5. Radwaste buildina abnormalities. Effluent from the reactor build-
ing equipment and floor drain sumps is automatically pumped f rom the sumps
for processing. Liquid waste water from all three BFNP reactor units is
processed in the radweste building, which is equipped with a control room
that is continuously manned. During an extended SDV break, the reactor
building floor drain sump pump would operate continuously at a flow of

a /s (150 sym). This is a much higher rate of collectionsabout 9.5 x 10-3
of this wastewater than the 7.57 as (2000 gal) expected in the radwaste
building f rom each unit during a normal 24-h period. Therefore, an ex-.

tended SDV break would cause high collection tank water level, which would
be annunciated in the radwaste control roor.. In addition, the reactor ,,

coolant leakage from the SDV system would 69 auch more radioactive than
reactor building normal floor drain water, which would eventually cause

,

j high-radiation alarms that are annunciated both in the radwaste control
i and the main control rooms.
|

|

i

4,5 Control Rod Drive System

The path of leakage from the reactor vessel to the SDV system goes
through the 185 control rod drive hydraulic control units. No installed
instrumentation directly measures this leakage. Existing instrumentation
is, however, capable of warning operators of the existence of an unusual
condition. If the following information were correctly interpreted, the
operators could correctly diagnose the SDV break condition.

1. Control rod drive mechanism tennerature is measured for each of
the 185 control rods. There is a single high-temperature annunciator.
Each of the CRD temperatures is indicated on a recorder located on a back
panel area in the control room.

The thermocouple for each CRD temperature is located within and near
the top of each CRD piston tube (see Appendix E for discussion of CRD sys-,

a /s (0.3 sys) of coolingtem components). Normally, a flow of 1.9 x 10-s s

'
water flows up past the thermocouple and into the reactor vessel via the

*At 13.7 m (538 in.) above vessel zero..

|
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CRD guide tube s, keeping the indicated temperature below 121*C (250'F).
During a normal reactor trip, the upward flow is reversed, while reactor
coolant leaks past the CRD mechanism seals and flows into the SDY. When

*
the SDV is filled and pressurized, the cooling water again flows into the
ORDs. Thus, a high CRD temperature condition is expected during normal
reactor trips, but it should be a transient phonamenon limited to ORDs
with higher seal leakage.

Af ter a scram with an SDV break, the inward flow of cooling water
would be lost, and reactor coolant would flow continuously downward
through the mechanism seals because the SDV rupture, which is assumed to
occur 30 s af ter the reactor trip, would preclude pressurization. Ther e-
fore, the high CRD temperature alarm would annunciate as for a normal
scram but would not clear. Continued SDV leakage would cause elevated
temperature in more and more of the 185 CRD mechanisms. The operator
would have to make a special trip to the back panel recorder to discover
the number of affected units, but he would be likely to take this action

,

in an extended accident seque nce . '

2. Rod drive oosition indica tion. During a normal reactor scram,
the scram outlet valves are opened to create a low pressure on the dis-
charge side of each of the 185 drive pistons. The net inward force drives
the control rods into the core and continues to hold them several inches
above their normal latched, full-in "00" position. The CRD position indi-
cation display illuninates the green full-in indication light on each of
the 185 rod drives but presents no position indication because the drives
are held above the position detector reed switches. Within about 1 min -

after the scram, the SDV fills and pressurizes to reactor pressure,
thereby equalizing the pressure on both sides of the drive pistons and
allowing most of the drives (except perhaps the drives with newly replaced
seals) to settle into the normal latched full-in position. At this time,

,

most of the 185 displays would show a "00" position in addition to the
! green full-in indication.

In the event of a large SDV break, the SDV will not pressurize.
Therefore, the rod drive position display would f ail to show the "00"
position indication that is expected for most of the rod drives shortly
after a normal scram. This lack of the usual indication, combined with
the unusual number and persistance of GD high temperatures, could lead
to the specific discovery of the SDV leakage condition.

Reference

1. R. M. Harrington e t al. , Station Blackout at Browne Ferry Unit One -
Accident Sequence Analysis, NURE/CR-2182 (ORNL/NURE/TM-455/V1)
(November 1981) .
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Table 4.1. Reactor vessel parameters for
loss-of-coolant de tection

.

Measured parameter Function" " *
g, ,ty t

Reactor vessel
Water level, m (in.) I 13.4 (528)-14.9 (588)

I 9.5 (373)-14.9 (588)
I 13.4 (528)-23.6 (928)
I 6.6 (260)-14.9 (588)
A-high 14.8 (582)
A-high 14.4 (567)
A-low 14.1 (555)
A-low 13.7 (539)

Pressure, MPa (psia) I O (0)-8.28 (1,215)

A-low 6 (865)
A-high 7.3 (1,055)

m /s (spm)Inj ection flow, 8

RCIC I 0-0.04 (700)
HPCI I 0-0.38 (6,000)

kain FW (loop A or B) I 0-1.1 (17,500);
*

CS (System 1 or II) I 0-0.63 (10,000)

RHR I 0-0.63 (10,000)

Steam flow - RCIC, kg/s I 0-4.3 (50,000)

(1b/h) ,

^

Steam flow - HPCI I (No control roce in-
dication provided)

Steam flow - main (4 in- 1 0 505 (4,000,000)

dicators), kg/s (1b/h)

Steam flow - RCIC, MPa A-high 225 at 1140 (7.86), 210n

(psia) at 165 (1.14)
I Steam flow - HPCI, MPs A-high 22S% at 1140 (7.86), 210%

(psia) a t 165 (1.14)

Steam flow - main steam A-high 140%
(loop A or B), %

i

"I = Indica tion.
A = Annunciation.

.

e
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Table 4.2. Primary containment variables for
loss of coolant detection

Measured parameter Function" "ff*," ," ***8' *

DW

Pressure, MPa (psia) I 0-0.55 (80)'

MPa (psis) A-hi gh 0.112 (1.6)
A-high 0.113 (1.65)
A-high 0.114 (1.75)
A-high 0.115 (2.00)

Atmosphere temperature, 'C (*F) I O-204 (400)
A-high 63 (145)

Sump temperature, 'C ('F) A-high 54 (130)
m /s (gpm) A-abnormal Leakage in 3.16 x 10-48Sump level,

(5) range

Sump pump flow ( time-av er age d) , A-high leakage in 3.16 x 10-4
m /s (spa) (5) range8

DW radiation, aren A-high 100 (above background)

PSP
,

Pre s s ur e , MPa (psia) I 0-0.55 (80)
MPa (psig) A-hi gh 0.115 (2)

Water temperature, 'C (*F) I O-204 (400)
A-high 35 (95)*

#
Water level, m (in.) I -0.64 (-25) +0.64

(+25)

A-abnormal Level outside -0.15
(-4) to -0.05 (-2)
range

"I = Indication.
A = Annunciation.

b
Provided for both equipment and floor drain sumps except that the

alarm setpoint for equipment drain snap is 20 gym.
# Instrument zero is 4.6 m (15.2 f t) above the bottom of the torus.

A water level of zero indicates the torns is approximately half full of

water.

.
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Table 4.3. Reactor building parameters for
. loss of coolant detection
!

" f*," ," *,*"8"
#Measured parameter Purpo se

Temper a ture, 'C (*F)

Area monitoring" I 38-151 (100-400)
RCIC steam line spa ce A-high 79 (175)
HPCI steam line space A-hi gh 79 (175)
Main steam line space A-high 79 (175)
b

RHR rooms temperature or A-hi gh 63 (145)
humidi ty, 'C (*F)

CS rooms temperature or humidity, A-high 63 (145)
'C (*F)

RWCU system floor drain or area A-high 49 (120)
t empe r a tur e, 'C (*F)

Water flooding detectors, m (in.)

RHR pump rooms A-high 0.05 (2)
CS pump room A-hi gh 0.05 (2)

] CS/RCIC pump room A-high 0.05 (2)3
Suppression chamber room A-hi gh 0.05 (2) '

HPCI room A-high 0.05 (2)
Radiation, mrom/h

Reactor, turbine building # area I 0.1-1000 .

monitors
Reactor building area monitors A-high 100 above backga ound
Reactor ~ueilding normal ventila- A-high 100 above background
tion exhaust

I Ref ueling zone normal ventila- A-high 100 above background
tion exhaust

"See Table 4.4 for more details on area temperature monitoring.
b
See Fig. 4.3 for basement elevation.

#
See Table 4.5 for more details on area radiation monitoring.

|

|
.

!

*
,
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Table 4.4. BFNP reactor building area
temperature monitoring

* Elevation above

System Sensor location" sea level

[m (ft)]

RWCU Domineralizer 1B tank room 199 (653)
Domineralizer 1A tank room 199 (653)
In RWCU valve room 189 (621)
Above RWCU recirculation pump 1A 181 (593)
Above RWCU recirculation pump 1B 181 (593)
Above flow control valve 69-2 181 (593)
Above RWCU heat exchanger 181 (593)
In f ront of room exhaust duct for RWCU 181 (593)

RCIC Above RCIC turbine 158 (519)
Above RCIC steam supply line 166 (550)
Above RCIC steam supply line 166 (550)
Above RCIC steam supply line 166 (550)

HPCI Above HPCI turbine 158 (519)
Above HPCI steam supply line 166 (550)
Above HPCI steam supply line 166 (550)
Above HPCI steam supply line 166 (550)

.

RHR In RER System I pump room 161 (528)
In RHR System II pump room 161 (528)
In RER System I heat exchanger room 181 (593)
In RHR System II heat exchanger room 181 (593)
In RER valve room 172 (565)*

Above flow control valve 74-76 194 (635)
Above RHR System II supply line 169 (555)
Above RER System I supply line 169 (555)

Main steam Outside outboard NSIVs 172 (565)
Above main steam lines in steam vault 172 (565)
Above main steam lines below bypass valves 182 (596)

|
Above main steam control valves 187 (615)

"Ihe display panel is located at a back panel in the main control
room.

| See Fig. 4.2 for illustration of floor level elevations.

l

.

.
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Table 4.5. BFNP area radiation monitor locations

.

** * Ran eSensor and converter location

1 Reactor building fuel storage pool 0.1-10s
2 Reactor building service floor area 0.1-108

: 3 Reactor building new fuel storage 0.1-108
| 4 Reactor building M-G set area 0.1-108
. 5 Turbine building generator operating floor 0.1-10s'

6 Thrbine building RFP operating floor 0.1-10s
7 Turbine building turbine operating floor 0.1-108
8 Main control room 0.1-108
9 Reactor building cleanup system ares 0.1-108

10 Thrbine building feedwater heater area 0.1-108
11 Turbine building SJAE and SPE area 0.1-108
12 Turbine building feedwater heater area 0.1-10s
13 Reactor building north cleanup system area 0.1-108
14 Reactor building south cleanup system area 0.1-108
15 Ibrbine building decontamination room 0.1-10s
16 Turbine building hotwell pump area 0.1-10
17 Turbine building condenser corridor 0.1-108
18 Turbine building raw cooling water pump 0.1-108 .

18 Turbine building condensate dominera11:er area 0.1-10s
19 Turbine building outside steam line cavity 0.1-108
20 Reactor building CRD-HCU west area 0.1-108
21 Reactor building CRD-HCU east area 0.1-10s
22 Reactor building tip room 10.0-108 *

23 Reactor building tip drive area 0.1-108
24 Reactor building HPCI room 0.1-108
25 Reactor building RHR west room 0.1-108
26 Reactor building core spray - RCIC room 0.1-108
27 Reactor building core spray room 0.1-108
28 Reactor building RHR east room 0.1-10s
29 Reactor building suppression pool area 0.1-108
30 Stack room 0.1-10s
31 Radwaste building service water booster pump area 0.1-108
32 Radwaste building equipment drain sump ares 0.1-108
33 Radwaste building radweste control room 0.1-108
34 Radwaste building access corridor 0.1-108
35 Radwaste building waste packaging area 0.1-10s
36 Radweste building waste sample tank area 0.1-108
37 Radwaste building F.D. sample tank area 0.1-108

.

.

1
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5. THE ACCIDENT SBQUENCE WITH OPERATOR ACTION

5.1 Introduction
.,

This section presents the results of BWR-LACP calculations of reactor
vessel and reactor building thermal-hydraulic response for SDV break so-
quences with operator control. As discussed in Sect. 2, the initiating
event is assumed to be a reactor trip that cannot be reset. Fur thermor e,
the MSIVs are assumed to be shut throughout the sequence, as they would be
if the initiating event were a reactor trip on detected high main steam
radiation. This assumption is reasonable for other initiating events as
well because of the likelihood of a Group I isolation early in the so-
quence on high main steam space temperature [at 93*C (200*F)]. During
normal power operation, the main steam space (through which the main steam
lines pass be tween the drywell and the turbine building) is cooled by the
normal building ventilation, which maintains a flow of air entering the
steam space from the reactor building elevation-565 floor level. During

the SDV break sequence, the SGT system maintains a similar flow of air,
but the temperature of the incoming air is above 88'C (190*F) within 15
min of sequence initiation and therefore cannot effectively cool the main
steam space.

Prior to recognition of the existence of a una11 break in the primary
system, the operator would be performing the normal post-scram recovery

i

actions that in this case include the actuation of the RCIC system to'

,

provide reactor vessel water level control. One of the first tasks nor-

mally performed by the operator following a scram is an attempt to reset
the scram from the control room. If the scram condition has cleared, the

scram outlet valves close, isolating the SDV break from the reactor cool-
* ant system and effectively terminating the accident sequence. If the

scram condition has not cleared, then the scram cannot be reset, and the
accident sequence should proceed approximately as outlined in this sec-
tion.

Once the operator has recognized the existence of a small break in
the primary system, E0I No.15, " Breaks / Leaks Outside of Primary Contain-
ment," becomes applicable. This E0I does not call for depressurization
unless the vessel level cannot be maintained by the high pressure inj ec-
tion systems, which in the case of the SDV piping break accident de2cribed
here would be limited to the HPCI and RCIC systems.* Therefore, de pr e s-

|
surization would not be required by the EOI for maall breaks outside of

' the primary containment unless the leakage exceeds 0.355 m8/s (5600 sys),
the combined capacity of the HPCI and RCIC systems.

Never thele s s, prompt depressurization for unisolated breaks well be-
|
' low 0.355 m8/s (5600 spm) would be a prudent step that the operational

staff would be likely to take. Therefore, calculations were performed for

two different seque nce s : one with only the slow depressurization begin-
ning af ter 15 min and the other with an accelerated depressurization be-
ginning 30 min af ter the onse t of the break. Detailed results for these.

sequence s are presented in Sects. 5.3 and 5.4. Section 5.5 considers a

'The feed pumps are not available because the MSIVs are shut. The
| CED hydraulic pump discharge is lost out of the break.; -

_ _ _. __ _ . _ . _ _ _ _ _ _ _. _ _ _ _ _ _ _ . . _ _ __ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ . . _ _ _ _ _ _
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variety of initiating events (reactor trips) with a brief discussion of
the possible effects of each on the SDV break sequence.

Safety-related equipment in the BFNP reactor building is required (by
USNRC OIE Bulletin 79-01B) to be qualified to perform its designated func-
tion in the event of certain line breaks that can discharge high-energy ,

primary coolant into the reactor building. These breaks are RCIC steam
line break, HPCI steam line break, main steam line break, and RWCU system
line break. The environmental extremes to which equipment must be quali-
fled are 1005 humidity and peak temperatures that depend on location
within the building and are associated with a particular line break: a
peak of 96*C (204'F) on the elevation-519 floor level because of an HPCI
steam line break, a peak of 73*C (163*F) on tho elevation-565 floor level
because of a main steam line break, and a peak of 101*C (213'F) on the
elevation-593 floor level because of an RWCU line break. Most of the
equipment essential to recovery from the SDV break is not exposed to ten-
peratures outside the range of these environmental extremes during the
sequence with operator action; therefore, this analysis assumes that the
safety-related equipment is environmentally qualified as required and that
essential systems will function when called upon. Uncertainty is associ-
ated with this assumption because the SDV break causes conditions (ten-
perature approaching 93*C and possible water / steam impingement) on the
elevation-565 floor level that are more severe than the existing require-
ment s for that loca tion (73'C and no water / steam impingement) . For exam-
ple, it is possible that, even if the scram were reset, the scram pilot
valves would not close because of moisture accumulation within the Reactor
Protection System fuse cabinets, which are located near the hydraulic con- *

trol units. If the circuits within these cabinets are short-circuited,
the scram valves will not close because power will not be available to the
scram solenoids as a result of blown fuses associated with the individual
hydraulic control units. This would prevent the operators from using the

.

preferred means of isolating the SUV break from the primary coolant sys-
tea. There are, of course, other recovery options, including manual clo-
sure of the scrar outlet isolation valves.

.

5.2 Summary and Conclusions

! A liquid line break of the magnitude assumed for the SDV break [550
spa (0.03 m8/s) initial flow rate] would be detected by the control room
operator within 30 min af ter inception of the break. The basis for detec-

i tion would be annunciations in the control room of high reactor building'

area radiation and exhaust radiations. Because the BFNP E01-27, " Reactor
Building High Radiation or Ventilation System Failure," requires the con-
trol room operator to dispatch a health physics technician to determine

I the cause of the radiation alarm, diagnosis of the leakage condition would
be confirmed by personal observation of the very harsh reactor building

i environment that exists af ter the break.
Reactor vessel level, pressure, and injection flow rate signals would -

'

probably not lead to detection of the SDV break condition because of the
relatively man 11 effective size of the SDV break.

; Calculational results for the SDV break operator action sequences
show that with f ast depressurization, the leak would be stopped within

.

,

!
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e

about 2.5 h af ter the inception of the break. For the case of slow de-
pre s suriz ation, it could take as long as 4.5 h to confirm the location of

'

the break and take corrective action.
The loss of primary coolant outside of primary containment to any*

significant degree is a serious matter that can threaten the viability of
safety equipment located in the reactor building. Accordingly, reactor
vessel depressurizatior is recommended to be required for any nonisolable
break out side of the primary containment.

The premature loss of automatic inj ection capability, which occurs in
the ne-operator-action sequence (see Sect. 3) does not take place for the
operator-action sequences because the operator prevents the uncontrolled
inj ection of water into the reactor vessel by the cps and CBPs.,

5.3 JEB[ Break Onorator-Action Seauence<

with Slow Dooressurization

Results for the slow depressurization case are shown is Fiss. 5.1-
5.9. Leakage from the SDV break could be eliminated af ter about 4.5 h.
By that time, the absosphere of the elevation-565 floor level would have
cooled sufficiently to allow entry and visual confirmation that the SDV
was the leakage source. Af ter visual confirmation, operations personnel
would reset the reactor trip by extraordinary means either by placement
of rubber insulation be tween the applicable relay contacts in the auxil-

*
inry instrument room or by manually closing :sch of the 185 scram outlet
isolation valves. If these actions were not taken by the operations
staff, then a third recovery possibility would be to reduco reactor vessel
pressure all the way to atmospheric pressure, essentially (but not to-
tally) eliminating the leakage from the reactor vessel., .

| If the operations staf f correctly diagnosed the source of the leakage
without visual confirmation (i.e., by means of CRD instrumentation as dis-
cussed in Sect. 4.5), then recovery measures not requiring personnel ac-
ce ss could be performed prior to 4.5 h. Even af ter the air temperature
decreases to below 60*C (140*F), personnel access may be limited by radia-
tion; therefore, the preferred means of recovery are those not requiring
entry into the reactor building: (1) resetting the scram or (if this
f ail s) (2) reducing the primary coolant pressure to near absospheric.

Even though the plant is being cooled down at the normal (nonemer-
ge ncy) rate, the operators would know of the existence of primary coolant
leakage to the reactor building within 0.5 h af ter the beginning of the
break. Table 5.1 specifies the time at which various alarms or other leak
detection signals would be received in the control room.

Even if the control room operators totally ignore the control room
instruments, personnel in the reactor building at the time the break oc-
curred would report the noise, st e am, and/or high temperature of the leak
(unless prevented from doing so by inj ury resulting from the leak). The
BFNP reactor building, except for the basement and other limited areas, is,

maintained essentially free of contamination and can be entered without
special contamination clothing or other equipment. At any time of the day
(during power operation) three or more people are normally present in the

,

_ . . . _ . _ . - - _ . . . _ _ - , _ _ _ . _ - . - .-__.__...m., . _. , , _ . , , . . . ..__. _ _ _ . _ - - - , - _ - _ _ . . . __,.y_ . , . _ _ . _ , . _
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reactor building. Primary ingress and egress routes to the reactor build-
los require passage by the HCDs. Health physics and calibration techni-
clans enter frequently to complete assigned tasks. Custodial personnel
inhabit the building as required to complete routine cleaning tasks. The *

unit auxiliary operator has a desk on the third floor of the reactor
building in the RWCU area. Among other duties, he is responsible for re-
cording periodic surveillance of equipment in the reactor and turbine
buil dings. Any of these personnel in the reactor building would hear,
see, or feel the effects or a primary coolant leak of the magnitude con-
sidered in this report.

5.3.1 Reactor vessel crossure

Reactor vessel pressure is shown in Fig. 5.1. Before initiating
depressurization (beginning at 15 min), the operator uses remote-manual
operation of a single SEV, as necessary, to hold the reactor vessel pres-
sure below the 7.72-MPa (1120 psia) automatic actuation setpoint of the

SRVs. During depressurization, the operator lowers pressure at a rate
such that the saturation temperature corresponding to vessel pressure de-
creases at the assumed target rate of 53*C/h (95'F/h). At first, the
steam flow capacity of one SRV is sufficient to depressurize at the target
rate, but when pressure reaches about 0.83 MPs (120 psla), a second SRV
must be opened to meet the desired depressurization rate (Fig. 5.2). The
same SRV is not used throughout; BFNP procedures require that SRV actua-

*

tion be alternated among the 13 SRVs to minimize local suppression pool
heating.<

Af ter about 3 h, the target pressure of 0.45 MPa (65 psia)* is met,
and depressurization is halted while the source of the SDV leakage is in-
vestigated and eliminated. .

5.3.2 Reactor vessel level
,

Figure 5.4 shows reactor vessel water level during the slow depres-
surization sequence. The operator maintains the level in the desired

, ,

j range by continuous operation of the RCIC system (Fig. 5.5), suppl emented 1

by several intermittent HPCI actuations. As reactor vessel pressure de-
creases, leakage from the CRDs decreases (Fig. 5.3), but the RCIC system

I runs at nearly full capacity (at least during the first 90 min) to make up

( for the additional steam production caused by depressurization.
l

5.3.3 Reactor buildina thermal-hydraulic environment

Reactor building response during the early part of the sequence is
very similar to that for the no-operator-action sequence (Sect. 3) . As ,

the reactor vessel is depressurized, leakage from the vessel decreases. |
The flashing of steam from escaping coolant (Fig. 5.6) stops after ~3 h,

'

,

when the temperature of the SDV leakage has decreased to below 100*C
(212*F). As explained previously (see Sect. 3.4 and Summa ry), leakage
from the reactor vessel mixes with the 0.111-u /s (170 spm) flow of rooms

.

*The RCIC turbine can be operated at pressures as low as 65 psia.
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temperature water from the CRD hydraulic system before flowing to.the SDV |

and out the break. The SDV leakage continues af ter 3 h, without flashing
of steam, until the scram is reset or the 185 scram outlet isolation

,

valves are closed. |
e

'

Reactor building pressure (Fig. 5.7) peaks about 80 s af ter the SDV
break, when the reactor building blowout panels open to provide a flow

; path to the ref ueling bay. The ref uelin3 bay blowout panels do not open

{ because the ref ueling bay has a hi her exfiltration rate for a given2
positive pressure.

Af ter the initial pressure surge, the SGT system blowers are able to
maintain the reactor building under a negative pressure. As the rate of,

steam flowing from the SDV break is reduced by depressurization, the a tmo-
sphere temperatures within the reactor building (Fig. 5.8) begin cooling
as the heated air / steam mixture within the building mixes with the cooler
outdoor air dra'wn in by the SGT system blowers.

The SGT system is able to handle the flow of warm [ maximum exhaust
temperature of 43*C (110*F)], moisture-saturated air because of design
features that prevent condensation and moisture accumulation. The4

features installed in each SGT train include moisture separators, 40-kW'

; air heaters, and heating elements within the charcoal filters that are

thermostatically controlled to maintain the ambient temperature of the
'

charcoal at 87*C (1256F) before system operation. The charcoal heaters
are deenergized upon SGT initiation.

i The abaosphere at the elevation-565 floor level cools very slowly
because of the large amount of heat retained within the structures (in-,.

ciuding the massive concrete walls). After 4.5 h, the elevation-565 air
temperature is below 60*C (140*F) - cool enough to allow operations per-

( sonnel to enter and visually confirm the SDV as the source of the leakage.

| Figure 5.9 shows the flood level in the basement. As discussed in
i Sect. 3.4.3, the basement floor drains are interconnected so that the*

l
water level would be approximately uniform throughout the basement floor.
The flood level is shown in Fig. 5.9 both with and without the sump pumps
ope r a ting. In both ca se s, the water level does not reach the 1-m (3.3-f t)
depth that would be necessary to threaten the vital ECCS vessel water in-
jection pumps in the basement. The sump pumps would be expected to ulti-
mately fail by submergence during this accident sequence. Without the
sump pumps operating, the rising water level causes control room annuncia-
tion of basement flooding af ter about 40 min. This is about 20 min sooner
than for the case with the pumps operating.

5.3.4 Reactor buildina radiation exoosure rate

The tech spec limit for equilibrium primary coolant activity _ concen-
tration is 0.2 p C1/3 The normal BFNP coolant activity is 0.032 p Ci/g
(Ref. 1). Some of the activity carri$d out the leaking SDV would be re-
leased into the elevation-565 atmosphere and would be sensed by the Area
Radiation Monitor ( ARM) de tectors on that floor level. As more activity

*

is released, the radiation dose rate (i.e., whole body dose caused by
gamma radiation) increases; when it exceeds 100 ares /h, the " Reactor Blds
Radiation Hi" annunciator in the main control room would be actuated.

The time required for actuation of the high-radiation alarm is esti- '

mated from calculational results reported in Ref. 2 for hypothetical SDV*

- , _ . . - ~ _ _ _ _ _ _ _ _ _ _ _ - - - _ ._ _ - . _ _ _ _ _ _ _ _ - _ . _ _ , . _ . _
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break scenarios similar to that considered in this report. Reference 2
reports (as Case 6 in Table 4.2) a dose rate of 0.7 ram /h af ter 0.5 h of
SDV leakage at a rate of 0.03 m8/s (550 spm); the calculation assumes that
the coolant activity is 0.2 p Ci/g and that the release mixes with 20% of a

the building free volume. This approximates the dose rate that the AENs
I on the elevation 565 would see. At this rate, the 100-ares /h high radia-

tion alarm would be exceeded af ter only 4.5 min. If coolant activity were
at the normal BFNP equilibrium concentration, the dose rate would exceed
100 mren/h after 27 min.

5.4 Ooorstor-Action Seauence with
Accelerated Deoressurization

Figures 5.10-5.18 show the operator-action sequence with an acceler-
ated depressurization beginning 0.5 h af ter inception of the SDV break.
As discussed in Sect. 5.3, the operators would know of the existence of
the break within 0.5 h. Depressurization at a faster than normal rate is
an obvious way to reduce leakage from an unisolatable leak.

After ~2.5. h, reactor building staosphere temperature would have
cooled enough to allow entry to the elevation-565 floor level and positive
confirmation of the SDV as the source of the leakage. Af ter confirmation
of the leakage so ur ce , the operators would take positive steps to elimi-
nate the leakage flow, as discussed in Sect. 5.3 for the case of slow de-
pressurization. The advantage of the f ast depressurization is that re- *

covery can be assured ~2 h sooner.

J.5 SDV Break Seouence with Other Initiatina Events .

Because the SDV is pressurized only af ter reactor trip, a reactor
scram must precede any SDV break accident. Table E.1 (Appendix E) lists
BENP reactor trips from full power. A reactor scram caused by a high main
steam line radiation scram signal could not be reset (as has been assumed

i

| In this study) because (1) it has no bypass and (2) it could remain in
effect for hours af ter the initial detected high radiation.

With the exception of the high drywell pressure trip, a large SDV
break without operator action would proceed essentially as presented in
Sect. 3 for any reactor trip initiating event. The initial part of most
SDV break n&-operator-action sequences would be dif ferent in that most
reactor trips do not involve a related closure of the MSIVs. Immediately
after reactor trip, the reactor vessel level usuctly shrinks. The main
feedwater automatic control sees the decrease in level and, in response,
increases the speed of the three operating main feedwater pumps. The
vessel level responds rapidly, and before the controller can reduce flow
sufficiently, the reactor vessel level exceeds the setpoint for autamatic'

trip of all three feed pumps.* Af ter all the feed pumps are tripped, the =

' Normal operator action would be to trip two of the three operating
feed pumps to avoid trip of all feed pumps oc high level.

.
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vessel level begins decreasing. When the level reaches 12.11 m (476.5
in.), the MSIVs close, and when the level reaches 12.09 m (476 in.), the'

HPCI actuates. From this point on, the sequence with no operator action
is very similar to that presented in Sect. 3, with the MSIVs closed ande

reactor vessel level being maintained by the HPCI system.
An SDV break no-operator action sequence following reactor trip on

high drywell pressure would take much longer for the core to be uncovered.
The high drywell pressure signal " seals in" and thereby enables the Auto-
matic Depressurization System (ADS) to actuate whenever low reactor vessel
water level is reached. This enables the ECCS pumps (residual heat re-
moval and core spray) to inj ect water into the vessel, preventing core
uncovery until the pumps themselves f ail because of submergence af ter
about 16 h.

The SDV break operator-action sequence following most of the reactor
trips listed in Table E.1 would either be terminated very quickly when the
operator successf ully resets the reactor trip, or, as a worst case, would
proceed approximately as outlined previously in this section. In either

' case, the core uncovery is avoided by reasonable operator actions. The
maj or difference expected would be that the operators might, for all but
the loss of reactor protection system (RPS) power trip, be able to keep
the MSIVs open* and provide reactor vessel inj ection using the main feed-
water system instead of the RCIC and/or HPCI systems. Titis doe s not af-
fect the timing or ability of the operators to detect the SDV leakage con-
dition because (as discussed in Sect. 5.3) detection of the leak depends.

'

mainly on reactor building environmental response f actors..
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ization reactor building atmosphere temperature.
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Fig. 5.18. SDV break operator-action sequence with fast depressur-
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Table 5.1. Break detection signals for SDV operator-action sequences

Break "I8
detection d Inf reation

signal main control room received in
g ,g,) main control room

Reactor zone ventilation ~1 The following annunciator
exhaust high-radiation would actuate: "REACIDEalarm (radiation >11 ZONE EIRAUST RADIATIONares /h) HIGH"

Building high-radiation 27 The following annunciator
alarm (radiation >100 would actuate: "REACIDEarea /h above background) BLDG RADIATION HIGH"

Independent personal observa- (30 Personnel in reactor
. tion (of noise, steam, high building would report!

t empe ra tur e, flooding) the obvious leakage
conditions

Basement flooding alarms 60 One or more of the fol-[ flood level >2 in. .

Iowing annunciators
(0.051 m)) would actuate:

"RER PUNP RN FLOOD LEVE"
"CDRE SPRAY PUNP ROON
FLOOD LEVEL" ~

"ICS and RCIC PUNP ROON
PLOOD LEVE"

Basement high-temperature 224 One or more of the fol-alsras [ temperature >130*F lowing annunciators
(54*C)] would actuate:

"RHR PUNP RN HUNIDITY OR,

'

TEMP HIGH"
"CDRE SPRAY PUNP RM UU-
MIDITY OR TEMP HIGH"

.

"RCIC TURB ROON TEMP HIGH
j HIG H"

#
Elapsed time after inception of the SDV break,

bHigh-radiation alarm is calculated (Sect. 5.3.4) to occur af ter 27 min
if primary coolant equilibrina activity is normal.

.

|
.

1
,

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



. . .- - - _- . -

|'

73

.

6. EVENTS AFTER CORE UNQWERY
:

6.1 Introduction
e

Events prior to core uncovery in the no-operator-action sequence were

i discussed in Sect. 3. The purpose of this section is to discuss the so-
quence and timing of events that occur subsequent to core uncovery for the
no-operator-action ca se.

The analysis presented in this section was performed with an ORNL-
modified IBM version of the MARCH 1.1 (Ref.1) code. The MARCH code was
originally developed by Battelle Columbus Labs for risk assesmaent appli-
cations such as the Reactor Safety Study.8 For such applications, the
accident sequences are fixed by initial definitions. While relatively

| simple bounding analyses might be adequate for risk assesasent applica-

| tions, more sophisticated calculational capabilities clearly are desirable
for the subject application. ApporJix B discusses problems associated
with application of MARCH to BWR accident analysis. Appendix C contains a
brief summary of those modifications that were necessary to permit ORNL to
complete the analysis discussed in this section. The MARCH input data for
the base case analysis that is subsequently used for the fission product
transport analysis is contained in Appendix F. The input values shown in
Appendix F were derived from plant design information and the results of
the BWR-LACP code analysis described in Sect. 3.

.

6.2 Maior Desian Considerations Influencina Post-
Co re-Unc ove ry Accident Seanenc,gg

.

The accident sequence subsequent to core uncovery in the no-operator-
action case is significantly influenced by three distinct design features
of the BWR 4/MK I reactor / containment system employed at BFNP. The first
two design features are related to the physical flow path followed by ma-
terial leaking from the reactor vessel and drywell via the break in the
scram discharge volume system (Fig. 6.1) . During the early stages of the
accident, material leaving the reactor vessel must flow through the fuel
bundle flow openings [ located at the top of each control rod guide tube
0.3 m (~12 in.) below core bottan*], down the length of the guide tubes
and CRD mechanism housings, and out to the SDV system via the 3/4-in. CRD
withdraw lines, which are located at the base of each CRD housing. Be-
cause of the location of the fuel bundle flow openings, direct leakage of
reactor vessel water is apparently possible only while the vessel water

|
1evel is above the height of these flow openings (for intact CRD housings

| and guide tubes). Af ter the water level has dropped below these openings,
the break flow changes from water to steam.

The location of the 185 CED withdraw lines that connect the control
rod drive mechanimas to the scram discharge system is also shown in Fig.

*

| 6.1. Because of the physical proximity of these scram withdraw lines to
,

i
'

*A detailed drawing of one of these openings is shown in Appendix B,
Fig. B.7, labeled " flow inlet to fuel bundle."

,
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the reactor vessel bottom head, vessel head f ailure probably will result
in the f ailure (opening) of a large number of these lines. This is a
significant f act because of the effective break flow area available for
containment leakage with and without withdrew line f ailures. Following

'
vessel head f ailure, the effective break flow area is limited orly by the
combined flow area of the 185 scram withdrew lines, which is 0.053 m*

i

(-4.57 f t8) . The number of scram withdraw 11 ass that would actually fail
following reactor vessel head f ailure is difficult to estimate because of,

uncertainties in the mode and timing of vessel head f ailure. It is possi-
ble to imagine repair mechanisms by which withdraw lines that had prsvi-
ously failed could effectively reclose themselves via some melt / refreeze

phenomena or plugging of the lines because of aerosol particle entrapment.,

i The third maj or element that influences the sequence of events in the
subj ect accident is the design of the containment ERAS (Fig. 6.2) . The
design pressure and temperature of the BFNP ccatainment are 0.386 NPa
(sage) (56 psig) and 138'C (281*F) respectively. Containment f ailure via
overpressurization was considered to be the dominant f ailure mode for an

i inerted BWR containment in the Reactor Safety Study.8 Failure was pre-
dicted to occur when the containment was stressed to a level between the
yield and ultimate tensile stress of the steel liner and inner reinforce-
ment layers. The lower bound for containment f ailure was assumed to be
1.21 MPa (177 psia).

The containment EPAs are designed to withstand an interior contain-
ment temperature of 163*C (325'F) for 900 s (15 min), followed by an in-
definite period at 238'C (281*F) (Ref. 3). The design pro ssure of the
EPAs is 0.386 NPt (sage) (56 psig). Based on an analysis of the ERA de- -

sign criteria, drywell failure would probably occur via ERA elastomer seal,

degradation at ambient temperatures in excess of 204*C (400*F) (Ref. 4).,

The combined cross-sectional flow area of all the drywell ERAS in BFNP is
j 1.95 ms (21 f t8) . Accordingly, we have assumed that the ERA seals would

,

i begin leaking at 204*C (400*F) with a combined leakage area of 64.5 cm8
(10 in.s) and f ail completely at an ambient temperature of 260*C (500*F).

6.3 ECCS Involvement in Post-Core-Uncovery

No-Onorator-Action Accident Seamence

As will be discussed in the following sections, the accident pro-
grossion following core uncovery in this sequence was found to be highly
sensitivo to the performance characteristics of the low pressure emergency
core coolant systems [ core spray system ond low pressure coolant inj ection
(LPCI) mode of the RER system] . The high pressure coolant inj ection sys-
tem (HPCI) and reactor core isolation cooling system (RCIC)* would not be
available for use in the period following core uncovery in this sequence.
As de scribed in Sect. 3, the HPCI system would be rendered inoperable be-
cause of water overflow from the reactor vessel to the HPCI steam supply
lines following condensate booster pump injection at 232 min into the

.

*Although the RCIC system is not an ECCS, it does have the capability
to inj ect water into the reactor vessel under high vessel pressure condi-
tions.

.

|
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transient. Without operator action, the RCIC system would autanatically
i begin running when the reactor vessel level first drops to 12.1 m (476.5

in.) at the start of the accident and antamatically turn off when the

| 1evel reaches 12.24 m (482 in.) . The RCIC system would remain of f there-
'

' after.
Table 6.1 is a summary of the de sign and as-built performance char-

acteristics of the BFNPf1 performance characteristics. As-built specifi-
cations were obtained from pump test data supplied to ORNL by TVA. The
core spray (CS) system consists of four electric-motor-driven centrifugal

; pump s, a spray sparger in the reactor vessel above the core, and the nec-
essary piping to convey water from the suppression pool to the sparger.
The core spray pumps automatically begin running upon receipt of a signal
indicating either (1) low reactor vessel water level of 9.76 m (384.5
in.), or (2) high drywell pressure of 0.0138 MPu (sage) (2 psis) and low
reactor vessel pressure of 3.103 MPt (sage) (450 pois). In the subj ect
seque nce , the .aw water level signal occurs at 438 min into the accident

(Sect. 3). How e'v er, CS water inj ection does not begin until the pressur,
differential between the reactor vessel and the wetwell drops below the !

offective shutof f head of the core spray pumps (design 289 psid, as-built
342 psid). As used here, the effective shutoff head is defined to be the

! pump shutoff head minus the elevation head between the suppression pool
'

surface and the injection point into the primary system.
The BFNPf1 LPCI (operational mode of RER system) consists of four

electric-motor-driven centrifugal pumps and the associated piping and
valves necessary to convey water from the pressure suppression pool to the
reactor recirculation loops. LPCI pump operation is triggered by receipt.

of the same signals previously described for the CS system. As in the
case of the CS, LPCI inj ection does not begin until the differential pres-
sure between the reactor vessel and wetwell drops below the effective
shutoff head of the LPCI purps.

*
An analysis of the design and as-built system characteristics in

Table 6.1 reveals two maj or differences:

1. Under de sign conditions, LPCI system inj ection should occur before CS
system inj ection as reactor vessel pressure decreases, while under as-
built conditions, CS system inj ection occurs before LPCI inj ection.

2. The as-built effective pump shutoff head of both the LPCI sad CS sys-
tems is significantly higher than the associated design shutoff pres-
sures; that is, the actual CS and LPCI pumps will begin to inject
water at significantly higher reactor vessel pressures than required
by de sign specifications.

Item I is particularly important because an accident condition might be
achieved in which steam flashing caused by CS injection can result in a
reduced reactor vessel depressurization rate, thereby preventing LPCI
inj e ct ion. The following section will show that differences between the
design and as-built LPECCS performance can significantly influence the
accident progression rate in the no-operator-action sequence.

.

O

\
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6.4 Seauence Definition

Figure 6.3 is a representation of the event-sequence tree following
core uncovery in the no-operator-action scram discharge volume break , j

a ccide nt. The event timings associated with the sequences shown in Fig.
6.3 are given in Table 6.2. The first branch point in the tree is based
on the availability of LPECCSs. In sequences B and B1, it is assumed that
no LPECCS is available, while in sequences A and A1, the LPECCSs are as-
sumed to be functional and available. For sequences in which LPECCS is
available, we have differentiated between cases in which these systems
operate as designed and cases in which these systems operate as built
(Table 6.1). Branch point 3 is encountered in all sequences following
f ailure of the reactor vessel bottom head. In sequence s A, A1, and B1,

! all CRD withdraw lines are assumed open upon f ailure of the bottom head,
providing a direct leakage path from the drywell* to the reactor building.
In sequence B, these lines are assaned to be closed so that leakage into
the reactor building ceases at the time of reactor vessel bottom head
f ailure.

An analysis of the data in Table 6.2 reveals that MAkCH predicts so-
quence B containment f ailure will occur 34 min later than in sequence B1.
This result is surprising because in sequence B, the drywell/wetwell con-
tainment is completely isolated, while in sequence B1 the drywell has a
functional vent area of 0.053 m8 (0.57 f t8) because of failure of the CRD
withdraw lines. It is reasonable to prcsume that drywell venting in so-i

'

quence B1 would produce a delayed drywell temperature response relative
,

to sequence B and would result in delayed EPA f ailure. The problem with
the MARCH predictions for sequence B appears to be related to the code's
choice of the calculational time step employed af ter vessel head f ailure
in isolated containments. MARCH consistently employs a time step for the
sequence B1 calculations, which is orde;s of magnitude taaller than that -

employed in sequence B. One impact of this phenomena is that MARCH does
not permit the core / concrete reaction to begin in sequence B until 20 min
af ter vessel head f ailure, while delaying the start of this reaction only

| 30 s in sequence B1. For these reasons, it is believed that MARCH results
| for sequence B are incorrect; that is, drywell cooler and EP'A failure
i would actually occur earlier in sequence B than in sequence B1. The r e-

suits of the sequence B MARCH analysis will not be discussed further, and )
MARCH analysis of the two event paths labeled "no analysis" on Fig. 6.3 )

'

were not performed because of these considerations.i

It is our belief that sequence Al represents the most realistic event |
path for the no-operator-action accident sequence at BFNP because the ac- |tual performance characteristics of the LPECCS pumps are modeled. Haw-
ever, limitations in the MARCH code's ability to model core spray ECC
(see Sect. B.8 of Appendix B) severely compromise the credibility of the
code's predictions for this sequence. For this reason, we have adopted
sequence A as our standard or base case. The results of the sequence A
MARCH analysis, which considers the LPECCS as de signed, will be utilized

.

* Note that the source of the leakage shif ts from the reacter vessel
to the DW upon reactor vessel bottom head f ailure in sequences A, A1, and
B1. )

|'
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In the fission product transport analysis to be described in Vol. II of
this report. The results of the MARCH analysis of cases A, A1, and B1 are
described in the following sections.

r

6.5 Base Case Syste- Response - Seauence A

Figures 6.4-6.23 are plots of the BFNP post-core-uncovery system
response for sequence A, as predicted by the ORNL version of MARCH 1.1.
Figure 6.4 is a plot of the desay heat level be tween the time of core
uncovery and core sitap. The decay power is relatively constant at 0.8%
of full power during this time period.

Figures 6.5-6.7 are plots of the reactor vessel pressure, water ten-
perature, and collapsed water level, respectively, for the time period
be tween core uncovery and core slump. Immediately following core uncov-

ery, reactor vessel pressure (Fig. 6.5) increases to the SRV pressure
setpoint and is held at that level by SRV actuation during the remainder
of the in-core boil-of f phase. Reactor vessel water temperature (Fig.
6.6) remains constant at the saturation temperature corresponding to the
SRV actuation pressure during the in-core boil-off phase. As the vessel
water level (Fig. 6.7) drops below the bottom of the active core, the
steaming rate is reduced, resulting in a slight decrease in vessel water
temperatures and pressure. The vessel water level continues to drop, un-
covering the fuel bundle flow inlets ~1 min later.

Following flow inlet uncovery, MARCH predicts a brief period of in-
,

tense flashing, which results in the pressure spike (Fig. 6.5) of 0.32 MPt
(~47 psia). This repressurization caused by flashing is an unrealistic
phenomena because flashing, which results from vessel depressurization,
cannot produce an increase in vessel pressure. This pre ssure spike, to-

gether with numerous similar spikes (Fig. 6.5), are results of errors in'

the MARCH reactor vessel pool flashing model.
MARCH predicts that LPECCS inj ection begins at 530 min into the acci-

,

dont (Fig. 6.8) when the primary system pressure has dropped to 2.15 MPt
I (312 psia) and the reactor vessel water level is 178 in, above vessel sero

(26 in, below the level of the fuel bundis flow inlets and 38 in, below

the bottom of the active core) . Over 45% of the core is noiten at this
time.

In addition to revealing the time of initiation of ECC inj ection,
Fig. 6.8 indicates that the ECC inj ection flow is highly oscillatory in
nature and that the peak ECC injection rate is slightly less than 529 kg/s
(70,000 lb / min). The inj ection rate is ~17% of the maximum combined in-
jection caEability of the CS and LPCI systems. MARCH predicts that peri-
odic LPECCS water inj ection would occur during a 34-min period prior to
core slunp sad that the maj ority of this flow would be the result of LPCI
system inj ection rather than CS system inj ection (ba sed on de sign pump
shutoff pressures) . Indeed, MARCH predicts that LPCI system iaj ection
would occur 39 times during this 34-min period but that CS inj ection would
occur only 6 times during the same period (because of high RPV pressure).-

Reactor vessel water level is predicted to vary be tween 215 and 203 in.
during the period of ECCS inj ection. The active fuel region would remain
completely uncovered during this period. Based on MARCH predictions for

.
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the accident conditions and LPECCS design characteristics assumed, the
LPECCSs are not capable of reflooding the core and preventing a core molt-
down accident unless the reactor vessel pressure is reduced by operator
action to a point significantly below the LPECCS shutoff head.

,The MARCH predictions concerning the impact and performance of the
LPECCSs are subj ect to extremely large uncertainties because of MARCE's
inability to accurately model core spray systems (Appendix B) . These un-
certainties may be less significant in the present case because reactor
vessel pressure would remain above the ef fective CS shutoff head through-
out most of the accident. Additional uncertainties are introduced, how-4

ever, because MARCH employs extremely simplistic core meltdown models. As
previously mentioned, in this sequence over 45% of the core is predicted
to be molten at the time of LPECCS injection. The present state of knowl-

I edge concerning accident phenomenology under these conditions is weak at
best.

Figures 6.9 and 6.10 are plots of the water and steam leakage rates<

from the RPV via the scram discharge volume system break. Water leakage
is predicted to peak at 79.3 kg/s (10,490 lb / min) just prior to stopping
completely at 457 min as the water level dro$s below the fuel bundle flow
inlets. Water Isakage is not predicted to resume until 531 min into the
accident (74 min later), when LPECCS injection results in water levels
above the fuel bundle flow inlets. During the period of LPECCS injection,,

the peak RPV water leakage rate is predicted to be ~35.8 kg/s (4740 lb /
min). The maximum steam leakage rate of 22.9 kg/s (3034 lb / min) (Fig";

} 6.10) is predicted to occur when the fuel bundle flow inletI are first un-
'

covered at 457 min into the accident. The oscillatory nature of the de- *

creasing steam leakage (Fig. 6.10) in the period be tween 457 and 530 min
is not believed to be realistic; it appears to be closely coupled to in-
stabilities in MARCH's reactor vessel pool flashing calculations. Steam
leakage is predicted to vary between 0 and 1.5 kg/s (202 lb / min) in the,

,

period between 530 and 564 min (core slump) as the vessel wIter level oe-
cillates around the level of the fuel bundle flow inlets.

Figure 6.11 is a plot of the hydrogen leakage rate from the reactor
vessel during the time proceeding core slump. The leakage rate is pre-

dicted to peak at ~0.48 kg/s (63 lb,/ min) at the time the RPV water level
first drops below the fuel bundle flow inlets, and to vary be tween 0 and
0.36 kg/s (48 lb,/ min) throughout the period preceeding LPECC injection.
During the LPECC inj ection phase, hydrogen flow from the reactor pressure !
vessel is predicted to peak at 0.58 kg/s (77 lb,/ min) with an intense hy- |
drogen flow spike of 12.6 kg/s (1663 lb,/ min) predicted to occur at the j
time of core slump. Figure 6.12 is a related plot of the in-vessel Zr-H 0 '

3
reaction energy generation rate during the period prior to core slump.
The reaction is predicted to be highly steam-starved throughout the inter-
val. The oscillatory nature of the plot is caused by oscillations in the
MARCH RPV pool flashing calculation, which result from SRV actuation and
f uel bundle flow inlet uncovery. The time-dependent fraction of the total
fuel cladding reacted is shown in Fig. 6.13. Approximately 34% of the

,

cladding is predicted to be reacted at the time of core siemp.
Figures 6.14 and 6.15 are plots of the maximum fuel temperature and

the coronelt fraction prior to core slump. Maximum fuel temperatures in-
crease rapidly following core uncovery, rising over 1400'F in the 13-min

..
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period be tween uncovery of the top and bottom of the core. Core melting

(Fig. 6.15) does not begin until 506 min into the accident, when the en-
tire core has been uncovered for ~51 min.

Figures 6.16 and 6.17 are plots of the hydrogen leakage rate and in-
' tegrated steam leakage into the reactor building throughout the course of

the accident. In reality, the small initial safety relief valve flows
; (labeled "SRV act aation" in Figs. 6.16 and 6.17) would actually discharge

; into the suppression pool. Hcwever, the MARCH user is forced to select
a single destination for all break and SRV flows. For this analysis, in

|
which the SRV flow is relatively small, MARCH was instructed to send all
break and SRV flow to the reactor building. In actuality, prior to f uel

bundle flow inlet uncovery, only saturated water would flow into the re-
actor building through the scram discharge volume break. An analysis

of Fig. 6.17 reveals that when the SRY flow is neglected, ~118,000 kgJ

(260,000 lb,) of steam would actually be injected into the reactcr build-
ing during the in-vessel phase of the accident.

Figures 6.10-6.20 are plots of the drywell temperature, pr e s s ur e, and
hydrogen mass throughout the course of the accident. Following vessel
head f ailure, the drywell temperature is predicted to increase rapidly as
the molten core debris begins interacting with the concrete floor. The
drywell electrical penetration assemblies are predicted to f ail by over-
temperature at 707 min into the accident when the drywell pressure is
~0.16 MPs (~23 psia). The total drywell hydrogen mass is predicted to

peak a t 106 kg (~235 lb,) Just prior to ERA f ailure. The drywell atmo-
spheric temperature response af ter containment f ailure is driven by the
core-concrete reactions as modeled in the INTER subroutine. INTER is a*

highly empirical code that was developed as a tool for guiding the direc-
tion of core-concrete interaction studies. The authors of the code do not
regard it as being suf ficiently refined to provide reliable predictions of
the course of meltdown accidents in nuclear power plants.s MARCH predic-.

tions for containment behavior subsequent to initiation of the molt / con-
I crete reaction should, therefore, be viewed only as a rough approximation
I of actual containment behavior. Unfortunately, these results are very

important to the analysis of fission product transport.
The wetwell temperature, pr e s s ur e, and hydrogen mass are plotted in

,

'

Figs. 6.21-4.23 re spe ctiv ely. Because of the MARCH break /SRV flow model-
Ing limitations previously discussed, MARCH sends all SRV flow to the
reactor building. The result of this limitation is that the suppression

pool does not begin to heat up until the reactor vessel botton' head f ails
at 652 min into the transient. Following vessel bottom head f ailure, the

wetwell temperature and pressure are predicted to rise rapidly, reaching
peaks of 62*C (~143'F) and 0.16 MPs (23 psia) Just prior to drywell EPA
f ail ure. Wetwell hydrogen mass is predicted to peak at 29.9 kg (66 lb )"
J ust prior to EPA f ailure.

6.6 System Resnonse - Soauence Al

.

Figures 6.24-6.34 display the results of the MARCH analysis of so-
quence A1 ("ECC a s-built" ca se) . Prior to the time of initiation of ECC
inj ection at 523 min, the system response is identical to that described

.

i
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in Sect. 6.5. Section 6.5 describe s any features of interest in Figs.
6.24-6.34 that occur prior to 523 min into the accident. In this section,
we will discuss only those features of the sequence Al system response
that differ from those of sequence A.

,

As previously discussed (Sect. 6.3), the ECC as-built performance
differs from the design performance criteria in two substantial ways:

1. core spray inj ection occurs before LPCI in sequence Al rather than
after, and

2. both the CS and LPCI systems can inject water into the reactor vessel
at higher RPV pressures than dictated by design criteria.

Bocause of MARCH's inability to model core spray systems (Appendix
B), the results of this sequence Al analysis are subj ect to extremely
large uncertainties. A significantly more detailed thermohydraulic analy-
sis would be needed before realistic conclusions regarding the SDV break
accident mitigation capability of BFNP's LPECCS could be drawn.

Figures 6.24-6.27 are plots of the sequence Al RPV pressure, water
temperaturer water level, and ECC inj ection rate throughout the period

j preceding care slump. Following initial ECC inj ection (Fig. 6.27) at 530
I min, the system is predicted to rapidly reach an equilibrius state in

which the ECC flow is j ust suf ficient to replace the water loss via the
SDV break (Fig. 6.28). During this period of ECC inj ection, the system
pressure is predicted to stabilize at 2.45 MPa (gage) (356 psig), water
temperature at 221'C (430*F) (~3*F below saturation temperature), water
level at 5.54 m [(218 in.) so that 2 in, of active core region is covered] *

nad ECC flow at 32.4 kg/s (4290 lb,/ min) . Steam and hydrogen leakage are
tredicted to cease entirely af ter ECC inj ection because of recovery of the
luel bundle flow inlets (Figs. 6.2 9 and 6.3 0) .

Figure 6.31 is a plot of the time-dependent sequence A1 Zr-H 0 reac- *
3

tion energy. MARCH predicts that the reaction ceases completely following
initiation of LPECCS inj ection. An analysis of the MARCH output reveals
that this behavior is caused by steam starvation phenomena. Although
MARCH predicts that there is over 362 kg (800 lb ) of steam within the RPV
during this phase of the accident, this existing" steam is not allowed to

;react. MARCH only allows the Zr-H,0 reaction to progress in the presence
; of moving steam. The reader should recall that MARCH models all ECC in-

jection as if it enters the RPV below the core. The maj or effects of this
are

1. direct production of steam caused by interaction of core spray water
with the hot core is not modeled,

2. the temperature of the RPV water is reduced below the saturation
temperature corresponding to the existing RPV pressure if the water
level is below the bottom of the core, and

3. the water level rises.

In this sequence, MARCH predicts that no steam is available for the . ,

Zr-H 0 reaction because the RPV water temperature is predicted to stabi-3

lize at ~3*F below saturation (no boiling), the fuel bundle flow inle t s
are covered with water (no flashing), and the CS water is assened never to
contact the hot core (no vaporization). These MARCH modeling limitations

,
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are particularly unfortunate because an analysis of the MARG output re-
veals that for sequence A1, the great maj ority of this ECC flow would be,

'

the result of core spray inj ection.

The clad resction and melt fractions for sequence Al are plotted in,
'

Figs. 6.32 and 6.33 respectively. The impact of the reduction in Zr-H,0
reaction energy input can be clearly seen in both figures. Figure 6.34 is
a plot of the drywell abaospheric temperature throughout the accident.
The drywell is predicted to fail 729 min into the accident via EPA seal
degradation when tha drywell pressure is only 0.19 MPa (~27 psia) .

; In summary, MARCH predicts that RPV head and drywell failure occur
i later in sequence Al than in sequence A. The delay in the timing of these
j events appears to be coupled to decreased Zr-H 0 reaction energy genera-3

tion rather than improved core cooling. MARCH predicts that the inte-
grated pre-core-slump Zr-H 0 reaction energy generation is 2.7 x 101' J

!

1

3
! (~2.6 x 10' Bta) less in sequence Al than in sequence A. Because of re-

strictions in MARCH's ECC modeling capability, the predictions have lin-
ited validity and are not suitable for determination of BFNP LPECCS acci-
dont mitigation capabilities for the scram discharge volume break acci-
dent. It is unclear whether these results have any validity for cases in
which core spray systems are unavailable.

6.7 System Resnonse - Seanence R1

'

In this section, the BFNP system response during sequence B1 (no+

| LPECC) will be briefly de scribed. Figures 6.35-6.44 display the results
of the MARCH analysis of this sequence. Prior to 530 min into the acci-
dent, the system response is identical to that of sequence A. Section 6.5
discusses the system response prior to 530 min. The discussion in this,

section will be limited to the time period af ter 530 min in this accident
seq ue nce.

Figures 6.354 .37 are plots of the BFNP RPV pressure, water tempera-
t ur e, and water level throughout the period preceding core slump in so-
quence B1. Unlike sequences A and A1, it is assumed in sequence B1 that
low pressure emergency core cooling systems are not available to replace
the primary system mass inventory loss via the scram discharge volume
break. As a result, the RPV water level is predicted to drop monotoni-
cally during the period preceding core slump (Fig. 6.37), and the primary
system pressure and water temperature are predicted to behave in a similar
f ashion (Figs. 6.35 and 6.36) .

As the RPV water level drops below the fuel bundle flow inlets, the
break flow changes from water to steam (Figs. 6.38 and 6.39) and ransins
steam throughout the pre-core-slump period. Because the flow inlets re-
main uncovered, MARCH predicts that the RPV pool periodically flashes
throughout this period, thus providing steam to drive the Zr-H,0 reaction
(Fig. 6.40). This Zr-H,0 reaction produces significant quantities of hy-
drogen, which are leaked from the primary system via the SDV break (Fig.,

6.41). Approximately 680 kg (1500 lb ) of H, is leaked to the reactor
building prior to core slanp. If the" Standby Gas Treatment system (SBGTS)

I continued to be operable in this sequence, the possibility of a hydrogen
I detonation in the reactor building could become significant.

!
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The impact of the Zr-8,0 reaction heating can be seen clearly in
Figs. 6.42 and 6.43, which are plots of the time-dependent f raction of
fuel cladding reacted and the fraction of the core that is molten during
sequence B1. Approximately 38% of the cladding is predicted to be reacted ,

at the time of core slump (549 min).
Figure 6.44 is a plot of the BFNP drywell abaospheric temperature

response throughout the course of sequence Bl. The drywell coolers are
predicted to f ail at 644 min into the transient, followed 1 mia later by
EPA venting and f ailure.

6.8 Summary

The sequence of events following core uncovery in the scram discharge
volume break, no-operator-action accident has been described in this sec-
tion. The timing of these events is significantly influenced by the loca-
tion of the control rod guide tube fuel bundle flow inlets, CED withdrew
lines, and the temperature sensitivity of the drywell electrical penetra-
tion assemblies.

Analysis of the as-designed and as-built LFECC cases indicate that
these systems would not be capable of recovering the core and terminating
the accident under the no-operator-action scenario because of excessive
reactor vessel pressures. Because of limitations in MARCH's thermal-
hydraulic and ECCS modeling capabilities, these results are subj ect to ex-
treme uncertainty - especially in the ECCS as-built case. The as-de signed .

LPECC case has been selected for use as the base case for the fission
product transport calculations to be presented in Vol. II of this report.

Containment f ailure follows immediately af ter f ailure of the drywell
coolers in all sequences that were analyzed in this study, but it is un-

*
clear that continued operation of these coolers would delay containment
f ailure in any sequence. Further analysis should be performed to address
this uncertainty when a more sophisticated core-concrete reaction code
such as (X)RCON is available to replace the MARG subroutine INTER. The
total elapsed time between core uncovery and gross drywell failure caused
by EPA seal degradation was determined to be ~4.4 h.
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Table 6.1. Design and as-built performance
characteristics of BFNPf1 core spray and*

low pressure coolant inj ection systems

Ersctor
ve s sel-t o-we tw ell

pressure differential

Suction Total flow at which
System

(GPN) inj ection beginssource
(psid)

De si gn As-built

Core spray We twell 12,500 @ 120 psid 289 342

LPCI We tw ell 40,000 6 20 psid 295 331

Table 6.2. BFNP#1 scram discharge volume break,-

no-operator-action accident event timing

Time of occurrence
(" "'Event

,

Seq. A Seq. Al Seq. B1 Seq. B

Core uncovers 442 442 442 442

Level below fuel 456 456 456 456
bundle flow inlecs

Corenel t begins 506 506 506 506

ECCS inj ection begins 530 523

Core slump 564 593 549 549

Head fails 652 690 610 6 06

| Containment cooler 700 727 644 677
fails

ERA venting 707 729 645 680
* EPA f ailure 707 729 646 680

.
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7. IMPLICATIONS OF RESULTS

The purpose of this section is to provide a discussion of tka present
,

state of readiness at BFNP to cope with a break in the scram discharge
volume (SDV) piping immediately following a reactor scr am that cannot be
re se t. This accident constitutes an SBLOCA out:5de of containment which
occurs in conj unction with a reactor scram. The discussion includes conc
sideration of the available instrumentation, the level of operator train-
ing, the existing emergency procedures, and the overall system design.

7.1 Instrumentation
4

All co ; sol room and other plant instrumentation normally available
af ter a reactor scram would be availab.! e for operator use during the pos-
tulated SDV piping break accident. It should be noted that none of the,

existing detection and alarm facilities or other monitoring equipment were
installed for the purpose of protection against this specific accident.
However, as discussed in Sect. 4, several camponents of the existing in-
strumention network would be helpful to the operator in his attempts to
diagnose the cause of the unusual events pursuant to this accident so-
que nce. The question is whether the existing network is suf ficient to
ensure that the operator will correctly diagnose the cause within a rea-
sonable amount of time. .

It must be recalled that a break in the SUV piping would occur when
this pipirs is pressurized immediately following a reactor scram. Assun-
ing that the reactor scram was caused by an abnormal plant event such as
LOSP or loss of condenser vacuum, there would be a natural tendency for
the operator to believe that all of the subsequent abnormal responses of *

his plant monitoring instruments were symptamatic of the plant abnormality
that caused the scram. The cause of the scram is clearly indicated to the
operator by an illuminated window on a separate panel * reserved for scram
alarms at the f ront of the control room.

It is believed that a high main steam line radiation signal scram
would particularly obfuscate the true situation. The high main steam line
radiation scram would condition the operator for the receipt of other high-
radiation alarms. Indeed, as discussed in the next part of this section,
the Emergency Operating Instruction for a high main steam line radiation
scram cautions the operator to anticipate high-radiation alarms from the
reactor building monitors. Thus, this scram would provide the most severe
challenge possible to the question of the adequacy of the existing instra-
mentation.

( The strongest effects of an SDV piping break immediately following a
scram from full power would be the release of radioactive saturated steam

i and water into the reactor building environment and the abnormal effect
upon the control rod drive (CRD) mechanisms. As previously discussed, it
would not be unreasonable for the operator to assume that the subsequent *

high reactor building radiation alarms were caused by the fuel failure

'The "first-out" panel .
.
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associated with a high main steam line radiation scram. Therefore, the
presence of reactor building radiation alarms can be discounted as being
significant in leading the operator to recognize that a break in the SDV
pipiAs has occurred.**

The saturated water leaking from the SUV piping break would f all onto
the f1cer of the reactor building at elevation 565T and drain into the
basement via either the floor drains or the open grated stairwells. The
quantity would greatly exceed the capacity of the 150 spa floor drain sump
pumps, and the consequent flooding of the basement roans would be annua- ;

'

cisted in the control room. In addition, the abnormally high flow into
,

the radweste building from the floor drain sump would almost certainly be
noticed by the operator in the continuously manned radwaste building con-

! trol room.
j The saturated steam from the SUV piping break (and the saturated

water, to a reduced extent) would cause, one at a time, high-temperature
alarms in the control room for most of the 28 monitored locations within
the reactor building.

With the evidence of both high temperature and flooding in the reac-
tor building, the operator would certainly be drawn to conclude that there
was a significant leakage of a high-temperature fluid into the reactor
building. We have estimated in this study that it would take the operator
one-half hour to come to this conclusion, again recognizing the obfus'ca-
tion engendered by the signals accompanying the reactor scram that would
have precipitated the SDV piping break. !

If it is accepted that the operator would recognize the existence of.

leakage into the reactor building within one-half hour, then the question !
arises as to how much longer it would take him to understand that ther

source of the leakage was the SDV piping. The essential (and only) con--

i trol room clues would be the abnormal configuration of the control rod
'

position indication and the abnormally high CRD mechanism temperatures.
; As discussed in Sect. 4.5, a break in the SUV piping would lead to
! prolonged high-temperature alarms in the CRD mechaniens, whereas only tran-

sient high-temperature alarms are experienced in the usual plant response
to a scram. Furthermore, the SUV piping break would continue the exce ss
of pressure on the underside of the control rod drive pistons so that the
control rods would be held in an over-travel driven-in position.

There is only one high-temperature alarm in the control rous for the
CRD mechanisms. The individual temperatures are available on the panels
in the rear of the control room, so it would take some effort for the
operator to ascertain that all were alarming.

The abnormal control rod position indication would be displayed to
the operator at a prominent position central to the control room. It

seems probable that he would understand that there was an abnormality in
the control rod position indication (over-travel, driven-in) before long.

*0f co ur se , these alarms would not be discounted if the initiating
scram did not indicate the release of radiation from the fuel. However,| .

| we are trying the hardest case here.

I See Fig. 4.2.

'

|

|

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



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

130
.

Thus, a great deal of circumstantial evidence supports the argument
that the operator would know that the break was in the SDV piping, and the

,

authors of this study concur in the belief that this recognition would
"

come within one-half hour of the operator's understanding that there was .

primary coolant leakage into the reactor building. Nevertheless, the pri-

mary coolant boundary is extended to the walls of the SDV piping during
the period be tween a reactor scram and the resetting of the scram; there
should be a positive control room display of t11 symptoms of a break in
this extended boundary, such as SDV system pressure, in future plant de-
si gn s.

7.2 Onorator Prenaredness,

The BFNP training simulator does have the capability to model small
break loss of coolant accidents (SBLOCAs) outside of containment, and this
accident scenario is used in operator training. The available model sime-
Intes a break in the 6-inch Reactor Water Cleanup (RWCU) system piping'

located at the 181-m (593-f t) elevation in the reactor building. The RWCU
piping break is assumed to be nonisolatable* with an in!tial leak rate of
0.126 m*/s (2000 spm). This is about four times the initial leak rate for
the SDV break accident sequence, and there is no provision at the simula-
tor for varying the break size.

! The first control room alarms for the RWCU break sequence as modeled
*

at the simulator are for high radiation in the reactor building. Soon
thereaf ter, high-temperature alarms occur for the vicinity of the RWCU
equipment. The correct trainee response is to send a health physics tech-
nician to investigate the conditions in the reactor building. After the

i

instructor relays the technician's report, the reactor is depressurized, ,

with reactor vessel level maintained by the cps.
In summary, operator trainees are taught that the symptoms of a

SBLOCA outside containment are high-radiation and -temperature alarms for
the reactor building and that the proper action upon confiruation that
the break exists and cannot be isolated is to depressurize the reactor

| vessel. Thus, it is difficult to understand why Emergency Operating In-
' struction (E01) No.15, which covers breaks and leaks outside of primary

containment, does not require the operator to depressurize the reactor
vessel unless the leakage is of sufficient magnitude that the reactor
vessel level cannot be maintained by the high pressure injection systems.
Considering only the HPCI and RCIC systems, this would entail a leak rate
in exce ss of 0.353 m /s (5600 sys) . It would certainly be undesirable to8

continue leakage of primary coolant into the reactor building at rates
even significantly less than this. Accordingly, it is recommended that
this E0I be modified to require a controlled cooldown af ter reactor scram
for any significant leakage outside containment from a break that cannot

i

| be isolated.
For the SDV break sequence studied in this report, it might be as- ,

saned that the initiating scram was caused by high-sensed main steam line

*It is assuned that the inboard RWCU primary containment isolation
valve has f ailed in the open position. .

-- . _ . _ - -- - .-- - . . - - - . _ . - . .. .-
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radiation. This eventuality is covered by E0I No.13, which does require
that the operator depressurize the reactor vessel through the primary

; relief valves at a rate such that the cooldown does not exceed 37.8'C/h
(100*F/h) . Because the operator would be responding to the requirements*

of E01 No.13 before he became aware that there was a SBLOCA outside of
containment, it is probable that this depressurization would contirne at
the authorized cooldown rate. However, at this rate it would take same
4 h to depressurize the reactor vessel. This indicates the need for conc
sideration of a procedure that would unequivocally require a more rapid
cooldown and depressurization in the event of a significant break outside
of containment that cannot be isolated.,

' Note that E0I No.13 cautions the operator to be alert for radiation
alarms in both the reactor building and the turbine building as a conse-
quence of a high main steam line radiation sitsstion. This is perfectly,

proper, but it increases the probability that the high reactor building
j radiation alarms caused by the postulated SDV piping break would not be
i recognized as symptoms of a SBLOCA outside of containment by the control

room operator.

7.3 System Desian

The existing system de sign provides sufficient instrumentation and
equipment to permit plant recovery to a normal shutdown and cooled-down

,

condition with operator action following the SDV piping-break event
analyzed in this study. The study did reveal some questionable features
of the existing design, which are discussed in the tollowing paragraphs.

It would seem desirable to permit the operator to reset any scram as
soon as it has been confirmed that all control roda have been driven into.

i the core. With the existing de sign, only a few of the various scram sig-
l nals can be bypassed from the control room, and for the others, the scram

cannot be reset until the initiating condition clears. The desirable fea-
ture of this design is that it precludes any possibility of the operator
attempting a reactor startup while a bona fide scram signal exists. The
undesirable feature is that the SDV piping in the reactor-building remains
pressurized by the primary system until the scram condition clears, which
could be many hours in cases such as a scram signal derived from a high-
sensed drywell pressure. It is believed that the optimum design would
prevent reactor startup until af ter the scram condition clears but would

also permit the operator to align the control rod driva hydraulic system
back to a normal configuration * af ter the control rods have been fully
inserted into the core.

As discussed in Sect. 4, high-sensed temperature for any or all of
the control rod drive (CRD) mechanisr e is alarmed in the control roan by a
single annunciation. The individual temperatures are indicated on a re-
corder located in a back panel area of the control room where they are not

.

'That is, with Oho scram inlet and outlet valves shut, scram accumu-
lators fully charged, and the SDV piping drained and vented. It should be
noted that this alignment is necessary if second or third attempts to
scram nominserted rods are necessary.*

. - - - - - - - - - - - -- -- --- - - - - - - - - -
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readily accessible to the operator. Because high temperatures are experi-

enced by the OED mechanisms with higher seal leakage during normal reactor
scrams, the control room operator would not be alerted to the f act that
111 of the CRD mechanimas were in an over-temperature condition unless he *

took action to check the remote back panel recorder. An optimum de sign
would provide the operator with a ready indication of the araber of CRD
mechanisms that were at over-temperature.

Finally, in the accident sequence without operator action discussed
in Sect. 3, it was showr. that the HPCI and RCIC turbine driven high pres-

sure inj ection systems would be rendered inoperable by the reactor vessel
flooding induced by the large inj ection capacity of the condensate booster
pumps. This is because there is no installed trip of the condensato
booster pumps on high reactor vessel level. Although the Residual Heat
Removal (RRR) and core spray pumps were not involved in this accident so-
que nce , they have a combined inj ection capacity larger than that of the
condensate booster pumps and their use would also flood an intact reactor
vessel to above the main steam line nozzles unless the operstor were very
quick.

If the reactor vessel remained depressurized af ter the actuation of
the RER and core spray pumps, then vessel level could be maintained by
these low pressure inj ection systems and there would be no need for the
HPCI or RCIC systems later. However, many accident sequences, such as the
one discussed in Sect. 3, can involve vessel repressurization af ter an
initial depressurization. For this reason, it is recommended that consid-
eration be given to the requirement for high-level trips for the RHR, -

core spray, and condensate booster pumps.

.

i.

.

.

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



~ l

133

.

Appendix A

COMPUTER CODE FOR PERIOD BFR)RE CORE UNCOVERY
.

A.1 Introduction

Temperature s, pressures, and water levels within the reactor vessel
and primary containment during the period prior to core uncovery were cal-
culated using the boiling-water reactor-loss of ac power (BWR-LACP) code
[ developed for the Oak Ridge National Laboratory (ORNL) station blackout
investigation]; a listing is provided as an appendiz to the station black-
out report.2 To calculate reactor vessel and primary containment response
for the scram discharge volume (SDV) break accident sequence, only minor
modifications were required: the addition of a calculation of (1) reac-
tor vessel leakage and (2) the flow rate of water inj ected into the reac-
tor vessel from the condenser hotwell via the condensate and condensate
booster pumps.

The reactor vessel leakage is modeled as choked flow et 'ubcooled or
saturated water, as illustrated in Lahey and Moody.s This model 2ccounts
for the increase in mass flow rate of leakage when subcooled water is be-,

ing discharged. The condensate / condensate booster pump vessel inj ection
fl ow is calculated from a simple relationship developed by staming the
head vs capacity curves of the pumps and snbtracting the nonrecoverable
pressure drops throughout the condensate /feedwater train [taken to be*

1,47 MPa (213 pei) when the plant is operating at 100% load].
Major additions had to be made to the BWR-LACP code to calculate ten-

peratures, pressures. and humidities in the secondary containment. The
rest of this appendix is devoted to the secondary containment model..

| The secondary containment math model divides the reactor building
( (Fig. 4.2) into three volumes: (1) the reactor building (from the base-

ment at elevation 519 to the bottom of the refueling floor at elevation
664), (2) the refueling bay (at elevation 664 and above), and (3) the duct
work leading from the refueling bay and reactor building to the inlet of
the standby gas treatment (SGT) trains. An independent mass and energy
balance is performed for each of these three volumes. In addition, a

calculation of thermal mixing is performed to estimate conditions within
three subvolumes within the reactor building: (1) the elevation-565 floor
level (which houses the leaking SDV), (2) the reactor building basement
(where the hot water from the SUV leak collects), and (3) a composite sub-

volume representing reactor building floor levels between elevations 583
l and 664.

The most basic assumption of the reactor building modeling is that
the temperature and composition of the atmosphere within each volume can ,

be adequately described by a single value that does not depend upon loca-
tion within the volume. For each volume, a mass balance for each compo-
nent (i.e., air or water vapor) and an energy balance are updated during.

the transient after each time step. The temperature of the volume and
the partial pressure of each component are then calculated employing the
assumption that the gaseous components behave as perfect gases.

.
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The ccacrete walls of the rasctor building have a large heat capacity
that significantly influences the building traperature daring a long tran-
sient such as the SDV break. Because concrete has only a moderate thermal
conductivity, the calculation of heat transfer between the stmosphere and

'

*

wall considers not only the gas-to wall surf ace heat transfer coefficient,
but also the internal resistance to heat transfer of the concrete. To
avoid underestimating the rate of heat transfer into the concrete, the
wall is divided into several thicknesses (see Ref. 3 for a complete dis-
cussion of the effect of node size on the transient heat-up of slabs).

The temperature of the water collecting in the basement is calculated
because this water has a warming and humidifying effect on the basement
atmosphere. The model assumes that the water from the SDV leak enters the
basement at nearly 100*C (212*F). Heat losses from the water to the base-
ment air and heat losses to the concrete basement floor are accounted for.

A.2 Reactor Buildina Model Mass Transfer Relations

The flow rate between two points at different pressures is calculated
using the following expression, which is valid for incompressible flow and
for compressible flow when the pressure drop is a small fraction of the
total pressure:

W = C*(poAP)*.s , .

where

W = ma s s fl ow ra t e, *

C = flow coefficient (which is constant for constant friction
factor),

AP = pressure drop,
p = density.

This relation is also used for vacuum breaker or blow-out panel flow by
use of logic to modify the flow coefficient.

Infiltration of air into the reactor building (or exfiltration out of
the building in the event that building pressure exceeds the outdoor an-
bient pressure) is calculated as follows:

B/B = (AP/AP )'.888 ,
r r

where

B = the bulk flow rate into or out of the building,
B = the bulk flow rate of air infiltrating into the reactor build- ,

#

lag measured for pressure difference AP,,
AP = the absolute value of the pressure drop corresponding to the

measured flow rate B,,
AP = the absolute value of the difference between indoor and outdoor

,

pressure.

-. __ - _ _ . _ _ . _ . _ .__ _ - _ . . _ . __ - _ _. _ _ - -_
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The 0.666 exponent is used because infiltration flow travels through a
variety of small cracks and holes and is therefore a mixture of Imainar
and turbulent flow. This behavior is similar to that observed for common
structures.4 A value of 1 would apply for the exponent if flow were.

wholly laminar, and a value of 0.5 would apply for wholly turbulent flow.
The flow exhausted to the atmosphere by the three SGT trains is cal-*

culated by reducing the following expression to a second-degree polynomial
and solving for the flow:

P - AP, + AP - AP
g s b d" " '

where

Pa = ambient pressure of outdoor air (input value), '

P = pressure at the inlet to the SGT sir treatment components
g (calculated by a different segment of the model),

AP = pressure drop of SGT air treatment components (dominated by
"I** the filter pressure drops, which are linearly proportional

to flow),

agth " Pressure increase caused by SGT blower (second-degree poly-AP
nominal in flow),

| AP = Pressure drop of duct work leading from SGT blowers to plant
d stack (proportional to flow squared).

!-
The amount of steam flowing into the reactor building atmosphere be-

cause of flashing of the SUV leakage is given by the following:>

x (hW,=Wt sdv f fg *
~*

where

mass flow rate of steam flashing from the total SUV leakageW ,=
't'|

|
h = enthalpy of the water leaking from the SDV,

adv
( h = saturated liquid enthalpy (at building pressure),g

h = heat of vaporization (at building pressure),g

!
! Nach of the steam that enters the reactor building condenses on walls and

ceilings:

W, = Q,/hg ,

where
.

W = mass flow rate of condensation,
Q" = condensation heat transfer rate.

,
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Because a large area is flooded with hot water in the reactor building
basement daring the SDV break, a calculation of the rate of evaporation
is included:

,

W, = Q ,, x AP x (constant terms) ,y

where

W = mass flow rate of evaporation,
Q ' = heat transfer from basement water to basement air (independent
""

of evaporation),
AP = driving potential for evaporation: equal to vapor pressure of

vP basement water minus average water vapor pressure in basement
air.

The expression for evaporation follows the approach outlined in Kreith.s
The driving potential for evaporation is the difference be tween the vapor
pressure of the water and the average vapor pressure in the abaoaphore
(i.e., no evaporation occurs if the basement air is at 100% hunidity) .
The rate of evaporation is dependent on the convective air currents in-

duced because the water is warmer than the air.

A.3 Reactor Buildina Model Heat Transfer Relations .

The coefficient for convective heat transfer from the building atmo-
; sphere to building surf aces such as walls and ceilings is given by the

following relation from Kreith:s
.

h = constant x ATo.ss: ,

where

h = convective heat transfer coefficient,
t AT = absolute value of the difference be tween wall surface and aver-

age atmosphere temperature.
,

The coefficient for heat transfer caused by condensation from the building
atmosphere to the building surf aces is the same as that used by the NARCH
code:8

h, = 12.0 - 0.2 x R (for R > 20) ,

= 66.75/R**787 (for R f 20) ,
,

.
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where

h, = condsasation heat transfer coefficient,
R = ratio of mass of air to mass of water vapor in reactor building

,

a tmosphere.

This coefficient is applied to the difference between wall surf ace and
dowpoint temperatures to calculate the rate of heat transfer to the wall.

A.4 List of Plant Resnonse Code BWR LACP with Modifications for
Anolication to SBLOCA-Outside-Containment Analysis

(This listing follows the reference s
at the end of this appendix.)
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$$$CONTihUCUh SYSTEN POCELING PROGR AW III V1M3 TRANSLATOR OUTPUT 55$

LABEL BWA LACP CCDE
L ABEL BRCWr45 FERRY PUCEL WITH 1 NOUE POOL

M ACR0 XNUI , TI ,WE i , M n t , LWi =W( T L , TR, LM L, LWR,i W 10,F W I,FSV I, FT E I, FO I,F Si l
**

*-----------MACHO SUUPRCGRAM FOR POOL WATER TEMP CALCULATION------------
* MACR 0 TC CALCULATE MASS ENERGY DALANCES F01 SP WATER NODE I
* INPUTS *
* TL,TH= TEMPS OF WATER IN ADJACENT NODES
* LWL,LWH= LEVELS OF ADJACENT NODES
* TW10=lNITlaL WATER TEMP OF NODE I
* FWI=FRACIIGN OF TOTAL SP WATER VOL IN NCUE I(CONST ANT)
* F5VI= FRACTION OF S AFETY VALVE FLOW UIRECTED TU NOUE I
* F IE I =F R AC TI ON OF TURUINE EXHAUST DIRECTED TO e40DE 1
* FDI=FAACIION OF PUMP DUSCHARGE DIRECTED 10 N0ut !
* FSI= FRACTION OF PUMP S'JCTION TAKEN FROM NODE I
*

*

* MASS BALANCE
*

* WS SP W= PUMP SUC T10tl F LOWl TOTAL FRCM SP)
* WDSPW= PUMP UISCHAdGE FLOW (TOIAL TO SP)
* OUTPUis:
* XNul=FRACilH
* XNDI=FRACIUUN OF SIM DI SCH IO NODE ! NOT GUENCHED
* XNQI= FRACTION OF STM DISCH TO NUDE I NOT QUENCHED
* TI= AVG. WATER IEPP CF NODE I (DEG-Fi
* WE!= RATE OF EVAPORATION FROM NODE I (LB/SEC)
* MW I= MASS OF W A TER Ito NODE I (LB)
* LWI= WATER LEVEL OF NCDE I (INI
* .

* VWSPO=lNillAL IUTAL SP W A' IR VOLUME ( CU.F I. )
MWlu=FWi*VWhPO*(63.9 .0198TWlol

CMWi=INIGML(0.,XQl*(FSVI*WSSV+Fitl*WSTEl*FINI-FSl*WSSPu-dell
F Inia WEQL +wEQR +F WI * wC SPG+ FD I* WDSP W
MWI=NWIO*CMWI
VWI=MWI/(63.9 .019*Til *

L WI= A FGEN( SPLE V, VWI/F Wi l
e
* CALC. QUENCH FRACTION FROM ASSUPPi!ON OF NO QUENCH WHEN N3DE VAPOR
* PRESSURE EuuAL 10 TOTAL GAS PRE SSURL

PV API = NL F GEN ( SP F O T , T i l
PVAPIX=NLFGEN(SPFCT,Tl+TSTRAT)
XQl = LI MI T (0. ,1. , ( PT SPG-PV AP I A-UPQZ )/ CPGRI
XNQ l = ( 1.- XQ l l

* SPFOT(TIl= SAT. PRLS5 AS F OF TI
* DPQZ=UIFFERENCE(PSil CF PTSPG OVER PVAPI HEQU13ED FOR ANY
* QUENCHING TU TAKE PLACE
* DPlR=RAhGE(PSI) 0F PTSPG OVER PVAPI OVER WHICH QULhCHING
* GOES FRCP u.0 10 100 PERCENT
e

* EV AP0dAT IO:4 RATE BASED ON EQUN.13-33. KREIIH'S 'HtAT IRANSFER'
* PSSPG=>TP. PART PRESSURE UN SP gas
* A55PW=5URF AREA UF S P WATER (FT.50)

WEI=(hEIN/mCIDi*CCMPARIPVAPI,PS5PGl
WEIN=AbdPW*FWI*H5I*12.3*(PVAPI-PSSPGl*PTSPG8VGse
W EI D= ( Pt4 5Pb*2.-P V A Pi l * T GSPR* ( Mhh PG+ MN h PG )
HSI=5.83t-05* (( ABS ( TI-TG5Pi l**. 333)

*
.

* EQUALil ATION FLOWS FRCM ADJACENT NCDE(S)
* FWE=EQ. FLOW CONST ANT (LB/SEC/( INCH LEVEL DIFF) )

WEQL=FWE*(LWL-LWil
WEQR=FWE*(LWR-LWil

.
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* ENERGY BALANCE
* HE AT TRANSF RATES TU MET AL AND ATMOSPHERE NEGLEGIBLE
* WI TH RESPECT TO MASS-MIXING ENERGY TRANSFER

CMHWI= I NIGRL10. ,xul *l F SVI *W SSV* H S T+ WS T E*F TE !* HSit l+ E11 + E2 Il
El l= ( TL X-32. l * WEQL +( T RX-32. l *WL QR *WML e t TL-T I I + WMR *l TR-i ll

*
E21 = F W I * WC SPG*HF GS P + F Ol *W OS PW 8 HD-F S I *W S SPW * l T I-32. )-W E ! * ! !0 5.
TLX=TL*COMPAR(LWLeLWil+T!*COMPAR(LWI,LWL)
T kX= T R * COMP AH (L WR , L W I I +T I * COMP AR I LWI , LWR)

*
* CALC OF MIXING FLOWSITHEY DID NOT APPEAR IN THE MASS BALANCE BEC AuSE
* ZERO NET MASS TR ANSFER IS ASSUMED

WML=KMIX *SQRT ( ASS ITL-T ill
WMM=KMI X* SQR T ( abs (TR-Ti l l

*

*

* TEMPERATURE CALCULATION ASSUMES CONST ANT SPECIFIC HEAT =1.0 FOR WATER
TI=32. + f(TWIO-32.l*MWIO + CMHWII/MWI

*

ENDMACRO
*

*

INITIAL
*

*---------- IN I T I A L I Z A T I ON F OR RE AC TOR V ES S EL C ALC UL AT I ON----------------
*

* CONSTANTS FOR REACTOR MODEL
e

* ACOP= CORE OUILET PLENUM FLOW ARE A(F T**2)
* ACOR=CCRE FLOW AREA (FT**2)
* ART = RISER TUBE FLOW AREAIFT**2)
* CPO= PRE-IMIP CORE POWERI TOTALI (MWTH)

. * EQXO= FRACTION UF WAY TO SATURATION THAT STEAM CONTACT RAISES
* INJECTION WATER IF OC LEVEL IS AT LEVEL OF JET PUMP SJCTION
* FFLASH=FRACT ION FLASHED /SEC PER BTU /LB ABOVE SATURATION
* HCIO= INITIAL CORE INLET ENT HAL P Y ( BTU /L B )
* HINJIN=ENTHALPY OF INJECTION FLUID (BTU /LB)
* JETPMP= EXTRA CORE FLOW ADDED BY JET PUMP EFFECT(LB/SEC) AT 20PC SPEED

' * LBUT= HEIGHT OF STM SEP BOTTOM (FT)
* LUC 0= INITIAL DUWNCOMER LEVEL (Fil (HEIGHT ABOVE BOT. OF ACT. FUELI
* LitEDER= HEIGHT OF FW HEADER ABOVE BOAF(FT)
* LOP = AVG. LENGTH OF CORE DUTLET PLENUM (Fil
* LRT= AVG. LENGTH OF RISER TUBES (Fil (STANOPIPESI
* PCOR= CORE HEAT TRANSFER PERIMETERIFTl
* PO= INITIAL REACTUR VESSEL PRESSUREIPSIAI
* RCICMX=NCMINAL RCIC FULL FLOWIL8/SEC)

l * TAULEN=STA61LITY TIME CONSTANT FOR REGICN AVER AGE HEAT FLUX CALC (SECl
' * TCFUEL= TIME CONSTANT TO ACCOUNT FOR RESIDUAL HE AT IN CDRE FOR

* INITIALIZATION CLOSELY FOLLOWING SCRAM
* TO-TIME AFTER TRIP THAT TRANSIENT INITIATESISEC)

! * ILEAK=lNITIATION TIME FOR SMALL BRE AK OUTSIDE OF CONT AINMENT(SEC)
'

* TMANOP= TIME DEL AY BETWEEN START OF RUN AND GP MANUAL CONTROL
* VULP= LOWER PLLNUP VOLUMEIFT **3)
* V!DC= VOLUME OF UCWNCCMER BETWEEN BCAF AND PUMP DIFFUSER EX IT IFT**3)
* WINJO=INIIIAL INJtCTION FLOWILB/LtC)
*

* REFERENCE PARAMEitRS FOR NATURAL CIRC LOSS CDEFF CALCULATION
* CPR=MATEC CORE POWER IMWT H)
* HREF= REFERENCE COME INLET ENTHALPY(BTU /LB)

( * LDCR= REFERENCE 00WNCOMER LEVEL t!.E. NORM AL LEVEL AT STM SEP MIDDLE I
I * PRELR= REFERENCE RELATIVE CORE POWER.

* PRR= REFERENCE RE ACTOR VESSEL PREShuRE
* RH00=DENh!TV 0F STEAMILB/FT**31 IN R.V. AT INITIAL PRESSURE =PO
* WGUESS= GUESS DN FLOWILA/SECl FOR ITERATIVE SOLUTION FOR INITIAL FLOW
* WREF= REFERENCE F LOWILB/SICI

.
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* XREF= REFERENCE FRACTICNAL QUALITY
e ~

* PARAMETERS FOUND IN FUNCTION SUBPROGRAMS
* VDIFF= JET PUMP VOL BELOW 60AF(FT**3)
* VF R E E= TO T AL STM. VOL. IN R.V.(LESS LOWER PLENUM, CORE, CORE DUTLET PLENUM ,

* AND STM. SEPARATORS) AND MAIN STE AMLINES TO ISOLATION VALVES (FT**3 )
* VJET=VOL BETWEEN JP SUCTION AND BO AFI FT * *3)
* VANN=vCL BETWEEN TOP OF CORE OUTLET PLEhuM AND JP SUCT 10,( FT **3 )
* VSSOP=VCL BE TWEEN IOP OF CO PLENUM AND BOTTOM OF STM SEP(CU.FT.)
* WRATED=STM. FLOW THUR 1 S RV (LB/SEC) WHEN PRESSURE = PRATED (PSIA)
* XKVGJ=EMPIRICLE CONST ANT USED IN C ALCULATION OF DR IFT VELGC ITY
* XL1=0=lERO POINT FOR DC HEIGHT (F T): COINCODES WIIH BOAF
* XL2= HEIGHT AT JET PUMP SUCT ION (FT)
* XL3= HEIGHT AT TOP OF CORE OUTLET P L E NUM ( F T )
* XL4= HEIGHT AT BO T TOM OF STEAM SEPARATCRS(Fil

CONSTANT ACOR=82., ACOP=234., ART =42.3'
CONSTANT CPO=3293., EQX0=1., F F L AS H= . 001
CONSTANT LHECE2=23.4, LOP =5.58, LRT=10.0
CONSTANI LSOT=24.85
CONSTANT PCUR=5518., PRATE 0=1095.
CONSTANT (AOLEN=.75, TCFUEL=9.5
CONSTANT VFREE=13000., VCLP=3350., V1DC=192. hRATED=223. /

*

* CARDS TO INf.TI ALIZE AT AR6ITRARY TIME PCINT
CONS T ANI ' HC T 0=53 9. 00,LDC0=2 3.07, PO= 10TO . T 0=3 0.00, RHOG0 =2.420
CONSTANT VST0=9891.2
CONSTANT TMANOP=30.

* INITI AL CORE FLOW GUESS DEPENDS ON LDC0 AND PRELO
CONSTANT WGUESS=8310. ,

* REFERENCE PARAMETERS FOR CALCUL ATION OF NATURAL CIRCULATION
* FLOW RESISTANCE CUEFFICIENT

CONSTANT CPREF=3293., PRELR=.32, PRR=1020..... *

LDCH=27.58, XREF=.133, WREF=9111., HAEF=522.
* RUN CONTROL PARAMETERS

CONSTAV7, RCICMX=82.9373, T LE AK= 10. , J E TPMP=2 800.
* BCRHY=FLCu FROM CRD HYD. Sv5 MIXING FITH LEAKAGE FROM CRDS(GPM)
* BSUMP= RATE 6 FLOW OF REACTOR BLDG FLOOR CRAIN SUMP PUMP (GPM) ,

* BHOTNU= MAXI MUM AUTO-MAKEUP (GPM) TO HOTWELL FROM CST
* VHOTWO=INI T IAL W ATER VOLUME IN HOTWELL(GALLONS)
* VHOTMU=HOTWELL LOW VOLUME (GAL) TO START AUTO MAKEUP VIA 4-IN CST LINE
* VC ST=INI TI AL CST VOLUME (GAL)

CONSTANF BCRHY=110.,BSUMP=50.,BHOTMU=430.
CONSTANT VCS T0= 3.G2 E05,V bO T W O= . 98 E05, V HO TMU= .9 T9E05

*
* FUNCTION SUBPROGRAMS
* C AVO ID( X IN, XOU T , W TO T AL , T SA T ,RHOF ,RHOG )
* DKFUh(T l =P/ PO AS A FUNCT ION OF T IME AFTER SFUTDOWN
* QREGAV(BOTTOM, TOP, KAPPA,PEKAVGl=(AVG HT. FLUX FROM A TO Bl/(CORE AVG)
* RHO T P(RHCF. RHOG e \UJ Di= 2-PHA SE DE bSI T Y
* XLENDC(VOLDCl=00WNCOMER LEVEL AS FUNCTION OF LIQUID VOLUME
* VOID (QUALIT Y,TGT AL FLOW, FLOW ARE A TS AT .RHOF ,RHOGl= POINT VOID FRACT ION
* VOLDCILDCl=00WNCOMER HEIGHT ABOVE BOT OF ACT. FUEL
* -

* STEAM TABLE CSMP INTERPOL ATION FUNCTIONS
* VS ATF(PRESSl=S AT FLUID SPECIFIC VOLIFT**3/LB)

FUNCTION VS A TF =15. . 0167, 50. 017 3, 100.. 0177, 200. 0184,...
400.. 0193G 600.,.0201, 800.. 0209, 1000.. 0216, 1200.. 0223,...
1400.. 023t

* 0

* VSATG(PRESSl= SAT GAS SPECIFIC VOL(FT**3/LB) -

FUNCTION VSATG=15. 26.3, 50.,8.51, 15.,5.81,100. 4.43,...
150.,3 01.200.,2.29 400. 1.16, 600.. 77,800. 569,...

1000. 446 s 1200. e .36 2,1400. e .302
*

.

/

D
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* HS AT F ( PR E55URE ) = 5 AT FLUID ENTHALPY(BTU /LB)
FUNCTION HSATF=15. 181., 53.,250., 100.,298.. 200. 355.....
400.,424., 600.,472., 800. 510., 1000.,543., 1200. 5T2.....
1400.,599.

*
* HSATG(PRESSURE)= SAT GAS ENTHALPY(oTU/Ld)

FUNCTION HSATG=15.,1151., 50. 1174., 100. 1187., 200.,1198.....
400.,1205., 600.,1204., 800. 1199., I C 0 0. ,1'19 3. , 1200.,1185.....#

1400.,1175.
*

* TS AT M(PRE 55URE)=S AT MIXTURE TEMPERATURE (DEG-F)
FUNCTION TSATP=15.,213., 53. 281., 100.,326., 200. 382.e...

400. 445., 600.,486., 800.,518., 1000.,545., 1200.,567.....
,

i 1400.,587.
*
* CONDE NSATE 6005TER PUPP FLOW AS A FUNCTICN OF REACTOR VESSEL PRESSURE

FUNCTION CBPF=0.,4292.e42.,4087.,106.,3716.....
217. ,29 7 3. ,30 3. ,2229. ,36 6. 14 86.e 4 04. ,743. e 416. ,0. ,1500. 0.

*

*

* VSC(ENTHALPY)=SUBC00 LED FLUIU SPECIFIC VOL (F T** 3/Lb)
FUNCTION VSC=21 4 016, 121.,.0163, 221.. 0169, 272. 0174,...

376. 0185, 431. 0193, 488.. 0203, 549.. 0211, 562.. 0221,...
575.. 0224

* CALCULATION OF INITIAL SATURATION PROPERTIES
RHOFO=1./(AFGEN(VSATF, POI)
HFO=AFGEN(HSATF PO)
HG0=AFGEN(HSATb PO)

' T SAT 0=FUNGEN ( TS AT M,2,P0)
* SUBC00L ED W ATER DENSITY

RH05C0= 1./ ( AFGEN(VSC,HC IO 3 )
= *

* CALCULATION OF FLOW RESISTANCE C0cFFICIENT
* NEEDS: REFERENCE CONDITIONS FOR NATURAL CIRCULATION:CPREf ,PRELR,PRR XREF,
* WREF, HAEF, LDCR
~* RETURNS: LOSS COLFFICIENT: KLUS$U
* C ALCULAT ION OF REFERENCE DENSITIES AND SATURAIION PROPERTIES

* HFR=AFGEN(HSATF,PRR)
TSATR=FUNGEN(TSATM,2,PRR)
RHUFR= 1. /( AFGEN( VSATF ,PRR I)
RHOGR= 1./ (FUNGEN(VS AT G,2 PRR) )
RH05CR=1./(AFGEN(VSC,HREF))
Q TOTR=CPREF * PRE LR *947. 8

* THIS EXP FOR L SC ASSUMES AVG POWER = CORE AVG IN SC REGION
LSCR= 12. *WRE F * (HF R-HREF ) / Q TU T R
L BR= 12.-L SCR
R S C AV R = R HOF R/ 2. + RH OS C R / 2.

* FUNCTION SUBPROGRAM CAV010 RETURN 5 AVERAGE CORE BOILING REGION
* VOID FRACTION FROM THE GIVEN INPUTS

, C AVR=CAVOID (0.,xR EF,W REF TS ATR. RHOFR,RHOGR)
! RHOBR = RHO TP (RHOF R ,RHOGR ,C AVR )
| R OCORR =R SC AVR * LSCR/12. * RHOBR* L BR/12.

RHOPR=RHOTP(RHOFR,RHOGR,0PVR)
* FUNCTION VOIO RETURNS POINT VOIU FRACTICN FROM GIVEN INPUTS

OFVR= V010( XRE F ,WREF, ACOP TS A TR,RHOFR,RHOGR)
RORTR=RHOTP(RHOFR RHOGR,RTVR)
RTVR=VOI D(X REF,WREF, ART , TSATR,RHOFR,RHUGR )

/- RDP=LDCR*RHOSCR/144.-RORTR*LRT/144. ...
RHOPR* LOP /144.-ROCORR*12./144.

KLOSSU =RDP/ (WREF*WREF ).

| * INITIAL REL ATIVE POWER

*

.

i !
,

'

. '
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PRE L O= AN SI TO)
Q Tui O= PR ELO *CP O* 94 7. 8

*

* CALCULATION OF lhlTIAL TOTAL FLOW BY ITERATIVE SOLUTION, WITH
* STARTING FLOW GUESS INPUT BY USER e

WC I D= I MPL ( W GUESS + J ET PMP e . 001, WC AL ) !

X00=(CTOT0/hC10+HCIO-HFol/(HGO-HFO) I
XD= LIMIT ( 0.001,1.000,XOU)

* THIS EXP FOR LSC ASSUMES AVG POWE6= CORE AVG I4 SC REGION
LSC0= L I M I T ( 0. ,12. ,12. *WC IO * ( HFO-HC I 0 l / Q TO To l
L29=12.-LSCO

* CALCULATION OF INITI AL DENSIIIES
R5CAVO=RHOF0/2.+RHDSCO/2.
WB00=WC10*X0

* VOID AT BOTTOM AND TOP OF BOILING REGION CALC. BY OFVOID
* FUNCTION SUBPROGRAM. THEN AVERAGED TO GIVE C0dE AVERAGE VOID

C AVI N0=DF VOID ( ACOR WC 10,0. ,TS ATO, RHOF0,RH063 )
CAVEXC=DFv01DIACOR,WCIO-WB00,WB00,TSATO,RHOF0,RHOGO)

*
C AVO= ( C AV IN0 * C AVE X01/ 2.
RHUBO = RHO TP ( RHOF0,RHOGO ,C AVO )
R DC OR 0=R SC AVG * LSC 0/12.+ RHOBO* L B0/12.
R0PO=RHOTP(RHOF0,RHOGO,0PVO)
OPVO= CFVOIDI ACOP, WCI O-WB00, WB00, TS AT O,R HOF0,RHOGO)
R OR T 0 = RH O T P I R HOF 0, RHOGO , R T VO )
R TVO= DFVO IDI AR T, WCI O-WB00,WB00, TS ATO,RHOF0, RHDGol

* NET GRAVITY PRESS DROP (PSil AVAILABLE FOR UNRECOV. DROP A;ROSS CORE
LDCX=LI MI T (0. ,LDCR,LDC01
UNR EC0=L DC X *RHOSC 0/144. + ( 12.+ LR T+ LO P- LDCX I * RHDG0/144. . . .

ROR T 0 * L RT /144.-R O PO *L OP/144.-R OCO R O * 12. /144.
DPO= LIMIT (.0001,1000.,UNREcol
WCAL= SQR T ( D PO *RHOB0/ ( KL OS SU* RHO BR i l +J E T PM P

* END IIERAIIVE LOOP *

*

*

* DOWNCOMEN AND LOWLn PLENUM INITIALIZATION
* VOLUME CF WATER IN DOWNCOMER NODE GIVEN BY FUNCTION

LDCVIO=12.*LDCo*216. .

* VOLDC( ) AS A FUNCTION OF WATER LEVEL
MDC0= VOL DC ( L OC0 l *R HOS CO
MHDCC=MDCO*HCIO
MLPO=VOLP8RHOSCO
MHL P O = ML F 0* HC I O

*

G=4 75* ART *RHOGO
MTOT0=(LSCO*RSCAV0+LBO*RHOB0l*ACOR+ LOP *ACOP*ROPO+LRT* ART *RORT0+G

*

* PRESSURE CALCULATION INITI ALIZATION
RHOSVR=1. /F UNGENI VS AT G,2 PR AT ED )
UCSR Va WR A TE D / SQR T ( PR A T ED* RHO SVR Ii

' MST0=(VFREE-VOLDC(LDColl*RHOGO
UMST0=MST0*(HGO-PO*144./(TT8.*RHOG0li

*
i
i *

1 *

*---------I NI T I AL I Z A TI ON FOR SU PPRE SS I ON POOL C ALCUL AT I ON-------- ---

*
*

* CONSTANTS FDR CONTAINMENT MODEL
*

* ADMET= HE AT TR ANS ARE A BET DW MET AND DW ATMOS (FT**2) *

* AP ME T=HE A T TRANSF AREA BET SP MET AND SP ATMOS
* ASSP W= AREA 0F POOL WATER SURFACE (SQ.FT. )
* BDWC=CU.FT./SEC THRU DRYWELL COOLERSI AT TEMP TDWCEll
* BOWSPO=CU.FT/SEC/ PSI FLOW WHEN DOWNCOMERS CLEARED

.
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* BSPDh0=CU.FT/SEC/ PSI 0F FLOW WHEN VALVE OPEN
* CDMET= MASS * SPEC PL AI 0F DW METALIBIU/DEG-Fi
* CP AIR = MASS * SPEC HE AT OF AIR IN sP CHAMBER ROOM

I

* CP ME T=MA SS* SPEC HE AT OF SP MET AL IN CONT WITH CAS
* DM= AMOUNT OF STM. QUENCHEDt UNIFORMLY ARCUND PUOLI IF THERE,

* IS ELAPSED TIME BETWEEN NOMINAL START AND INITIALIZATION UF THE RUN
* DPQR=RANGEt PSil DVER WHICH QUENCH FRACTION GOES FROM 1 TO 0.
* WI TH INCRE A SING VAPOR PRESSURE
* DPQZ=MARGINIPSil ABOVE SATURATION FOR CCMPLETt QUE NCHING
* FDI,FSI =FRACT ION OF POOL COOLING U!SCHARGE AND SUCTION TO POOL NODE 1
* FWE= FLOW BETWEEN S.P. NODEstLB/SEC) PER INCH OF WATER LEVEL DIFFERENCE
* FW I=FR ACT ION OF POOL WATER CONTAINED IN POOL NODE 1
* FSVI= FRACTION OF TOTAL SRV FLOW DISCHARGED TO POOL NODE I
* FTEI= FRACTION OF TURBINE EXHAUST DISCHANGED TD POOL NODE 1
* FLSPG, FLDMG=FRACilON OF ATM. LE AKED TO RX-BLDG. PER S ECOND
* GCH= GAS CONSTANT OF H2
* GCM= GAS CONSTANT OF MtMISC. )
* GCN= GAS CONSTANT OF N2
* GCS= GAS CONST AN T OF H2O VAPI PSI *F T**3/LB*DEG-RI
* HSRREF= DELTA TO REREFERENCE STM ENTHALPY FROM ASME STEAM TABLES
* TO PERFECT GAS EXP. THAT HAS H=0.0 AT 0 DEG-R
* HSTE=ENIH OF TURBINE EXHAUSTISTU/LB)
* HUMDh0= INITIAL DW GAS HUMIDITY (PERCENTI
* HUMSPo=l Niil AL SP G AS HUMIDI TY (PERCENTI
* KMIX=EMPIRICLE CONSTANT FOR NAT. CIRC MIXING FLOW BET. PDOL 'v0 DES
* LBASE= NOMINAL ST ART ING LEVEL OF PDOLIIN. FROM INST. 0.)
* MHSPGO MhDWG0=lNITIAL MASSES OF HILBS)
* MMSPGO,MMDhG0= INITIAL MASSES OF M (LBS)
* PDCVP= PRESS. DIFF NECESSARY TO CLEAR THE VENT
* PIPES FOR FLOW FROM CW TO SP
* P T D WG0 = INITIAL TOTAL PRESS OF DW GAS (PSIA)

* * PTSPGU= INIT I AL TOTAL PRESS OF SP GAS (PSIA)
* QRVHLO= REACTOR (* PIPING) HEAT LOSSES (MW) FOR TEMP DIFF=DTRVHLIDEG-F)
* TAUF0W= AVERAGE RESIDENCE TIME OF FCG IN DWISECl
* TAUFSP= AVERAGE RES. TIME OF FDG IN SP
* TAUVRV= TIME CONSTANT FOR SP VAC RELIEF VALVE TO LIFitSEC)
* TBASE= NOMINAL ST ARTING TEMP CF POUL(DEG-Fi,

* T B I I= PROV I S I ON FOR BIASING STARTING TEMP OF PUOL NODE I
* TD=DISCH. TEMPtF) 0F POOL COOLING FLOW
* TDME T0=lNI TI AL DRYWELL METAL TEMP (F)
* TDWCE=URYWELL COOLER EXIT TEMP (DEG-Fi
* TGDh0=lNITI AL DW GAS T EMP(DEG-Fi
* TGSPO=lNI TI AL SP GAS TEMP (DEG-F)
* TP AIR 0= 1NI T I AL SP CHAMBER ROOM TEMP
* TPMET0= INITIAL TEMP * SP METAL IN CONTACT WITH SP GAS
* TSTRAT= DELTA BEThEEN BULK POOL TEMP AND TEMP THAT THE
* T-QUENCHER EFFECTIVELY SEES
* VGDW=T OI AL FREE VOLUME OF DW (FT**33
* VTSF=TUTAL FREE VOLUME OF SP (FT**3)
* WDLEAK= LEAK RATEtLB/SEC) 0F SAT. WATER FROM Rv TO DRYWELL
* WDSPW=DISCHANGE FLOW OF POOL C00LINGtL8/5EC)
* WSSPW= SUCTION FLOW OF POOL C00LINGtL8/SEC)
*

*

* GEUMETRY AND PHYSICAL CHARACTERISTICS
CONSTANT ADME T=1.87 E04, APMET=1.T E04, ASSPW=10860.
CONSTANT BD W SPo= 2500. .S SPOWo =2000.
CONST ANT CDM ET= 8.33E04,CPA IR= 3200. CPMET=5.82E04
CONSTANT DPQR=2. DPQZ=2.
CDNST AN T GCH = 5. 3 61, GCM = . 243 6, G CN=. 3829, GCS = .5955.

CONSTANI HS T E= 915. H SARE F =-854.5, PDCVP= 1.7 5
CONSTANT T AUVRV=3. .T AU FDWa 30.. T AUFSP= 15. , TSTR AT= 50.
CONSTANT VGDW=159000. VTSP=26T600.

*

.
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* POOL NODALIZATION
CONS T AN T FD1 =1. ,F S t = 1. ,FW i=1. . FS Vl= 1. , F T E 1= 1. . FWE=5000. ,KM IX= 950.

*

* INITIALilATION
CONSTANT DM=2.9E04,HUMDWO=20.u,HUMSPO=100. LBASE=-4.00

.CONSTANT MHSPG0=0.,MHOWG0=0.,MMSPG0=0.,MMDWG0=0.
CONSTANI P TUWG0= 16 00, P T SPG0= 14.50, T 8 A SE =90.00, T BI 1= 0.
CONSTANT T GDWO= 145. T GSPO=90.0, T CH ET 0= 14 5. , TPME T 0= 90.0, IP A IR 0= 90. 0

*

* RUN CONTHOL
CONSTANT BDWC=2000., TDWCE=90.
CONSTANT F LU hG = 0. , F L S PG =0. , T D = 9 0. ,0 RV HLO = 1. , D T R V HL = 404.
CONSTANT WOLEAK=.68,WDSPWs0.
HD= T D-32.

*

* INI TI ALIZ ATION C ALC. FOR DW AND SP MASS AND ENERGY 8ALANCES
* ASSUME ZERU INITI AL HYDROGEN AND MISC. GAS
*

*---------FUNC T I ON T ABL E S

* FUNCTION SPLEV 2 SP LEVEL (INCHES FROM INSTRUMtNT ZLR03 AS A FUNCTION A
* FUNCTION OF VOLUMEICU.FTl

FUNCTION SPLEV=0.,-182.,20222.,-134.,74646. -62.....
117344.,-14.,130129.,0.,139300.,10.....
182563.,58. 242176.,130.,267611. 190.

*

*

* FUNCTION STFOSV8 SAluRATION TEMP AS A FUNCTION OF SPECIFIC
* VOLUME

FUNCTION S T F O SV= 2. 83,363. 5,4. 6 5,3 24.1,7.6 5,2 8 8.2,12. 2.2 5 7.6. . . .
20.1.228.,31.2.204. 44.7,185.6,76.4,160.5.158.9.129.6,...

333.6,101.7,641.5,79.6 1235.e59.3
* *

* FUNCTION SPFOT : SATURATION PRESSURE AS A FUNCTION OF TEMPERATURE
FUNCTION SPFO T=5 9. 3, . 25,79. 6, .5.101. 7,1.0,132.9,2.4 . ..

160.5,4.8,185.6,8.5.203.9,12.5 ...
228.,20.,250.34,30.,288.2.56.e324 1.95. 363.5,160.....

381.8,200.,417.3.300.,444.6,400.,467.,500.e486.,600.....
503.,700.,525.,850.,544.6,1000.,556. 1100.,567.,1203. .

*
*
*

*--------- PR EL I M I N A RY CALCULATIONS
S PDWO =NL F GEN ( SPF OT e T GDW O I
S PS PO =NL F GE N I SPF OT , T GS PO )

PSDWG0=(HUMDWO/100.l*SPDWO
PSSPG0=(HUMSP0/100.l*SPSP0

*

PNSPG0=PTSPGO-PSSPGO
PNDWG0=PTDWGO-PSDWGO

*

*

MNS PG 0= PN SPGO * ( V T SP-V WSP01/ ( GCN* ( TG S PO* 460. I l
MNDWG0=PNDWGO*(VGCWl/(GCN*(TGDWO+460.8)

* .
* VWSPO=INITI AL TOTAL WATER VOL IN SP
*

MSSPG0=PSSPGO*(VTSP-VWSP05/(GCS*(TGSr0+460.ll
MSDWG 0= PS0WGO * vGD W/( GC S * ( TGDWO +460. 8 )

*

*
.

UMS PG 0 = ( TGSPO +460. l * ( MNSPGO* ( .2 4 75 .1851 * GC N I + . . .
MSSPGo*( .4 5-4. 89/( TGSPO*460. 5 .1851*GCSI I

UMDWG0=( T GDWO +460. l *( MNDW GO* ( .2 475 .1851 * GCN I +.. .
MSDWGO*(.45-4.89/(TGDWO+460.5 .1851*GCSI I

.
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*

* DEPTH LBA5E SPECIFIED: INCHES FROM INST ZERu(4 IN BELOW CENTER)
* TBASE IS NOMINAL ST ARTIf4G TEMP CF PCCL
* TBill) PROVIDES FOR BIASING INITIAL TEMPS IN MULT1-NCDE MODEL*

Vil=2.462*AI!
A I I = ( L BA S E-4. ) *S Q R T ( 3458 0.-L B AS E *LB AS E + 8. *L B A SE l+ . . .

34596.*ARSIN( (LBASE-4.1/186. ) + 54343.
MWII I= Fn 1 * V I I * ( 63.9 . 019* ( TB A SL +1811) )
MII=MWIII
DTB ASE =( 1190. -( T B AS E-32. 3 ) *DM/ ( M I I + CM )
TIC 1=TBASE+D1 BASE +TBil
V WS PO= (MW 111 + FW1 * CM )/ ( 6 3.9 .019 *TI C 1)
VGSPO=VTSP-VhSPO

*

*

DYNAMIC
*------------D YN AM I C PORT I ON O F RE AC TOR V ES S EL C A L CU L AT I ON--------------
*
*--------RU h C ON T HO LS F CR INJECTION CONTROL

LDCVZ=LDC*12.+216.
LCDEL=REALPL(LDCVZO,2.,LDCV2)
RCICC=0.
HPI SCL =R S T (0. ,00MP AR( 115. ,P ) ,0. )
HPINIT=COMPAR(476.5,LDDEL)
HPIRIP=COMPAR(LDDEL,582.)
HPCID=RST(HPTRIP+HPISOL,HPINIT,0.)*CCMPAR(3.9E06,MLEAK)

*---------RUN CCNTROLS FOR VESSEL PRESSURE CONTROL
PSHUT=1070.
POPLN=1120.

*
* * CONDENSER HOTWELL VOLUME (IN GALLON 5)

* COND BOCSTER POMP ASSUMED TO TRIP WHEN VHOTW.LT.O.
VHO T W = IN T GR L ( VHO T WO, ( WHO T-WC B P ) * .12 )
WCBP=AFGEN(CBPF,Pl*RST8-VNOTW,VHUTW-500.,0.)

* HOTWELL AUTU-MAKEUP ASSUMED CN AT VOLHOTMU AND OFF AT VOLHOTMU*1.2
WHO T= .13 8 *BC S T1* BHOTHU* R S T ( VHO T W-1.2 * VHOT MU , VHOT MU-VHOT W ,0. ) * . . .*

(.53+1.26E-06*VCST)
*

* CONDENSA TE STOR AGE TANK VOLUME (GALLONS)
VCS T= IN IGRL I VCS T O, .12*( -W HPC I- WR CI C-WHO T-WC RHY ) )
BCS T 1 =COM P A R ( VCS T ,135000. )
BCST2=COMPAR(VCST,0.1

*
* INJECIICN FLOW CONDITIONS

WINJaWHPCI+WRCIC+WCBP
WI NTO T= l N TGRL ( 0. , WI NJ )
GP= T.2 3*W INJ
GTatWINTUT*7.4811/62.11
WHPCI=RCICMX*8.33*HPCID
WRCIC=RC ICM X *RCICD
HINJIN=( (WRCIC+WHPCI)*(58.+(1.-BCST2)*(TWSPAV-90.))+...

WCBP*(68.+3.33E-03* TIME))/AMAX1(.01,WINJ)
WSSPW= t WHPC I + WRCIC ) *( 1.-BC S T2 )

*

* LEAKAGE CONDITIONS: WCRD=LEAM FLOW AND WCRHY=CRD HYDRAULI; SYS
* FLOW THAT MIXES WITH LEAK FLOW
* WCRD= LEAKAGE FLOW OUT OF REACTOR VESSEL TO QUISIDE CCNTAINMENT
* FLOW CALCUL ATED Ptn MOODY MODEL(F IG.9-10. A UF L AHEY AND M30DYi

A LE AK =. 00 7+ 6. 80E-0 7* ( R AMP (5(10.1-RA M P ( 28 8 03.1 ).

GC= 256. * SQR T I P )
SUBCOR =21. * L IMIT ( 0. ,5 00. bF-HLP )

* GCLIM DASED ON A DISCHARGE COEFFICIENT OF .6
GCLIM=57.72*SQRT(RHOLP*P)
WCRD= AL E AK *L IM IT ( 0. ,GCL IM ,GC +SUBCOR )

,
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WCRHV=bCRHY*.138*BCST2
H CR DL a ( WC RD * H LP + . 001 * HL P+ wC RHY * 3 8.1/ ( WC RD + .001 + W CRHY )
X CR F L= L I M I T ( 0 . ,1. , ( H CR DL- 18 0. 3 / 910. 3

*
'* MLF AK I S TOTAL WATER MASS COLLECTION IN BASEMENT

MLEAK=INTGRL(0.,(WCRD+WCRHYl*(1. .25*XCRFLi .138*8 SUMP 3
e
* CALCULATION OF DYNAMIC SATURATION PROPERTIES

R HOF= 1./ ( AFGEN( VS ATF , Pi l
RHOG= 1./ ( FUN G EN ( VS AT G ,2, P ) )
HF=AFGEN(HSATF,P)
HG=AFGEN(HSATG,P)
T S AT = FUNG EN ( T S AIM ,2, P )

* INTERMEDIATE CALCULATION $t AVERAGE HEAT FL UXES
* 'D KF UN' RETURNS DECAY HEAT AS A FUNCTION OF TIME SINCE SCRAM
* 'QREGAV8 RETURNS AVERAGE NORMALIZED POWER, GIVEN LOCATION OF TOP
* AND BUTTCM UF REGION

T=TU+ TIME
TMIN=T/60.

*

PREL=ANS(T)
*

QTOT=PREL*CPO*947.8
QFCOR=QTOT/(12.*PCOR)
AVMSC=QREGAVIO. LSCD)
AVMB=QREGAVtLSCDeLSCD+LBD)
QFSC=AVMSC*QFCOR
QFB=AVMB*QFCOR
LSCD=REALPL(LSCO,TAULEN,LSC)
LBD=REALPL(LBO,TAULEN,LB)

* DOWNCOMER ANNULUS CALCULATION .

* NEEDS: DENSITIES: RHODC,RHOLP
* FLOWS INTO DOWNCOMER* WINJ, WRECIR, WINJAS
* INJECTION ENTHALPY: HINJIN
* FLOWS OUT OF COWNCOMERI WCI, WFLDC, WFLLP, WCRD
* REACTOR VESSEL PRES $URE: P
* RETURNS DOWNCOMER HEIGHT (ABOVE DUTTOM CF ACTIVE FUEL) : LDC +

* ENTHALPY INTO LOWER PLENUM: HDC
*

* INTERMEDIATE CALCULATIONS: MASS RATE OF ASPIRATION FROM STEAM SPACE
* DUE TO INJECTION FLOW; FLASHING RATE FRCM DC M ASS; RECIRC FLOW RATE

E QXX= E QXO * ( L H EDER-L DC l/ 6.
EQX=L IMI T (0. ,1. EQXXI
HINJFl=HINJIN+(HF-HINJIN)*EQX
W I NJ AS= ( HF-HINJ IN )*EQX*W INJ/ ( HG-HF )
WFLCCX =M DC * F F L AS H 4 ( HDC-HF )
WF LDC =LI MI T (0. ,9999. ,WFLDCX I

e

* MASS AND ENERGY B AL A NC ES ( 81 IS A LOGIC SIGNAL TO STOP THE
* INTEGRATION WHEN LDC.LT.0(BELOW B0fiCM CF ACTIVE FUEL)

,

CMDC=INTGRLIO.,DMDC+WCOND)
| MDC=MDC0+CMDC

D MGC= B a * ( W REC I R + W I NJ + W I NJ AS-R HODC* ( WC l + W FLL P ) /R HOLP-W FL DC i+MEXPC
C MH DC = l N T GR L ( 0. , D rHDC )

MHUC= M HDC0 + CM HCC
| HSCMAX=QTOT/WCIG+HLP

HSCEX= AMIN 1(HF,HSCMAX)
T M I X= L IM I T ( 1. ,1000. , ( MTO T-MCOR ) / WCI G l

! HRECIR=REALPL(HFOeTMIXeHSCEX) ,

| DMHDC=Bl*(HRECIR* WRECIR*WINJ8HINJIN+HG*W INJ AS ...
HDC*(WCI+WFLLPl*RHODC/RHOLP-HG*(WFLDC-WCOND) )

HDC=MHDC/MDC
RHODC=1./AFGEHtVSC.HDC)

*
e
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* DC LEVEL IS CALCULATED BY FUNCTION SUBPROGRAM XLENDC(VOLUME)
VDC=M DC/ RF00C
LDC=XLENDC(VDC)
LDL=L IMI T(0. LDCR LDCI,

* LOWER PLENUM CALCULATION
* NEEDS: SAME AS DOWNCCMER
* RETURNS: ENTHALPY AT CORE INLE T (HLP)
* INTERMEDIATE CALCULATIONS: LOWER PLENUM FLASHING RATE, LP WATER VOL
* (VOLPW--USED FOR LUGIC CONTROL ONLY SINCE THE LOWER PLENU4 IS
* MODELED AS A CONSTANT VOLUME UNLESS DCWhCCHER IS EMPTY) :

HLP= M HL P/MLP
VOLPW=MLP/RHOLP
RHOLP=1./AFGEN(VSC,HLP)
XWFLLP=(HLP-HF)*MLP*FFLASH
hFLLP= LIMIT (0.,9999.,XWFLLP)

a

* LOGIC CCNTROL
*

X1Bl=LDC .001
X 2 B l= V DL PW-1. 01 * V OL ?
BIN =NCR(X1BleX2B1)
Bl=NOT(B1N)

*

* MASS AND ENERGY BALAhCES '

*

DML P= ( WC I +WF L LP l * ( RHODC /RHOLP l * ( B 11-WCI-WF LLP+ . . .
BIN 8(WINJ+WINJAS)

CMLP=lNTGRL(U.,DMLP)
MLP'ML YU+CMLP
DMHLP=HDC8(WCI+WFLLPl*RHODC*B1/RHOLP+...

*

b1N 8 ( W I NJ 8 H I NJ I h + HG *W IN J AS )-W C I *HL P-W FL LP *HG
C MH L P = I N TGR L l o. , DMHL P )
MHLP= MHL PO +CMH LP

* CORE INLET FLOW CALC.(FORCE BALANCE)
* NEEDS: DENSI TIE S: RHODC,RHOLP,RSCAV,RHCB, ROP, RORT
* RE AC TOR VESSEL PRESSbRE : P.

* FLOW OUT OF BOILING REGION: WBO
* RLGION LENGTHS: LDC,LSC,LB
* RLTURNS: FLOW INTO CCRE: WCI
*

CMTOT=INTGRL(0. ,(WCI-WRECIR-WTOST+WFLLP-WCRDI)
MTOT=MTOT0+CMTOT
WBO= ( GFB*PCO R*L BD) /( HG-HF )
WR EC I R =L IM I T (0. ,10000. , (W C I-W CR D-WTOS T ) *FRE C IR )+WCOLL
WCOLL =LI M I T (0. ,10 000. , ( L I NT-3 0. l *3 000. )
FR EC I R =L IM I T ( 0. ,10. , ( L I N T-LBO T l / ( LOC R-LBO T ) )
LINT =LSCD+LB+LOPTP+LRTTP
WFLOP=0.0
WFLBR=0.0
WFLRT=0.0
MCOREM=12.*ACOR*RHOG
MOPEM= LOP *ACOP*RHOG
MRT E M= (L R T +4.15 ) * AR T * RHOG
WBRAV=WCIG
RSCAValRH0$CX+RHOLPl/2.
R HOSC X= 1./AF GE N( VSC ,H SCE X I
WCIG= R E AL PL ( WC IO e 3. , L IM IT i l .E-04,1. E+ 04, WC I-WCRD ) )

| * CALCULATE DENSITIES
| CAVIN=DFVOIDIACOR,WCIG,0.0 eTSAT,RHCF,RHOG)*

| C AVEX=DFVOIDI ACOR,WCIG-W80e W80 .TSAT,RHOFeRHOG)
CAV=(CAVIN+CAVEX)/2.
RHOB=RHOTP(RHOF,RHOG,CAV)
OPVaDFVOIDIACOP,WCIG-WBO WBO .TSAT,RHOF.RHDG)
RH00P=RHOTP(RHUSCXeRHOGe0PV).

|

.
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RTV=DFVO!D(ART,WCIG- WBO,WBO , T S A T , R HO F . RHOG )

R HOR T = RHO TP ( RHOSC X, RH OG ,R TV )
BUVIN=DFVOIO(ACOR WCIG,WFLLP,TSAT,RHOF,RbObl
BUVEX=DFVOIDIACOR,WCIG-WBO WTOST,TSAT,RHOF,RHOG)
BUAVG=(BUVIN+BUVEX)/2. .

ROBUB=RHOTP(RHOF,RHOG BUAVG)
*

DELH1= LIMIT (1.,400.,HF-HLP)
D LS C X= (-2. l * ( LSCX *Q F SC* PCOR-l WC I- WC R0 1 * L IM I T ( 0. ,400. ,HF-HLP l l/ . . .

(RHOLP*ACOR*DELHil
LSC X= INT G RL (L SCO, CL SC X )
L SC= L I MI T (0. ,12. , LS CX )
MSC=R SC AV* LSCD* ACCR

*
* FIND THE TWO PHASE LENGTHS AND REGION MASSES
*

LB= LIMIT (0.,12.-LSCD,LBU)
LBu=(MTOT-MCOREM+MSCDUM-MOPEM-MRTEM-MSCl/(ACOR*(RHOB-RHOGil
LCUV= LIM I T(D. ,12. LBCOVU+ LSCD)

LBCOVU=LBU*(RHOB-RHOGl/(R03UB-RHOG)
MSCDUM=ACOR*RFOG*LSCD
MB=LB*HHOB*ACOR
MCOR= M SC + MB+ ( 12.-LB-LSCD ) *RHCG* ACOR

LOP TP= L IM! It 0. , LOP, ( MT OT-MCCR-MR IE M-MCPEHl / ( ACOP* (RHOOP-RHOGi l l
MOPr ( R HOO P * LO P T P + ( L D P-L O P T P l *RHUG l * A COP
MRT=MTOT-MOP-N40R
LRTTP=(MRT-PRTLMI/(ART *(RHORT-RHOGil
MP00= (L B * ( 1. -C Av i * ACOR+LO P TP * ( 1.-0P V l * ACOP + . . .

LRTTP*(1.-ATVI*ARTl*RHOF*(1.-CCMPAR(LSC,11.993)
*

* T ABULATE PRE SS DROPS AND CALCULATt WCI
,

o

PCOBO T =l MCO R/ ACOR+ MO P/ ACO P+ LR TL I M *RHC RT + ( 10.-LR T L I M i *RHOG l/144.
LR T L I M =L IM I T ( 0. ,10. , L I N T- 17. 52 8
LOSS I N = L OL * RHODC/144. + ( LDCR-LDL i *RHOG/144.-P COBOT
XDUM= LIMIT (1.E-9,5.,LOSSINI
WCI=SQRT( XDUM*RHOB/( KLOSSU*RHOBRil + WCIJE T .

W C IJ E T =J E T PMP *RS T ( 4 76.5-L DDE L ,1.-ST E P ! 1.1,0.1
FCID=REALPL(WCIO,10. WCI)

*

* RE ACTOR VESSEL PRESSURE CALCOLATION
*
* STE AM MASS BALANCE

CMSTalNTGRL(0.,DMST)
MST=NST0+CMST
DMST = W TU S T + WE V AP* WFL DC-W EXPC-WCCND-W INJ AS-W S T C
W TOS T =L I M I T ( 0. ,1000. , WB O+ WF L LP-W PC01

* CONDENSATION OF STEAM LIMITED ONLY BY CCNVECTION OF WARMER WATER
* FROM THE INTERF ACE DOWN INTO DOWNCOMER. THIS R ATE CALCULATED AS
* 50 PERCENT OF THE RATE IN EQ.(7-24), KRIETH
* BUBBLE IS NOT ALLOWED TO TOTALLY COLLAPSE

WCOND=3.6 *COMPAR (VST D,5 00.Ol * ( ( AM AX 1( .0001, FF-HRECIR l l **1.3 3 31/ (HG-HF )
WEVAP=0.0
WEXPC=L I M I T ( 0. 10 0. ,1. 67E-04* M S T * ( HGS T-H S T i l
HGST = AFGEN( HS ATG, PST )
WP00=MP00*DHF/(HG-HF)
HF D= R E AL P L ( HF 0,2. 0, HF )
DHF=(HF-HFDl/2.

*

VST=VFREE-VDC -

VSTD=RE ALPL (VSTO,3. ,VST)
DVST = ( V S T-VS T D l/ 3.

VSYST=VST/MST
* VST= TOTAL VAPOUR SPACE VOLUME
* VSVST=S/ECIFIC VOLUME OF STE AM .
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*

*

* TOT AL ENERGY B AL ANCE
CUMT0=INTGRL(0.,DUMTO)

*
U MT 0= UH.; T0 + CUM IO

DUMT 0=WT OST *HG+ (WFL DC+W EV AP l *Hb . ..
WEX PC *HF-WCOND*HG-WI NJ AS* HST-WS TC*HS T-DVS T* P * 144./ T78.
HST=UM T0/M S T +P S TG *VSV S T* 144. / T78.

* STE AM PRE 55URL C ALCUL ATED BY FUNCTION SUBPROGR AM PFVH- STE AM PRESSURE
* AS A FUNCTION OF SPECIFIC VOLUPE AhD ENT HALPY
* PFVH REQUIRES AN INI TI AL GUESS OF PRESSURE, PSTG

PST= PFVH t HS T , V5VS T ,PS TG)
PSTG=REALPLIPO,2.0,PST)
P=PST

*

* SAFETY RELIEF VALVE MODEL--TWO VALVES MODELED--WSSV= TOTAL SRV FLOW
LOGREL=LUGV1+LU6V2
LOGVI=REALPL(0.. 62,LOGPV1)
LOGV2=REALPL(0.. 62 LOGPV2)
L OG PV l =R S T ( X I V1, X2V 1,0. )
LOGPV 2=R S T I A l v2, X2V2,0. )
X IV l= COM P AR (P SHUT , P )
XIV2=CCMPAR(POPEN-25.,P)
X2Vi=COMPAR(P,POPEN)
X 2V2= CCM P A R ( P , POP EN + 2 5. )

WSSV=UC5RV*SQRT(PSTG/VSVSil*LOGREL
*

* WSTE= STEAM TURB EXHAUST FLOW (RCIC)
* ENTHALPY 15 ASSUPED=915. BUU/LB

WSTE=(RCICD*(.00613*PST+1.1)+HPCID*(.0387*PST+7.81))
* WSTC IS TOTAL STEAM FLOW RATE FROM REACTCR VES SE L TO CONTAINMENT.

W 5TC= WST E*WS5V
*

*----------0YN AM IC POR T ION OF C ON T AINME NT C AL CUL AT ION---------- - - --

*

* CALLS TC SP WATER MACRO--ONLY ONE NECESSARY FOR THE SINGLE NODE POOL MODEL
XNQ1 ,TP1 ,WE1 ,MW1 ,LW1 =WITP1,...-

TP1 ,LW1,LW1 . TICL ,FW1 ,FS91 ,FTE1 ,FD1 ,F 51 )

VW5 P=MW1/ (6 3.9 .019 *T P1)
MWSP=MW1
GWSP=7.481*VWSP

*

T W5 P A V = ( 6 3.9 -M WS P / VWS P) / . 019
LWSPAV=AFGEN(SPLEV,VWSP)

*

* INTERFACE THE S.8 WATER TO THE SP GAS
e

X NQ DW = XN Q1

W55VNC=WSSV8FSV1*XNQ1
WSTENG=WS TE*F TE1* XNQ1
WTESPW=WE1

*

*

* INTERFACE VARIABLES * RV TO SUPPRESSION POOL
* WSSV=STM. FLOW FRUM RV THRU HELIEF VALVESILB/SEC)
* WSTE=5TM FLOW FROM RV THRU TURBINES (RCIC+HPCI)
* WHSV= HYDROGEN FLOW FROM RV THRU RELIEF VALVES (LB/SEC)
* HHMaHYDRCGEN ENTHALPY AT MIXED RV TEMP (Blu/LB) (REF TO 0. DEG R)
* HSTE=ENTHALPY OF TbRBINE EXHAUSLIASME)*

* TM=MIATURE TEMP OF RV STEAM SPACE
*

* INTERFACE VARIABLES I RV TO ORYWELL
* WSDWR= STEAM FLOW, RELEASE TO DRYWELL(L8/SEC)

.
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* HSDWR=ENTHALPY OF WSDWR( ASME)
* WHDWR=HVCROGEN FLOW, RELEASE TO DRYWELLILB/SEcl
* HHDWR=LNTHALPY OF WHDWR(REF TO 0.0 DEG RI
* WMDWR= MISC. FLOW RELEASED TO ORYWELL
* HNDWR=ENTHALPY OF WMCWR(0.0 DEG RI *

*

* INTERFACE VARIABLES : SP WATER TO SP GAS
* WSSVNW= TOTAL NON-QUthCHED RELIEF VALVE FLOW FROM RV TO SP VIA RV85
* WSTEN4=TCTAL NON-QUENCHED TURBINE EXHAUST FLOW
* WCSPG= TOTAL CONSECSATE FLOW, SPG TO SPW
* WTESPW=TCTAL EVAPORATION RATE, SPW TO SPG
* HSTSPW=ENIHALPY OF STEAM (REF 0. AT 0. DEGI AT MASS-WEIGHTED SP WATER
* TEMP, TWSP
* HCSPG=hhTHALPY OF CONDENSED SP SitAM(ASME)
*

* MASS BALANCES FOR SP GAS AND DW GAS
e
* INPUT FRCM UTHER CALCUL AT IONS:
* VWSP=SP TITAL WATER VOL (FT**3) (V ARI ABL E)
* WSSNQ= TOTAL NON-QUEhCHED STEAM FLOW (LB/SEC)
* WHSV= H FLOW FROM THE RV (THROUGH RELIEFS)
* WSDWR= FLOW RATE OF STEAM RELEASED DIRECT TO DRYWELL
* WHDWR= FLOW RATE OF HYDROGEN RELE ASED TC DRYWELL
* WMDWR= FLOW RATE OF MISC. RELbASED DIRECT TO URYWELL
*

*
* DEFINITIONS
*

* MSSPG= MASS STM IN SPG
* MHSPGs MASS H IN SPG
* MNSPG= M ASS N IN SPG e

* MMSPG= MASS M IN SPG
*

* FLOWS = LB/SEC Uf4LESS OTHERWISE SPECIFIED
* WSSVNG= TOT AL NON-QUENCHED STM FROM SV'S ANT TURB, E XHAU ST
* WHSV= TCTAL HYDROGEN FLOW FRCM RELIEF VALVES
* DWSP= DESIGNATES FLOW FROM DW TO SP *

* SPDW= DESIGNATES FLOW FROM SP TO DW
* SPL= SP GAS LEAKAGE
* B= BULK PLOW RATE (FT**3/SEC)
* WCS PG= TCT AL CONDENS AT E FLOW FROM SP GAS
* WCOWG= TOTAL CONDENS AT E FLOW FROM DW GAS
* WCDWC=CONDENSA TION IN DRYWELL COOLERS
*

*

* SP G AS MASS BALANCE:
MSSPG= INTGRLI MSSPGO WSSVNQ*WSDWSP+ WSTENQ+W TESPW-WSSPDW-WSSPL-WCSPG)

MHSPGalNTGRL ( MHS PGO , WHSV +W HDWSP-WHSPOW-WHSP L )
MNS PG = I N TG R L I MNS PGO WNDW S P-W NS P L-W N S PDW )
MMSPG=INTGRL (MMSPGO WMDWSP-WMSPL-WMSPOW)

*

BSPL=vGSP*FLSPG
WSSPL=BSPL*(MSSPG/VGSP)
WHSPL=BSPL*(MHSPG/VGSP)
WNS PL =8S PL * ( MNS PG/ VGS P)
WMSPL=BSPL*(MPSPG/VGSP)

* BS" 4ULK LEAKAGE FROM SP GAS
* Fr i .,=FR ACT ION OF TOT AL SP GAS VOLUMES LEAKED PER SECOND
* VGSP= VOLUME OF SP G AS, VWSP=SP W ATER VOLUME

,

VGSP=VTSP-VWSP
*

* NOTE: 0.5 PSI IS NECESSARY TO OPEN VAC RELIEF VALVE
BSPDW X=L IM I T (0.,1.E06,B S PDW0* ( P TS PG-PTDWG .51 )
BSPDW=REALPLIO..TAUVRV,8SPOWE)

,

.
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WSSPDW=bSPDW*(MSSPG/VGSP)
WHS PCW = B S PDW * (MHSPG/ VGSP )

WNS PC W sB SPO W * ( M NS PG/ VGS P )
WMSPDW=d SPDh* (MMS PG/VGSP)

* * BSPDWO= (Fi**3/SECl/ PSI 0F PRESS DIFFERENCE WHEN
* VAC RELIEF VALVE IS CPEN
*

BDwSP X=L IMI T ( 0. ,1.E06,BDW SPO* ( P T DWG- PT SPG-PDCVP i l
BDWS P=RE ALPL (0.. T AUVRV,BDWSPX )
W5uhSP=bDhSP*(MSDhG/VGDW)*XNwDW
WHDWSP=6DWSP*(MHDhG/VGDWI
W NDWS P= BDW SP* (MNDhG/VGDW )
WMOWS P=o DWS P * ( M MDWG/ V GDW )

* BDWSPO=(FT**3/5ECl/ PSI WHEN DW PRESS IS GREAT ENOUGH
* TO CLEAR THE VEN T PIPE DOWNCOMERS
* PDCVP= PRESS CfFF. NECESSARY TO CLEAR THE VENT PIPES
e

WCS PG= WWC SPG + hVC S PG
WVCS PG= ( M SSP G/ T AUFS P l *( 1.-100./ HUMS P l * COMP AR (HUMS P,100. )

* WWCSPG= RATE OF COND. ON SPG WALL
* WVCSPG= RATE OF COND. FROM SPG VOLUME
*
* DRYWELL MASS BALANCE:

MSDWG=1NTGRL(HSDWGO WSDWR+WSSP9W-WSDWSP-WSDWL-WCDWC WCDWCl
MHOW G= IN T GR L ( MHD WG O, WHDW R+ WHSPD h- WH DhL-WHD h SP )
MNOWG=INTGRL(MNOWGO,WNSPDW-WNDWSP-WNCWLI
MMDWGalN TGRL( MMDWGO WMDWR+WMsPOW-WMDWSP-WMDWL )

*

WCDWG=WWCCWG+hvCDhG
WVCDh G= ( M SD WG/ T AU F DW ) *( 1. -100./ HU MDW ) * COMP AR ( HOMDW,10D. )

*
.

* HYDROGEN AND MISC RELEASES SET TO ZERO
* FF R ACT = F R ACT IOtt UF HCT L I QU I D LE AK THAT FL ASHLS TO STEAM

FFRACT=(AFGEN(HSATF,PST)-AFGEN(HSATF,PTOWGilt...
( AFGEN(HSAIG,PTDWGI-AFGENIHSATF,PTDWGli

WSDWR=WULEAK*FFRACT
HSDWR=AFGEN(HSATG,PTDWG)-

WHDWR=0.
WMDWR=0.
HHDWR=0.
HMDWR=0.

*

* WWCDWG= RATE OF COND. CN DWG W ALL
* WVCO WG=RA TE OF VOLUME COND. IN DRYWELL
*

* ENERGY BALANCES fur CW AND SP GAS
*

* INPUT FROM OTHER CALCULATIONSt
* HMDWR=ENIHALPY OF MISC. RELEASED DIRECT TO DRYWELL
* HHDWR=LNTHALPY OF HYCROGEN RELEASED DIRECT TO DRYWELL
* HHRV=ENTHALPY OF HYDROGEN IN REACTOR VESSEL
* HSRV=ENTHALPV 0F STEAM IN REACTOR VESSEL
* HSDWR=ENTHALPY OF STEAM RELEASED DIRECT TU DRVWELLi

* HSTE=ENTHALPY OF STE AM FROM TURblNE EXHAUST
* NOTE THAT THE ABOVE 3 ARE REF. TO ZERO AT 32.F WATER
* (ASME STM TABLES), BUT ARE RE-REF TO ZERO
* AT ZERO DEG-R FOR CONTAINMENT CALC.
* QVSPG,QVCWG= VOLUME HE AT SDURCE (FRUM F.P.'S)
* QRVHL=HE AT LOSS (THRCUGH INSULATIONI FRCM RV TO SP GAS.

* QLSPG=HEAI LOSS FROM SP GAS TO SP LINER
| * QLDWG= HE AT LOSS FROM DW GAS TO DW LINER

* DEFINITIONS:
*

=

|

_ _ ____
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* TGSP= TEMP OF HOMOGEN! ZED SP GAS (DEF-F)
* TGDW= TEMP GF HCMOGENIZED DW GAS (DEG-Fi
* UMSPG= TOTAL If4 |ER;4AL ENERGY OF SP GAS (BTUI
* UMDWG= TOTAL INTERNAL ENERGY OF DW GAS (BTUI
* MASS FLOWS DEFINED IN MASS BALANCE SECTION *

*

* SP G AS ENERGY BALANCE:
CUMS PG = l N TGR L ( 0.0, DUM SPG )
UMSPG=UMSPGO+CUMSPG

DU MS PG= E PS S P + E PH SP + EPN SP * E PM SP +Q VSPG-Q LS PG-M WORK +Q SS PG
E PS S P = W S SVNQ* ( HSS VNQ ) +W ST EN Q * ( HS T E +HS KR E F l + . . .
WSDWSP*(HSTGDWl-( WSSPDW+WSSPLl*HSTGSP ...
W CSP G *( HF G SP +H SRR E F l + W TE SP W8 H S T SP W
M WORK = DV D T P G * P T S PG * .1851
D VD T PG = ( VGSP-VGS P D l /5.
VGSPD=RLALPL(VGSP0,5. VGSP)

* WSSVNQ=TCTAL SRV FLOW THAT EXITS SURFACE OF PJDL
* WSTENQ= TOTAL NON-QUENCHED STM FROM TURBINE EXHAUST
* HSRREF= DELTA-H TO REREF. STE AM ENTHALPY
* HFGDW=S AT FLUID ENTH AT DW TEMP (ASME)
* HFGSP= SAT FLUID ENTH AT SP TEMP (ASME)
* HSSVNQ=ENTHALPY CF NCN-QUENCFED STEAM ENTERING SP GAS (REF TO 0.
* AT 0. DEG-R)

HSSVNG=HST+HSRREF
H STG S P =. 4 5* TG SPR-4. 89
HSTSPW=.45*(TWSPAV+460.)-4.89
HSTGDW=.45*TGDWR-4.89
HSDWCE=.45*TDWCER-4.89

*

*

HFGSP=TGSP-32. .

HFGDW=TGDW-32.
*

E PHS P =WHDW S P * BHT GCW+ W HSV * >HRV-( WHSP DW + W HSPL i * HHTGSP
HHTGSP=3.466*TGSPR-40.
HHTGDW=3.466*TGDWR-40.

* *

E PNSP =HN TGD W * WNO WS P-( WNS POW +W NS PL l *HN TGSP
HNTGSP=.2475*TGSPR
HNTGDW=.2475*TGDWR

*

EPMSP=HMTGDW*WMDWSP-(WMSPDW+WMSPLl*HMTGSP
HM TGS P= . 21* TG SP A- 20. 8
HMTGDW=.21 (GDWR-20.8

*

* DRYWELL ENERGY BALANCE
* DRYWELL COOLER CALCULATION: ASSUMES ATMOSPHERE EXIT TEMP =TDWCE AND
* BULK FLOW = CONSTANT AT CODLER EXIT = 8DWC

TDWCER=TDWCE+460.
PSDWCE= LIMIT (0.,SPDWCE,PSDWG)
SPDWCE=NLFGEN(SPFOT.TDWCE)
WSDWCR=80WC*PSDWCE/(GCS*TDWCER)
W NDW C = 8 DW C * ( P T DWG- PS DW C E l / ( GCN * T C WC ER )
WSDWC S=WNDWC* MSD WG/ MNDW G
WCDWC=WSDWCS-WSDWCR
CUNC WG = I N T GR L (0.0, DU M DW G)

UMDW6=CUMDWG+UMDWGO
DUM DW G= E P SD W +E PHD W+ E PNDW + E PMDW+ QV DWG+. . .
QRVHL-OL DWG .

*

Q SSPG=I T W SP AV-TGSPl * ASSPW o5.3E-05 *( ( ABS ( TWSP AV-TGS P i l **.33)
QLSPG=QPMWET+QPMDRY
QVDWG=0.
QVSPG=0.

.
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QRVHL=uRVHLO*948.*(TSAT-TGDW)/DTRVHL
QLDhG=COM

e
*

E PS DW= (H SDW R +HSRR EF l *WSDWR +HSTGSP *WSS PDW-HS TGDWo ( WS DWSP +WSD WL ) . . .*
HFGOW*WCOWG+hSDHCR*HSDWCE-WSDWCS*HSTGDW

*
E PHDW = HHDW k * k HuhR +HH T GSP * h HSPD h-HH TGD w * ( W HD hSP + hH DW L )

*

E PND W =Hl4 TGSP* kNSPOW-HNT GDw* ( W NDhS P+ WNDW L ) +.2 475 *W NDWC *( TDWCE-TGDW )
*

EPMUW=hMDWR*WMDwR+HMTGSP*wMSPOW-HMTGCW*(WMDWSP+WMDWL)
*

*
* SOLUTION FUR OW AND SP GAS TEMPERATURES
* ITERATICN I S NOT NECESS ARY SINCE IHE 5,N,P,AND M
* ENTHALPIES ARE ASSUMED LINEAR WITH TEMP:
* HIN2)=.2472I, H(H2O)=.45T-4.89, H(M)=.21T-20.6, H(H)=3.466T-40.
*

TG SPR = ( UM SPG+ 4. 89* MS S PG+2 0. 8 * MMS PG+4 0.0 *M HS P G )/ . . .
( MNSPG* ( .2475 .1851*GCN ) + MSSPG*( . 4 5 .1851 *GCS l+. . .
PPOWG*(.21 .1851*GCM)+MHSP6*(3.466 .1851*GCH) )

TGDWR=(UMDWG+4.69*MSDWG+20.8+PNDWG+40.*MHDwG)/...
( MNDhG*( .2475 .1851 *GCN) + MSDWG* ( .45 .18 51*GCS l+ .. .
MPUWG*(.21 .1851*GCM)+MHDWG*( 3.466 .1851*GCH))
TGSP=1GSPR-460.
TGDW=TGDWR-460.

* TOTAL ANC PARilAL PRESSURES (PSIA) CALC. FROM ILMP(F)
PNS PG = MNS PG * G CN*T GS PR/V GS P
PHs PG =MH SPG* GCH* T GS PR/VG SP
PSSPG=MSSPG*GCS*TGSPR/VGSP
P MS PG = MMS PG *GC M* T GS PR/ V GS P.

PTSPG=PNSPG+PHSPG+PSSPG+PPSPG
*

PNDWG=MNDWG*GCN*iGDWR/VGJW
PHDWG=MHDWG*GCH*TGDWR/VGDW
P SD WG = M SDWG* GC S* TGDWR /VGD W

* PMDhG=MMDWG*GCM*TGDWR/VGDh
P TDWG = PNDW G + P HDWG + PS DW G+ PMDW G

*
* HUMIDjilES AND DEhPOINTS

HUMS P= 100.* PSSPG/ hlF G EN ( S P FO T, TGS P )
HUMDW = 100 * P SD hG/ N LFG E N( S P FO T , TGDW )
T DE h S P=i4L FGt N ( SIF OS V , VGSP/M S S PG )
TDEWDw=NLF6hN(STFOSV,VGDW/MSDWG)

*

*

BDWL=VGOW*FLDhG
W SD WL = 6DWL* ( M SDWG/ VGDW)
WHDWL=BDWL*(MHOWG/VGDW)
WNDWL =6DWL* (MNOWG/VGDW)
WMD WL =dD W L* ( P MDwG/ VGDW )

*

* CALCULAT ION OF SP AND DW WALL ME TAL TEMP ASSUMPiluNS:
* 1. CONSIDER ONLY METAL SURFACE IN CONTACT WITH GAS
* 2.NO CONDENSING UNLESS METAL TEMP BELOW DEWPOINT
* STM. CONDENSATION ON WALLS IS AIR-LIMITED AND 15 CALCULATED
* FROM EQUN. 111.6 26 CF M ARCH M ANUAL( NUREG/CR-1711)

Q PM= Q PMD R Y+ QP M WE T-Q PG A I R

QPMDRY=(TGSP-TPMET)*S.3E-05*(IABSIIGSP-IPMLT))**.333J)*APMET,

QP MWE T = COMP AR ( T DEWS P,T PMET ) * ( TDE WSP-T PM E T ) * Ad ME T *. . .

.0185*((MSSPG/MNSPGl**.707)
TPM ET = IN TGR LI TPME T O, Q PM /C PME I )
QDM= Q DMU NY +QD PWE T

.
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QCMDR V=( TGDW-TDMEil *5. 3E-5* (( ABS ITGDW-TDMET ) l **.3333) *4DME T
Q DMWE T =COMPAR I TDE kDW,TDME T) * ( TDE WDW-T DM E T ) * ADME T *.. .

.0185*((MSDhG/MNDWGl**.707)
TDMET=INTGRLITDMETO,QDM/CDMET)

*
CALC UF CONDENSAilDN RATE ON DW AND SP WALLS. APPROXIMATE VALUE

* OF 900 BTU /LB IS USEC FOR (HG-HF)
WWCSPG=QPMWET/900.
WhCDWG=QDMWET/900.

*

* CALCULATION OF POOL ROOM AIR TEMP
QPAIR=QPGAIR+QPhAIR
QPW A!R= 5. 3E-05* ( ( ABS ( TW SP AV-TP AIR il * *. 3 333) * APMET*( TWSP AV-TPAIRI
Q PG A! H =5. 3E-5* ( I ABS ( T PME T -TP AIR ) ) * *. 3 3 3 ) * AP ME T*( T PME T-T PA IR )
T PAI R=I N TGRL ( TP AIRO, QPAI R /CP AIR )

*

* NOTE THAT THE TERM APMET IS THE SAME Ih 30TH EQUATIONS
* BECAUSL I T 15 FOR ONE HALF OF TOTAL METAL SURF ACE AREA
*

* THESE CALCUL ATIONS ARE TO BE USED FUR AVERALL THERMO
* CONSERVATION CHECK

DMS P= IN IGRL ( 0. . W S TC )
HE AT IN= IN TGRL (0.,QTOT )
D MHRV a lN T GRL (0. , W I NJ *HIN J IN-W S T C*HS T-WC RD *HLP )

*

L I NIVl=L IN T * 12.+ 216.
DUM =0UT ( T MI N ,LDCVZ ,P , GP, GT ,WCRD, HLP , WSI C, TWSP AV ,LWsP AV, PTDWG , TGDW)

* DUM=0UT( TMIN,LDCVZ,P,GP,GT ,WSTC , TWEP AV,LWSPAV ,PTSPG,PT DWG,T GSP, TGDW )
* OUT IS A SUBPROGRAM FOR WRITING 1FECIFIED VARIABLd5
* ON DISC FCR LATER PL CT T ING

PRINT LUCVZ,HRECIReLSC,WCBPep,WTOST,WSTC,WCID,HLP
TIMER DELT=.25, FINTIM=28810., PRDEL=10. *

METHOC RECT
NCSORT
CALL DEBUG (1,0.3

CALL DEBUG ( 1,3600.3
CALL DEBUG (1,5400.)

,
CALL DEuuG( 1,10800.)
CALL CEBUG(1,17999.)
CALL DEBLG(1,21600.1
CALL DEBUG ( 1,25200.1
CALL DEBUG (1,28800.)
CALL DEBLGil,36000.)
CALL DEBUGil 46800.)
CALL DEBUGil,50400.)
CALL DEBUG (1,57600.)

END

|

|

i .

.

1

.
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*
$$$ TRANSLATION TABLE CONTENTS $$$ CURRENT MAXIMUM

MACR 0 AND 5TATEMENT OUTPUTS 450 1200
STATEMENT INPUT WUKK AREA 1388 3800
INTEGRATOR 5+ MEMORY BLCCK OUTPUTS 44 + 0 30 0
PARAMETERS + FUNCTION GENERATORS 103 + 10 430.

STORAGE VARIABLES + INTEGRATOR ARRAYS 0+ O/2 50
HISTORY AhD MEMONY BLCCK NAMES 21 50
MACR 0 DEFINITIONS AND NESTED NACROS 7 126
MACRO STATEMENT STORAGE 3T 200
LITERAL CCNSTANT STORAGE O 100
SORT SEGTIONS 2 20
MAXtHUM STATEMENTS IN SECTION 378 987

FUNCTI ON OF VOIU( A,WS ATF W SATG, TS AT, RNOF,RHJG I
REAL JF,JG,K3
DATA CO , K 3/1.1. 2 . 5/
WF=AMAX1(WSATF,0.)
J F= W F / ( R HOF * A l
J G= W S A IG/ ( RHOG* A l
SURTEN=(817.-TSATl*(.00523/767.
VGJ=K3*((RHOF-RHOGl*SURTEN*1036.84/(RHOF*RHOFil**.25
DFVOI D=J G/( C0 * (J F +JGl +VGJ )
RETURN
E NO

FUNCTION CAVOID(XIN,XOUT,WTOTAL,TSAT,RHOF.RHOG)
DATA ACOM, XKVGJ/ 77., 2.5/

C THIS FUNC TION RE TURNS BOILING REGICN AVERAGE V0lO
C MODIFIED DRIFT FLUX CORRELATION IS USE0(C0=1.0, VGJm0 A1 X=1)

W=AMAXI(WTOTAL,.01)
XCMXI=AMAX1((XOUT-XINie.001)'
XOUT= AMIN 1(1.0,XOUT)
G=W/ACOR
TS=TSAT
SUR T E N= ( 817. - TS l * ( . 00521/ 76 7.
VGJ = XKVGJ * ( ( R HGF-RH OG l * SUR I E N* 32. 2* 32. 2 / ( RHOF*RHOFil**.25

, IF(XCMXI.GT. .01) GO TO 10
X=tXIN+XOUTl/2.
C1= RHUG* ( 1.-X I/R H CF + X
C2= RHCG*V GJ * l l .-X 1/G
CAVOID=X/(C1+C/l
GO TC 100

| 10 CONTIhuE
A=RHOG/ RH0F +R HUG *VGJ/ G
"=1.-A
LN=ALOG(IA+B*AIN)/(A+B*XOUTil

L A"" * 0= 1. / B + A *X L N/ ( B *8 * X0MX I I
100 REIURN

END
FUNCT ION RHOTP (RHOF RHOG,VOIDI

| RHOTP=(1.-VOIDi*RHOF+ VOID *RHUG
RETUNN
END
FUNCTION VUID (X,W, A TS AT , RHOF RHOG)

C THIS FUNCTION RETURNS VOID FRACTION AT ANY POINT
C MODIFIED DRIF T FLUX CORREL ATION USED(C0=1. , VGJ=0 AT X=1)r

( DATA XKV G J/ 2.5/
l X= AMIN 1(X,1.01

T S= TS AT
I

*
WL= A M A X1 ( W , .01 )

| S UR T E N= ( 817.- T S l * l . 00521/ 767.
t

VGJ= XKVGJ * ( I R HU F-R HOG l * SUR TE N* 3 2. 2 * 3 2. 2/ ( RH DF * RH OF i l **. 2 5
C1=RHCG8(1.-X)/RHCF+X
C2=RHCG8VGJ*ll.-X)/(WL/Al

.

|
|
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VOI D= X/( C 1+C2 )
RETURN
E ND

FUNCTION ANSITIM)
C*** ORNL RCUTINE TO CALCULATE DECAY POWER BASED ON

*
C*** ANSI 5.1 - 1979, thCLUDING DEC AY CF ACTINIDES
C*** U239 AND NP239
C
C*** USE ORIGINAL MARCH 1.1 FITS TO FISSION PRODUCT DECAY
C

TAP =7.88E07
T1= TIN
T2= TAP
T3= TIM + TAP
IPASS=1
T=T1

5 CONTINUL
IF(T.LE.1.0) GO TO 8
IFIT.LE.10.0) GO TO 10
IFIT.LE.150.03 GO TO 20
IF(T.LE.4.E6) GO TO 30
GO TO 40

8 POWER =1.
GO TO 50

10 POWEH=0.0603/T**0.0639
GO TO 50

20 POWER =0.0766/T**0.181
GO TC 50

30 POWE R = 0.1300 / T * *0.28 3
GO TO 50

40 POWER =0.266/T**0.335
50 IFilPASS.EQ.23 GO TO 60 .

IPASS=2
POWER 1= POWER
T=T3
GO TO 5

60 FP= POWER 1-POWER
*C

C*** NOW CALCULATE THE G CORRECTION FACTCR FOR NEUTRON CAPTURE IN
C*** F ISSICN PRODUC TS
C
C****** CAUTION ******
C*** THESE CALCULATED G FACTORS MAY BE TOTC L ARGE FOR T2=1.27E8
C* * * AN D T 1= 1. E 5

PS I= 1.
G=1.+ t i t 3.24E-6* ( 5.23 E-10 * T1 l l* ( T 28 80.40 l l* psi l

C
C*** NOW CORRECT FOR ACTINIDES U239 AND NP239, BASED ON
C*** EQS. 14 AND 15 FROM ANSI 5.1 - 1979
C

Q=200.
EU=.474
R=.6
XLAM1=4.91E-4
E N= . 419
XL AM 2= 3. 41E- 6

C
XPO= AMIN 1(XLAM1*T2,10.1
EXP1TT=EXPI-XPO)

EXP1T = EXP(-XL AM1* ?i s .

FU=EU*R* t t.-EXPITT l *EXF 1T
C

XPO= AMIN 1tXLAM2*T2,10.1
EXP2TT=EXPI-XPD)

.

I
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E XP2 T = E XP (-K L AM2 * T i l
2 L AM 1= XL AM1/ ( XLAM1-XL AM2)
LL AM2= XL AM2/ (XL AM1-XL AM2)
TERM 1=lLAM1*(1.-EXP2TTl*EXP2T
TERM 2=lLAM2*(1.-EXP1TTl*EXPIT

* F h= EN*R* ( TERM 1-IEH M2 3
ACT=(FU+FN)/Q

C
A NS = F P *G
AN$=AhS+ACT
ANS= AMIN 1(ANS,1.)
RETURN
EhD
FUNCTION XLENDC(V)

C RE TURNS HEIGHT OF WATER IN DCWNCOMER AS A FUNCTION OF TOTAL VOLUME
C lERO HEIGHl=BOTIUM OF ACTIVE FUEL
C
C L1=0.0, L2= HEIGHT AT JET PUMP SUCTION thLET, L3= HEIGHT AT TOP OF CORE
C OUTLET PLE;4UM, L4= HEIGHT AT BOTTOM OF STM SEPARATURS
C
C VDIFF= JET PUMP AND DIFFUSER VOLUrE eELCW 6.0.A.F., VJET=VJL BET JP SUCTION
C AND BOAF, VANN=DC VOL BET TOP OF CORE OUTLET PLENUM AND JP SUCTION,
C VSSOP=VCL BET TOP OF OUTLET PLENL M AND BUT OF STM SEP
C

DATA VDIFF,VJET.VANN,VSSCP,VUV1,VSL,VUV2
1 /192.,38.4,1044.,4434.7,1063.,1811.,2031./

DATA XL1,XL2,XL3,XL4,XLS,XL6,XL7
1 /0.,8. 17.5,32.63,35.88,37.88,44.09/
Vl=VOIFF
V2=V1*VJET
V3=V2+VANN
V4=V3+VSSOP.

V5= V4 +VUV 1
V6=VS*V5L
V 7= V6+ VUV 2
D L1= ( V-V 1 ) * ( X L2-X L 11/ ( V 2-V 1 )
DL2= ( V-V2 ) * (X L3-XL2 3 / ( V 3-V2 )

* D L3= ( V-V 3) * ( X L4-X L31/ ( V4-V31
DL4=(V-V4)*(XL>-XL41/(V5-V4)
DL5 = ( V-V 5 ) * (X L6-X L5 8 / ( V6-V5 )
DL6=(V-V61*(XL7-XL69/(V7-V6)
DL1= AMA X 1( DL 1,0. )
OL1= AMIN 1(DL 1,XL2-XL 1)
DL2=AMAX1(DL2,0.)
UL2= AMIN 1(DL2,XL3-XL2)
DL3= AM AX1(DL3,0. )
DL3= AMIN 1(DL3,XL4-XL3)
DL4 = A M A X 18 0. , DL4 )
DL4= AMIN 1(DL4,XLS-XL4)
DL5= AM AX1(0. ,DL5 )
DL5= AMIN 1(DL5,XL6-XL5)
DL6=AMAX1(0.,DL6)

|

XLENDC=DL1+DL2+DL3+DL4+DL5+DL6
RETURN
END
FUNCTION VDLDC(XLDCol
DAT A VDIFF, VJETe VANN, VSSUP/ 192., 58.4, 1044., 2125./
DATA XL1, XL2, XL3, XL4/ D.,8.,17.5, 24.75/
X=XLOCO
DV1= ( t X-XL 1) / (XL2-XLill *VJE T,

DV1= AMAX1(0. DV1)
D Vl= AMI N 1 (D V1, VJ E T )
DV2= ( ( X-XL 21/ ( XL 3-XL 2 ) l * V ANN
DV2= AMAX180. , UV2 )

.

_- . ---
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D V2= AMI N 1 (D V2, V ANN )

DV3 = ( I X-XL 3 3 / ( X L4-XL 3 ) l *V SSOP
DV3=AMAX1(0.,DV33
VOLCC=DV1+DV2+DV3+VDIFF

200 RETURN
Ehu *

FUNCTI0t4 PFVHlH,VS Pl
C PF VH STEAM PRESSURE FROM ENTHALPY AND SPECIFIC VOLUME

DO 10 J = 1,10
TP = TVAPH(P,HI
VC = VVAP(TP Pl
IF( ABS (VC-VS) .LE.O.10-4) GO TO 2C
P= P*VC/VS

10 CONTINUE
WRITE 16,101) VC VS.TP,P

101 FORMAI(1H s' NON-CONVERGE IN PFVH, VC = ' , F 8. 5, ' VS = ' , F 8. 5,
1 ' T=',F7.2,* P=',F8 23

20 CONTINUE
PFVH=P
RETURN
k NO
FUNCTION QREGAVIL1,L2)

C
C THIS SUBPROGRAM CALCALATES RATIO ( AVG FLUX FROM A TO Bl/( AVG FLUX OVER
C CORE)
C SPECIF IC FOR HEA TED LENGTH =12. F T
C

REAL L1,L2, LINT
DIMENSION P(13)
DATA P/ .61,1. 0 4,1 16,1.1' ,1.16,1.11,1. 09,1. 0 7,
1 1.05,1.03,0.92,0.72,0.33/

C .

C SOLVE FOR FUNCTIONAL VALUES AT TOP AND BOTTOM OF REGION
C

INT 1=lNT(L1)
INI2=INI(L23
F R AC 1 = FL O AT ( INT 1 + 13 -L 1
FRAC 2=L2-FLOAT (INT 2) =

PL 1= ( 1.-F R AC 1 ) *P( IN T 1 +2 ) + F R AC l* P( IN T1 +13
P L2 = ( 1.-F R AC 2 3 *P ( I NT 2 + 1) + FR AC2 * P ( IN T 2 + 2 )

C

C TEST TO SEE IF MORE THAN 1 NODE BOUNDARY IS INVOLVED
NNOB= INT 2-INT 1
IFINN08.GT.11 GO TO 11
QREG AVa l PL 1 +P L2 3 / 2.
RETURN

C
C IF 2 OR MORE NODE BOUNDARIES INVOLVED,THEN AVERAGE THE INERRIOR AND
C THE END SEGMINTS AND CCMBINE THESE INTO A GRAND AVERAGE

11 DUM=0.0
NNODES=NN08-1,

'

00 13 J=1,NNODES
JJ=J+ INT 1+1
DUM =DUM + 1 P( JJ i + Pl JJ + 1 B l /2.

13 CONTINUE
| L INT = FLO A T INNODES )
! AVINT=DUM/ LINT

AVTOP=(P(INT 2+11+PL23/2.
AV80T = ( P I INT 1 +2 ) + PL 11/2.
QREG AV= ( AVBO T*FR AC1+ AVINT *L INT + AVTOP*FR AC21/ l L2-L 18 .

RETURN
END
FUNCTION VVAPITF,PFI VVAP 100

C VVAP SPEC IFIC VOLUME OF STE AM FROM TEMP AND PRESSURE

.

- -- -
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CALCULATES SPECIFIC VOLUME OF STEAM VVAP 102
C KEENAN + KEYES, 1951, P. 15, EQ. 13 VVAP 105

P=PF/14.6959 VVAP 110
T=(TF+459.693/1.8 VVAP 115

, TAU =1./T VVAP 120
TAU 2= TAU * TAU VVAP 125
TAU 3= TAU 2* TAU VVAP 130
TAU 12= TAU 3**4 VVAP 135
EXTAU=-(10.**(a0870.* TAU 23) VVAP 140
BO= EX T AU * I AU* 2641. 62+ 1. 89 VVAP 145
Q=60* TAU VVAP 150
QP= Q* P VVAP 155
G 1= (- 1.6 246D 5* T AU+ 82.546) * T AU VVAP 160
G2=-1.2697DS* TAU 2+.21828 VVAP 165
G3=+6.768D64* TAU 12* TAU 12-3.6350-4 VVAP 170

C SIGN CF G3 REVERSED FROM K+K WWAP 175
B= ( ( ( G 3 * QP * *9 +G21 *Q P *QP+ G 1) * QP + 1. l * B C *. 0160185 VVAP 180
VVAP=.072964908*T/P+6 VVAP 185
RETURN VWAP 190
END VV AP 195
FUNCTION TVAPH(PI,HI) TVAPH100

0 TVAPH TEMPERATURE OF STEAM FRCM PRESSURE AND ENTHALPY
CALCULATES TEMPERATURE OF STEAM FROM PRESSURE AND ENTHALPY USING HVAP ANTV APH102
C LINEAR INTERPOLATION TVAP2105

P=PI TVAPH110
H=HI TVAPH115

C CHECK FOR SUPERHE AT( ACDED ON 8-12-71)
T = TSAT1(P)
H1 = HVAP(T,P)
IF(H1.GE.H) GO TO 10

C START WITH ABOUT 50 DEGREES SUPERHEAT TVAPH120
DELT=40. TVAPH125,

T= 8574. / ( 15. 424- ALOGt Pi l-410.
H1= HV A P ( T ,P I TVAPH135
IF(H1-H)2,10e1 TVAPH140

| C 1 USE LESS SUPERHEAT TVAPH145
1 DELT=-DELT TW APH150'

.

2 T=DELT+T TVAPH155
5 H0= H 1 TVAPHl60

H1=HVAPIT,P) TVAPH165

DELT=(H1-Hl*DELT/(HO-Hit TVAPH170
T=DELT+T TVAPH175
IF t ABSI DELil .01110,10,5

TVAPH18510 TVAPH=T
TVAPH190RETURN
TVAPH195END

FUNCT ION TS AT1(P)
C TSAT1 SATURATION TEMP FROM PRESSURE
CALCULATES SATURATION TEMPERATURE (DEG FI CF WATER, .178 PSIA TO CRITICALTSAT 102
C KEENAN + MEYE%e 1951, P.14e EQ.11 + 12 TSAT 105

T=500. TSAT 110
TSAT 115CDRR = 3. 2

F0P= ALOGt 3206.37858/ P1/2.30258509
T SA T 125

f GOT01
C 4 TEMP BELOW 140C = 284F TSAT 130

t

4 CORR = ((1.1702 379D-8*TK*TK+5.868260-3) *TK+3. 2437814) TSAT 135
!

! 1 / ( 2 18 78 462 D-3 *T K+ 1. ) T SA T ? 10

| 1 TS=1165. 09/(FDP/CCRR+1. ) TSAT c:q

| IFt ABS ( T S-T ) .01110,10,2
T SAT 1502 T=TS''

T K= ( 1165. 09-T l /1 8 TSAT 155
TSAT 160IF(P-52.41814,4,3

C 3 TEMP A80VE 140C = 284 F TSAT 145
3 CORR = ( ((6.564440-11*TK+T.515484D-9 3 *TK*TK+4.14113D-29 *TK T SA T 170

=
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1 +3.3463131/(1.+1.3794481D-2*TK) TSAT 171
GO TO 1 TSAT 175

10 TSAT1=TS-459.69
RETURN TSAT 181
END TSAT 185FUNCTION HVAPITF,PF) HVAP 100 *

C HWAP HEAT OF VAPORIZATION FROP TEMP AND PRESSURE
CALCULATES ENTHALPY OF STEAM REFERRED TO WATER AI 32F AND .08854 PSIA HVAP 102
C KEENAN + KEYES, 1951, PP. 15-16, EQ 13-15 HVAP 105

COMM0h /H200EN/ TOLD, POLD,T AU, T AU2,80, Q,43,012, D80, F0,F 1,G1,F2,G2 HVA P 110
J 1.F3,G3 HVAP 111P=PF/14.6959 HVAP 115

T=(TF+459.691/1.8 HVAP 120
IF I T- TOL D l 3 3,32,3 3 HWAP 125

32 I F I P- P OL D l 34,220, 34 HVAP 130
33 TOLD =T HVAP 135
34 POLD=P HVAP 140

TAU =1./T HVAP 145
TAU 2= TAU * TAU HVAP 150
TAU 3= TAU 2* TAU HWAP 155
T AU 12 = TA U 3 * * 4 HVAP 160
EX T AU=-( 10. * * ( 80870. * TAU 2 3 3 HVAP 165
80=EXTAU* TAU *2641.62+1.89 HVAP 170
Q=BO* TAU HVAP 175
0 2= Q * Q HVAP 180
03=Q2*Q HVAP 185012=Q3**4 HVAP 190
D B0= ( 3 724 20.11 * T AU2+ 1. l * E XT AU+ 2 641. 62 HVAP 195
F0=D80* TAU +00 HVAP 200
DG1=-3.2492D5* TAU +82 546 HVAP 205
G 1= (-1.6246D5* TAU + 82. 546) * TAU HWAP 210
Fl=(Gl*FO*2.+Q*DGLI*Q HVAP 215 .

DG2=~2.539405* TAU HVAP 220
G2=- 1. 269 70 5 * T AU2 + .21828 HVAP 225
F2=(G2*FO*4.+Q*DG2)*Q3 HVAP 230
DG 3= + 1. 6 24320 66* T AU12 * T AU12 * T HVAP 235
G 3= +6.768 064* T AU12 *T AU 12- 3. 63 5D-4 HVAP 240

C SIGNS OF G3 + DG3 REVERSED FROM K+K AVO IDS - IN F 3 HVAP 245 '

F 3= (G 3 *F O * 13. +Q* DG31 * Q12 HVAP 250
220 DHC T= l ( I P * *9 * F 3/3.25+ F 2) * 0. 5* P* P+ F 1 ) *. 5* P+F 0 l *P*4.35 57D-2 +.215863 3HV A P 25 5

C DHCT= CHANGE IN H AT CONSTANT T AS PRESSURE GOES FROM LERO TO PF PLHVAP 260
C CHANGE IN H AT 32F AS P=.08854 GOES TO P=0 HVAP 265

DNZP=l(3.7783D-4*T+1.4723*T+ALOG(Tl*47.8365)*0.43-300.420108
C DHlP= CHANGE IN H AT ZERO PRESSURE AS TEMP. GOES FROM 32F TO TF HVAP 275
C INTEGRAL (CPO*DTI EVALUATEC AT 32F = 300.420108 HVAP 280

H VAP= DHi P +DHC T + 10 75. 8 HVAP 285
C H OF EVAPORATION AT 32F + .08854 PSI A = 1075.8 BTU /LBM HVAP 290

RETURN HVAP 295
E NO HVAP 300
FUNCT ION OUT( T, LOC,P,GALI GALT,WS$V, TSP,LWSP, PSP PDW.TGP,TGDI

C FOR ACTUAL 11 SYSTEM VARIABLES PRINTED SEE MAIN PROGRAM
OUT=1 0

INSET =10
IF(T. GT 180. I INSET =30.

IFIT. GT. 360.) INSET =10
TSEC=T*60.
I TC= I F IX I TSEC + .01 )
IF(ITC.EQ.IITC) GO TO 200
IF(ITC/ INSET * INSET.NE.!TC) GO TO 200
WRITE (20,100) T,LDC.P,GALI GALT,WSSV TSP LWSP, PSP PDW,TGP TGD

100 F OR M A T I F6. 2,1 X , F 5.1,1 X ,2 ( F 5. 0.1 X I , F 7. 0,1 X , F 4.0,1X , ,

1 F5.1.1X,F4.0,1X,F5.1.1X,F6.2.1X,F5.2.1X,F5.13
200 IITC=ITC

RETURN
END

.
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$$$CONTINUCUS SYSTEM N00ELING PROGRAM Ill VIM 3 TRANSLATOR OUTPUTS $$

LABEL BRCWN5 FERRY RE ACTOR BU ILDING |

M AC R0 T. TC .F ,H ,P , hC=ME ( T E ,WA ,W S,WW, WX, AC,V , T O , TC3,HO,PO, QHX)
* * T= MIXED ATMOSPHERE TEMP

* TC= CONCRETE SURFAct TEMP
* ST=STELL SURFACE TEMP
* F=FDG DENSITY ( TOTAL MASS IN DROPLE TS/ REGION VOLUMEl(Mw/V)
* H= RELATIVE HUMIDITY
* P= TOTAL PRESSURE
* WC= TOTAL CCNDENSATION RATE
* TE=WEIGHIED M IX f URE TEMP OF MASS INFLUX
* WA= TOTAL AIR FLOW ENTERING
* WS= TOTAL STE AM FLOW ENTERING
* WW=MA55 FLOW RA TE OF WATER INTO NODE IN FOG DROPLETS
* WX= TOTAL M ASS FLOW OUT ( INCLUDES FOG )
+ AC= CONCRETE SLRFACE AREA
* AS= STEEL SURFACE AREA
* T5= STEEL THICKNESS
* V= TOTAL FREE VOLUMt
* T0=lNITI AL VALUE CF ATMOSPHERE TEMP
* TC0= INITIAL VALUE OF CONCRETE SURFACE TEMP
* TSO=INITI AL VALUE OF ST EEL TEMP
* H02 INITIAL VALUE OF HUMIDITY
* PO= INITIAL VALUE OF TOTAL PRE SSURE
* QHX= NET HEAT EX. BET. ATHOSP. AND MISC.(PCS. FOR A COOLER)
*

* INITIALIZATION
*

PSO= ( H0/100. l * NL F GEN ( SPFO T , TO )
. M50= V * PS O/ ( GC S* ( T C+ 46 0. l l|

MA0=V *( PO-P501/ (G CA*( T0+460. 8 )
MH0= ( M50 *CVS + M A0 *CV A l * ( T 0 +460. 3

*

* CONSERVAT ION RE LA TIONS
*

|s *
* MASSi

*

CMh= I NTGRL (0. wS-WC-(MS/MTl*WX )
C HA= l N IGRL ( 0. , W A-( MA / Mil * WX I
MS= M S O + CM S

! M A=M A0+CM A

l D MW=W W+ COMP AR (H,100. l * l H-100. l * MS/100.-MW/ T AUFOG-MW *WX/MT
M W= I N T GRL I O . ,0M W )

F=MW/V
MT=MS+MA+MW

*

* ENERGY
*

C MH = l N TGRL ( 0. , EN TH P-Q )
MH= MH0 +CM H
ENTHP=EP1-EP2-EP3
E Pl= ( TE* 460. l * ( WS* CPS +W A*CP A l + WW8 ( T E-880.1

EP2=(T+460.l*WX*(MS* CPS /MT+MA*CPA/ Mil +(T-880.l*(Mu*WX/MT+MW/TAUFDG)
EP3=WWC*(T-880.)

* LNTHALPY CF WATER 15 970 BTU /LB LOWER THAN THAT OF STEAM AT 212
* ,THEREFORE HW=T-880
*

*
Q=CQDRY+CQWET+WHX
WWC= ( CQW E T l / MFG
WC=WWC+MW/TAUFOG

e

* HE AT TRANSFE R TO CONCRETE AND STEEL SURFACES
- *
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TC,CQFORY,CwFWE T =CONCRIT ,TCO,PS,P A )
CQDRY=AC*CQFDRY
CQWET=AC*CQFWET

*

* CALCULATION OF TEMPERATURE AND PRESSURE e
T = ( MH +Mw * 1340.1/ ( MS *CVS+ M A *C V A +MW l-460.

PS=MS*GCS*(T+460.3/V
PA=MA*GCA*(T+460.3/V
P= PS * P A
H=100. * PS/N LF GE N(S PFOT , T )

*

ENDMACRU
H ACR0 WE AZ ,WESl=FLO(PZ, PCUM C Z,HZ, TZ )

*

* WEAL = FLOW OF AIR FROM NODE Z TO NODE COM
* WESl= FLOW OF STEAM FROM NODE I TO NODE CCM
* PZ= TOTAL PRESSURE OF h0DE I
* PCOM= TOTAL PRESSURE OF NODE CCM
* CZ=AZ*SQRI(9273.6/KZI
* HZ,TZ= TEMP, HUMIDITY OF NODE Z

'
RHOTZ=RHOSZ+RHOAZ
PSl= ( HZ /100. l *NLFGEN( SPFO T , TI)
RHOSZ=PSZ/(GCS*(TZ+460.ll
RHOAZ=(PZ-P5Zi/(GCA*(TZ+460.ll
W hl = C OMP A R ( P Z , PC O M i *C Z * S QR T (RHO T Z * A B S ( PZ-PC OM i l

W E Al= ( RHO A Z / RHO T Z l *W EZ
W ES Z = ( HHO S Z /RHUT Z l *W E Z

ENDMACR0
M ACRO TCON,CD CW=CONCR (TBULK , TCO,PSTM, PAIR)

*

* THIS ROUTINE CALCULATES HEAT SINK TEMPS AS WELL AS HEAT FLJXES DUE .

* TO NATUR AL CIRC. AND CONDENSA TION. THE CCNCRETE IS DIVIDED INTO TWO
* SLAB GECMETRY REGIONS .

*
* ASWR= AIR TO STE AM WEIGHT RATIO
* BATS = BREAK POINT FOR CONDDISA TION COEFFICIENT CORRELATION
* DXCON1= THICKNESS OF OUTER CONCRETE NOCE( FTl J
* DXCON2= THICKNESS OF INNER CONCRETE N00E
* HNAT= NATURAL CIRCULATION HEAT TRANSFER COEFFICIENT (BTU /SEC/ SQ.FT/ DE
* HCOND=CONDENS AT ION HE AT T RANSFER COEFF.( BTU /SEC,50.FT/DEG-F i
*

* HEAT TRANSFER COEFFICIENT CALCULATIONS
SYSTM=GCS*(TBULK+460.1/PSTM
TOEWahLFGEN(STFOSV SVSTM)

,

! ASWR= PAIR *GCS/IPSTM*GCA)
TNAT= AMAX1( TCON TOEWI
DTNAT = AM AX14.01, ABS ( T BULK-TN AT ) I
HNAT=5.28E-05*(DTNAT**.33331
B ATS=COMPARI ASWR,20.1,

| HCONDX= B AT S * ( 3. 3 3E-03- ASW R* 5. 56E-05 )+ ( 1.-B A TS l * ( .0185 /( ASWR**. 707 3 )
HCOND= LIMIT (5.56E-04 278,HCONDX)

*

* WALL HEAT FLUX TERMS
CD=HN AT* ( TBULK-T N AT I
CW= HCCND* AM AX 1(0. ,T DEW-TCON )
TCON=TCON1

e

,
* CONCRETE TEMP CALCULATIONS

| SHC1=0XCON1*RHOCON*CPCON ,

SHC2 = DXC ON2* RHOCON* C PCON
DT CON 1= ( C D +C W-F LXKON I / SHC l
DTC0H2=FLXKON/SHC2
T CON 1 =I N TGR L ( TCO , DT CON 1)
T CON 2= IN TGR L I TCO, DTCON2 B

.

|



163

FLXKCN=(2.*KCON*(TCON1-TCON23/(DXCON1*DXC0123)
T h AVG = ( T C CN1* DXC ON1 + T CON 2 *DX C ON21/ ( 0XCON 1 *DXCON2 )

*

ENDMACR0
we INITIAL

*

* R E ACT OR BUILDING PARAMETERS
*

* ACo= TOTAL SURFACE AREA 0F REACTOR BLOG HEAT SINK CONCRETE (SQ.FT.)
* ACR= SURF ACE ARE A( SQ .F T. ) 0F REFUELING REGION CONCRETE HEAT SINK
* ASB= STEEL
* ASR= SURFACE AREA 0F STEEL HEAT SINK IN REFUELING REGION
* A0, A1, A2= COEFFICIENTS IN THE SEC0i40 DEGREC POLYNOMI AL FIT OF
* SGT HEAD VS FLOW CURVE: HEAD (INCHES h.G.)=A0*Al*(KCFMl+..
* A2*(KCFM**2)
* BULKbR= bulk INFILTRATION FLOW (CFS) INTO REACTOR BLDG AT
* REFERENCE PRESSURE DIFFERENCE DPINR
* BULKRR= REFUELING REGICN INFILTRATION FLOh(CFS) AT REFERENCE
* DELTA-P(DPINA)
* CBRP= FLOW CUEFF IC IENT FOR RE ACTOR BLOG. RELIEF PANELS
* CRRP=SAME FOR FEFUELIhG REGION
* CRSUCK=FLCW COEFF ICIENT FOR SGT DUCTICN BETWEEN REFUELING REG 10N AND
* SGT FILTER / BLOWER INLET HEADER
* CBSUCK= ICTAL FLOW COEFFICIENT (FT**2) BETWEEN RE ACTOR BLDG AND SGT FAN
* SUCTION: A* SQRT (92 73.6 /K) , WHERE K= NUMBER OF VELOCITY HEADS
* LCdT, REFERENCED TO AREA A
* CE4H= FLOW (LUSSI COEFFICIENT FOR ALL DUCThCRKtDOES NOT INCLUDE
* FILTER BANK) BETWEEN SGT SLOWER EX1T AND EXHAUST STACK OUTLET
* CMXBVR= MAX F LOW COEFF ICI ENT ( Fi**2 3 FOR FULLY OPEN SUILDING VACUUM
* RELIEF VALVE: A*SQRT(9213.6/K)
* CPA,CVA= AIR SPECIFIC HEATS (BTU /LB*DEG-F i.

* CPS,CVS=SIEAM SPECIFIC HEAT S(6TU/ Le*Dl.G-Fi
* DPWF BR= PRESSURE DROP ACROSS FILTLR BANK (INCHES W.G.) AT REFERENCE
* FLOW PER BANKe JFBR
* DPINR= REFERENCE PRESSURE DIFF(PSIDI FOR INLEAKAGE FLOW BULKBR
* DP!VR= PRESSURE DIFFERENCE (POA-PB) AT WHICH RE ACTOR BLDG REL IEF

% * STARTS TO OPEN
* DPbRP= PRESSURE DIFFERENCE (PSIDI NECESSAARY TO BLOW THE BUILDING
* RELIEF PANELS
* DPRRP=SAME FOR REFUELING REGICN RELIEF PANELS
* GC A,GCS= PERFECT GAS CONST ANTS FOR AIR ANC STEAM (PSIA *CU.FT/LB*DEG-R)
* HBO= INITIAL BLOG HUMIDITY (PERCENil
* HR0=INITI AL REFUELING REGION HUMIDITY
* HOA=0UTSI DE AIR HUMIDITY ( PERCENT)
* PBVR= PROP BAND FOR OPENING BLDG V ACUUM RELIEF (PSID)
* PBO= INITIAL BUILDING TOT AL PRESSURE (PSI A)
* PR0= INITIAL REFUELING REGION TOT AL PRESSURE (PSI A)
* PO A=0UTSIDE AIR PRESSURE ( PSI AI
* QFBR= REFERENCE FILIER BANK FLOWIF T**3/SEC)

! * ST8= BUILDING STEEL HE AT SINK THICKNESS
| * STR= THICKNESS OF STEEL HEAT 51NK IN REFUELING REGION
' * TAUFOG= AVERAGE RESIDENCE TIME OF FUG DROPLETS IN REACTOR BLDG.
| * TBLOR= AIR TEMPERATURE AT WHICH BLOWER HEAD: FLOW CURVE l$ SPECIFIED

* TBO=INITI AL BUILDING ATMOSPHERE IEMP(F)
* TC0= INITIAL BUILDING CONCRET E HE AT SINK SURFACE TEMP (F)
* TOA=0UTSIDE AIR TEMP
* TR0= INITIAL REFUELING REGION ATMOSPHERE TEMP (DEG-Fi
* TRCU= INITIAL REFUELING REGION CONCRETE TEMP
* TRSO= INITIAL REFUELING REGION STEEL HEAT $1NK TEMP,

* TSo= INITIAL BUILDING STEEL HEAT SINK SURFACE TEMP (F)
* VTR= FREE VOLUME (CU.FT. ) 0F REFUELING REGION ATMOSPHERE
* VTB=TUTAL REACTOR BLDG FREE VOLUME

CONST AN T ACB=1. 88E05, ASB=0.0,8ULKBR=20.65,CBSUCK= 163.
CONSTANI C M X B VR = 4 75.

=

I

l

.- , . . _ . - _ _ _ - - -
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CONSTANT CPA=.24,CVA=.17, CPS =.45,CVS=.34
CONSTANT UP I NR= 8.98 E-3 D P !VR= .0106, PdV R=8.9 8 E-3
CONSTANT GC A = . 3 7,GCS =. 58 6
CONSTANT HBO = 70. . HOA= 70. .PBo= 14.682 PO A= 14. 7

'"CONSTANT S TB=.02,T AU F0G=300. . T 60= 80. . TD A= 70., T C0=80. , T 50=80.
CONSTANT VTB=1 5E06
CONSTANT HFG=971.

CONS T ANT RHOCON =144. , C PCON = . 2, K CON = 1. 5 E-04,0 XCON 1= .17, DXCON2= . 5
CONSTANT DPRRP=.35,0PBAP=.25,8ULKRR=104
CONSTANT CBRP=1000.,CRRP=1000. CKSUCK=167.
CONST AN T ACR=0., ASR= 1 1E05, STR= .0062, VTR=2.6E 06
CONSTANT TR0=80. TRC0=80.,TRSO=80.,HR0=70.,PR0=14.682
CONST ANT RHOSTE =490 ,CPSTEE =.11

*

* EXHAUST FLOW CONSTANTS
CONS T ANT A0=16. , A l=. 41, A2 = .0813, T BLCR=70.
CONST ANT DPWFBR=6.,0FBR=150.,CEXH=4CO.
PCON1=62.1*GCA*tTBLOR+460.1/t12.*14.7)
BO=PCCN1*A0
B l= PCON 1 * A l * 60./1000.
82 = PCCN ! * A2 8 60.* 60./ ( 1000.* 1000. )
AFB =DPWFBR*62.1/(QFBR*12.*144.)
CONSTANT ACX=0.,ASX=0.,STX=1.,VTX=1.E04,PX0=14.691

* CONSTANTS FOR ELEVATION 565 CALCULATION
CONST ANT FF65=.2,FC65 8=20000., AC65=40000. vi65= 3.8E05

* CONSTANTS FOR 519 AND 593 ELEVATIONS
CONST ANT FF19=.2,FF93=.6,R1993=.33,FF6593=.75
CONSTANT AC9 3=8.63 E04, AC 19 = 5. 70 E04, V T 9 3= 6. 8E 05, V T 19= 4. 5E 0 5

* CONSTANTS FOR THE 519 CONCRETE FLOOR TEMP CALCULATION
CONSTANT D XC Bl= .17,D XCB 2 =. 33 e DXCB3 =. 66,0XC B4 =1.5 , ABMW= 1.67 E04
CONSTANT MFILBA=1.04E06,MFILCU=2.01E05,ABMCOR=3248 .

ABMNCO*AbMW-ABMCOR
FXCB=2.*KCON/(DXCBl+DXCS2)
FXCB142. *KCON/ ( DE CB3 + DXCB 4 )
F XCB l = 2. * KCON/ IDX CB2 + DXCB 3 )
SHCBl=DXCBl*RHOC0h*CPCON
SHCB2=DXCB2*RHOCON*CPCON #

SHCB3=DXCB3*RHOCON*CPCON
SHCB4=DXCB4*RHOCON*CPCON
R WC= 0 XCB 1/KCON
MBMWO=500.
EBMWO=tTBO-32.l*MBMWO

*

* FUNCTION SPFOT : S ATUR ATION PRESSURE AS A FUNCTION OF TEMPE RA TURE
FUNCTION SPFO T=59. 3, . 25,7 9. 6, . 5,101. 7,1. ,132.9,2.4, . . .

160 5,4 8.185 6,8.5.203 9.12 5,...
228.,20. 250.34,30.,288.2,56.,324.1,95.,363.5,160.....
381.8.200. 417.3.300.,444.6,400.,467.,500. 486.,600.

*
*

* FUNCTION STFOSV SATURATION TEMP AS A FUNCTION OF SPECIFIC VOLUME
*

FUNCT I ON S T FOS V= 2. 83,363. 5,4.65, 324.1. 7. 65,2 8 8.2.12. 2,25 7. 6 . . .

20.1.228.,31.2.204.,44.7,185.6,76.4.160.5,158.9.129.6....
333.6,101.7,641.5,79.6,1235.,59.3

*

DYNAMIC
*

* TEST MODEL OF WHOLE REACTOR BLOG .

*

* BOUNDARY CONDITIONS FOR INITIAL CHECKOUT
WCR HY= STE P l 3 5. l *2 3.46'

NOS ORT
CALL STMFLOITIME,WCRHY,SFLAB,5NF)

.

_ _ _ _ _ _ _ _ _ _
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SORT
WSFLAB=5 FLAB
WLNF=SNF
T SF L A B = 212.

* * TEB= TEMP CF FL0n FROM OTHER NODES (MIXED)
* WESB=TUTAL STEAM FLOW INTO REACTUR BLCG FROM OlHER NUDES
* WEAB= TOTAL AIR FL0n thTO R6 ACTOR BLDG FRCM OTHLR NUDES
* WEWB= TOTAL FOG FLOW INTO REACIOR ABLDG FRCM OTHER NODES

WES B = W T Rb * RHUSR/ RHOT R
WE AB= W TRu *RHC AR/ RHOT R
TEB=TR
W E W B= W I R B * F R/ R HO T R
WXb=CBSUCK * hgR T (RHOT S * AB 5 (PB-PSUCK ) ) * COMP AR (P B, PSUCK )
PAB=PB-PSB
PSB= ( HB/100. ) *hLFGEN( SPFO I, TB )
PSUA=(HOA/100.)*NLFGEN(SPFOT,TUA)
PAGA=POA-PSOA

*

* RHOTB= TOTAL REACTOR BLOG DENSITY (STEAM + AIR + FOG)
RHOTu=RHOSd+RH0AB+FB
RHOSB=PSB/(GCS*lTB+460.))
RHUAB= PAB/ ( GC A* ( T B +460. ) )

*
* OA=0VihlDE AIR

RH00A=RH050A+RHUAGA
RHUSOA=Ph0A/lGCS*(TUA+460.))
RHOACA=PADA/(GCA*(TOA+460.))

* BULKB= BUILDING IN- OR OUT-LEAKAGE (CFS)
BULKB=BULKBR*((ABS (PDA-PB)/DPINR)**.6666)

* WTVR= TOTAL VA000M RELIEF FLOW
. W TVR = CBVR * SQR T ( RH 00A * AB S ( PD A-P B ) )

C BVR= CMX BV R * L IM I T ( 0. ,1. , ( PD A-P B-D PI VR ) /PB VR )
H46VR=(RHOAUA/RHOCAl*WTVR
WSbvR = ( R H050 A /RH00A l * WT V R
W ABI N= BUL K B * COMP AR ( PD A , PB l *R HO A0A
h5BihatWABIN/RHOACAl*RHOSOA

* * TSF lab =TEPP OF STEAN LEAKED FROP RC SYSTEM
* W SF L AB= F LOW OF STE AM FROM RCS TO RE ACTOR BLOG

WBEXmBULKB*COPPAR(PB,POA)*RHOTB
WiXB=tBEX+WXB+WTBR
WEST B =W5BVR+dSBIh+WESB+WSFL AB
WEATB=WaBVR+hABIN+WEAB
WEWTB=WEMB

NUM1 = t WES B * CPS +W E AB*CP A +WEW TB l * ( TE B +460. ) + W5F L AB* CPS * ( TS FL AB +460. )+...
( E WSBVR+WSBI N) * CPS + (W ABVR+W AB IN) *CP A l *( T CA+460. )

DENUM 1= W E S TB* CPS + WE AT B*C P A+WE W T B
TTEB= HUM 1/AMAXL[0ENUMI,1.E-061-460.

*

* T TE P=NL T MI ALD TEEMP CF ALL INCOMIh6 FLOW INio REAC10R BLDG
* WEATB=10TAL AIRK FLOW INTO RE AC TOR BLDG
* WESTB= TOTAL STEAM FLOW INTO REACTOR BLOG
*

* CALL TO ENERGY CONSERVAil0N MACRO
i *

TB,TC,FB,HB PB,WTCB=ME(TTEB,WEATB,WLSTB,WEWip,WTXB.ACbe...
Vib, TB0e TCO,HBU PBO,0. )

*

* SOME PRESSURE DIFFERENCES IN INCHES W.G.
OPb5GSc(PB-PSUCK)*27.87,

* SOME FLOWh IN CFM
* B BSUCK= BU L K ( VOL ) FLOW FROM BLDG TO SGT SUCTION
* BBEXIN= BULK BLDG EX- OR IN- FILTRATION
* B BV R = BULK BLKG VACUUM RELIEF

e
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* BBSL= BULK RCS TO BLDG STEAM LEAK FLCW
BBSUCK=WXB*60./RHOTB
BBVR=(wiVR/RH00Al*60.
BBEXIN=60*BULKB
BBSL=(WSFLAB/RHOFLl*60. *

R HOFL =Pb /(GC S*( T SFL AB + 460. ) )
* SOME TOT AL M ASSES fox CONSV. CHECK

Mkb=VTB*FB
MAB=RHUAB*VTB

MS B= RHOS B *V TB
MTb=RNUTb*VTB
MALCSTalNTGRL(0.,hTXB*MAB/MTB)
MSLOST=lNTGRL(U. hiXB*MSB/MTB)
MhLOST=lNTGRL(0.,WTXB*MWB/MTB+WTCB)
EALCST=lNTGRL(U.,(WTXB*MAB/PTBl*(TB+460.l*CPA)
E SLOS Ta lN TGRL ( 0. , ( W T XB *M SB/M TBl * ( TB+ 460. l * CPS )
EhLOST=INTGRL(0.,(WTXB*MWB/MTB+WTCBl*(TB-880.))

*

* PROGRAMMING FOR REFUELING FLOOR PRESSURE, TEMP, AND FLOW
*

* REACTOR BLDG TO REFUELING REGION FLCW
*

* BBRLOG=RE ACIOR BLOG RELIEF PANEL LUG!C(1.E. THE PANELS BLOW
* WHEN PRESSURE UlFFERENTIAL REALHES OPBHP)

BRPLCG=RSit-99.,PB-PR-OPBRP,0.)
W TBR = CBR P *B RP LUG * SQR T ( RH0 lB * A BS ( P B-PR i l * COMP AR ( PB , PR )
W TR B= C BR P e B R P LOG *S QR T ( RHO TB * ABS ( P B-PR ) l * COMP AR ( PR ,PB )
W ABR= W TBR * RHO AB/ RHOT B
W SBR = w T BR * RHO SB/RHOT B
WWBR=WTBR*FB/RHOTB

*
.

* REFUELING REGION IN/EX-FILTRATION AND VACUUM RELIEF
BULKR=BULKRR*((ABS (PDA-PR)/0PINR)**.6666)
WARIN=BULKR*CGNPAR(PDA,PR)*RHOADA
WSRI N= ( W A R IN / RH0 AD Al * RHO SO A
WTREX=RHUTR*BULKR*COMPAR(PR POA)

* VACUUM RELIEF BEGINS AT DPINR AND GCES TC MAX OPENING '

* OVER A PBVR RANGE
CRVR= CMXBVR* L IMIT (0. ,1. , ( PD A-PR-OPI VR) /PBVR )
W TRVR =CRVR * SQ R T ( RH00A * AB S (P O A-P81 )
WAR VR = ( R HO A0 A /RH00A l * WT RV R
WSRV R= ( dH050 A/RH00A l *WTRVR

*

* FLOW T0/ F ROM SGT SUCTION HEADER
RSULCG=COMPAR (PR PSUCKl
WTXR= CRSUCK*SQRT ( RHUT B* ABS (PR-PSUCK ) ) *( 1.-RSULOG )
W AXR= h iX R* RHO AB/ RHOT B
WS XR= W T XR * RHO SB /RH OT B
WhXR= W T X R * F B/ RHOT B
W TR X= CRSUC K* SQRT ( RHOT R* AB S ( PR-PSU CK l l *RSULO G

*

* FLOW THRU REFUEL ING REGION BLOW-0UT PANELS
.RRPLOG=RST(-99. PR-POA-DPRRP,0.)
W TRR=CRRP*RRP LOG * SQRT ( RHOTR* ABS ( PR-PC A l l
WTEORP=WTRR*COMPAR(POA.PR)
W AEOR P =W T EORP * RHO A DA/ R HOD A
WSE OR P =W TEO R P* RH DSOA/ RH00 A

*

* TOTAL FLOWS TABULATED .

WEATR=WABR+WARIN+WAEORP+WARVR+WAXR
WESTR=WSBR+WSRIN+WSEORP+WSRVR+WSXR
WEkTR=WWBR+WWXR
WTOUTR=WTREX+WTRX+WTRR+WTRB

e
.
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* AVG MIXED IhLET TEMP C ALCUL A TED
NUM2 = ( t h ABR+ W AXR l *CP A+ (WS bR+WSXR ) * CPS +W EW T,t l *( T B+460. ) + . . .

(TOA+460.l*((WARIN+WARVR+WAEORPl*CPA+(WSRIN+WSEORP+WSRVRl* CPS)
DENUM 2=( WEA TR *CP A+ kE S TR*C PS+ hE hTR )
T TER= hum 2/ AM AX 1( DENUM2.1.E-061-460.*

*
* CALL TO ME(MASS / ENERGY CONSERVATION MACRC)

T H , T RC, F R ,HR , PR W TCK= ME( T T ER e hE A TR e WE STR .WEWTR.WTOU TR , ACR ,. . .
VTR,TRO,TRCO,HRU, PRO,0.1

*

* TOT AL REFUEL ING DENSI TY CALCULA TION
PSR= ( HR/100. l * NL F GEN ( S P FO T . T R )
PAR =PR-PSR
R HO h R = P SR / ( GC S * ( I R t 460. l l
RHO AR= P AR/ ( GC A* (TR *460. l l

RHOTK=RH0$R+RHCAK+FR
*

* REFUELING REGION UNIIS TRANSFORMS FOR DUTPUT
DPR$GS=(PR-PSUCKl*27.87
BRERU=WTBR*60./RHOTB-WTRB*60./RHOTR
BREXIN=60.*BULKR
BBRVR = l W T R VR/ RH00 A ) *6 0.
BRSUCK=((WTRX-WTAR)/(RHOTb*(1.-RSULOGl+RH0lR*RSULOGil*60.
DPBR=(PB-PRl*27.87
UTOTB=(MAB*CVA+MSB*CVSl*(TB+460.)+MWB*(TB-880.1

*

*

* PROGRAMMING FOR SGT VENT DUCTING NODE
*

* TOTAL INLET AND OUTLET FLOWS TABULATEC
* PSUCK=PX

WEATX=WTRX*RHOAR/RHOTR+WXb*RHOAB/RHOT8
WEST X =W T RX * RH0$R/ RHOT R+ W XB * RH0s B/ RHOT B
WE W T X = w iR X* F R / RHO T R+ W XB * F B / R HOT B
WTOUTX=WEXH*RH0lx/RHOEXH

' * MIXED INLET TEMP CALCULATED
NUM3= ( CP A * RHO AB+ CPS *RHOSB+F B l * WXB* ( T B+460. 8 / RHO TB+.. .

(CPA*MHOAR+ CPS *PHOSR+FRl*WTRX*(TR+463.1/RHOTA
i DENUM3=NEATX*CPA+WESTX* CPS +WEWTX

T TE X= NUM 3 / AM A X 1 ( DE NUM 3,1. E-061 -4 6 0.
*
* CALL TO ME(MASS AND EhERGY CONSERVATION MACRO)

T X,T XC,F X,HX,PX,WTCX=ME( T TEX,WE ATX,WESTX ,WE WTX , ...
WTOUI X, ACX ,VTX, TBO,IBO HBO,PX0,0.1

P S X= ( HX/100. l *NLF G EN( S PFO T . T X )
PAX =PX-PSX
R HOS X = PS X /( GC S =( T X + 460. l l

. RHOAX= PAX /( GC A*( T X +460. l l
I RHOTX=FX+RHOSX+RHCAX

* FLOW CALCUL ATION FOR SGT EXHAUST FLOW
*

*

NTRAlh=3.
MUMUL = . 91 *MF AX + .4 5 *MF 5X+ T X* ( 1. 2 9E-0 3* MF A X+1.19E-03*MF SX )
MFAX= PAX /PX
MFSX=PSX/PX
Rh0EXH=RHOAX+RHOSX
CQ= PX- P0 A * R HO EX H* 80/144..

BQ=B1/(144.*NTRAINi-MUMUL* AFB /(RHOEXP*NTRAIN)
A4=B2/(14*.*RHOEXH*NTRAIN*NTRAINI-1./(RHOEXH8CEXH*CEXHI
R 1= (- 5 0 + 5 G 4T ( BW * BQ-4. *A Q *CQ l l / ( 2. * A Q )
R 2 = (- B Q-S GRi l bQ * 8 Q-4. * A Q *Cu l l / ( 2. * A Q I
WE XH = A MA A 1 ( R 1, K21

,

| \
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BSTACK=nEXH*60./RHOEXH -

OPBANK=27.BT*MUPUL* AFB *WEXH/(RHOLXH6NTRAIN)
DFBOD=21.87*WEXH*hEXH/(RHGEXH*CtXH*CEXHI
DPBLOW=27.87*fRHOEXH*B0/144.+Bl*wEXH/1144.*NIRAIN)+...

82 *m E XH *W E X H/ ( 144. *R HOE XH *N TR AI N 8N T H A IN i l *

BBEX=wutA*60./RHOTB
dBBOP=60.*WTBR/RHOTB
DPROA=(PR-PJAl*27.B7
DP00A=(PB-FOAL *27.87
T MI N= TlHE /69.

DUM=00TITMINekSFLABeH19,H65eH93,HR,DPBCAs...
CPROA,T19,T65eT93,iR,DEEPC,DEEPNC)

*
* OFF LINE CALCULATIONS TO ESTIMATE TEMPERATURES AND HUMIDI TIES OF
* THE 3 DIFFERENT COMPARTMENTS OF THt REACTOR BUILDING 8 BASEMENT ROOM
* IBETWEEN 519 AND $65 ELEVATIONS), THE 565 ELEVATION ROOM, AND THE
* COMPOSITE ROOMI ACTUALLY 3 FLOCRS) UEThEEN $93 AND 664 ELEVATIONS*
* FIRST EXPHESSIONS FOR FLOWS BETWEEN 3 ROCMS
*

Bib 5B a l P 6 5-J B l *F C 658 *COM P AR IP 65 e PB) ,'
WT65 8 =B T6 58 *R HOT 65
WS6593=wT656*FF6593*RHOS65/RHOT65
WA6593=WS6593*RHOA65/RHOS65
WW6593=WT658*FF6593*F65/Rh0T65
WS6519=R1993*WSb593
W A6519= R 199 3* W A6593 -

WW6519=WW6593*R1993
BT665=(PB-P65)*FC65B*COMPARIPB,P65)
WS9365=BTB65*RHOS93*FF6593
WS1965=uTB65*RHOS198(1.-FF6593) *

WA9365=6T665*RHOA93*FF6593
W A 1965 = B T B 65 *RHDA 19 * l 1. -F F 659 3 3
hh9365=BTB65*F93*FF6593
WW1965=6TB65*F19*(1.-FF6593)

*
* *

PROGRAMMING FOR CALCULAil0N OF RB RCCM WITH FLOOR AT 565*

WTOU65=WT656+FF65*tWXBeWTBR*WBEX) a

WEAT65=FF65*(WABVR+WABIN+WEABl+hA9365+hA1965
WES T65 =F F65 * ( WS bvR + WS B I N + WE S u l + WS FL AB + W S9 365 + WS 1965
WEWT65=FF65* thew 8)+WW9365+WW1965
NUM65=lWESB* CPS +hEAB*CPA+hEWTBl*FF65*ITEB+460.)+...

WSFLAB* CPS *(TSFLAB+460.)+;TOA+460.le...
IlWSBVR+hSBIN)* CPS +1WABVR+WABINi*CPAl*FF65+...

IT93+460.l*(WS9365* CPS +NA9365*CPA+WW9365)+...
IT19*460.l*thS1965* CPS +WA1965*CPA+WW19658
DNUM65= WEST 65* CPS +WEAT65*CPA+WEWT65
T TE 65 = NUM65/ A M AX 18 0NUM65,1.E -06 ) - 460.

T65,T65C F65,H65,P65,WTC65=ME t TTE65,WEAT65 s...
WES T65.hEWT65 e WTUU65, AC65,V T65 TBO, TCO,HBO,PBO,0. )

PA65=P65-PS65
PS65= ( H6 5/100. l *NLFGEN( SPFO T , T65)
RHOA65 4P A65/ l GC A* (16 5 +460. i l
RH0565=PS65/tGCSetT65+460.ll
R HOT 65= F 65 +RH0 A65 +RH0565
DP658=(P65-PBl*27.87 ,,*

* PROGRAMMING FOR 519tBASEMENT) LEVEL -
t

WEAT 19=FF 19 * ( W ABVR+W ABIN +WE AB l +W A6519
WE ST 19=F F 19* l h S B VR + WS B I N + WE S8 ) + WS6519 +W EV AP
W EW T 19= F F 19 * i kE WB l+ WW 6519
NUM19=lWESB* CPS +WEAB*CPA+WEWTBl*FF198tTEB+460.l+...

.
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(TUA+460.)*((W5HVR+WSBIN)*CP5+(WABVR+wAulN)*CPA)*FF19+...,

/ if65+400.)*(wS6519* CPS +WA6519*LPA+WW6519)+...
WEVAP*CP5*(TBMW+460.)
CA.UM 19 = w t S T 19 * CP5 + W E AT 19 * CP A + WC W T 19
iTL19=.dVH19/AMAA1(DNUM19,1.E-06) - 460.

* F E X 19= L I M l i ( 0. ,2. 5.1. +( P 19-P B ) * 20. )
WT UU 19 = RPO T 19 e BT H65 * ( 1. -F F 659 3 ) + F F 19 8 t W X B + W T B4 + WB E X) *F E X 19

T19,is9L F19,H19,P19,WIC19sPE(Tit 19,WEAT19,...
WE S T 19, WLWI 19,W IGU19, AC 19,V T 19,iBO. TCO,HBO ,PBu QT19 AT )e

QT19Ai=4190LH-419 AIR
Q19CLH=9.0!*APAA1(0.,T19-95.)
PA19=P17-PS19
PS19=IH19/100.)*NLFGEN(SPFUTeT19)
RHUA19=PA19/(GCA*(T19+460.8)
HH0519=PS19/(GC5*(T19+460.))
HH0119=F19+HFOA19+RH0519
DP19 6 = 2 7. 8 7 * ( P19-PB )

*
* BASEMENT WAltR
*

M DMW a lNI GRL ( MBMWU , WL NF-WE V AP + W I CE-W SM P)
DELPBWsMBMW/(62.*ABMW)
D OC = ( I Mu M W-N F I LO A ) / ( 6 2. * A BMW ) ) * C CMP A R (M BM W, MF IL bA )
DEu?C=L IM I T (0.,1. MDMW/ I 62.* ABMC04 ) ) + 0CC
DELPNC= LIM!il0.,1.,(MBMW-MFILCO)/162.*ABMNLO))+ DOC
E BMW = l N I GRL I E BMWO ,0EuMW )

DEbMW=180.*WLNF-(TBMW-32.)*WSMP-Q19 AIR-CBMC+...
W ICh * ( . 5* T C + . 5* T B-32. )-WL VAP * 118 0.

TBMW=E6MW/MUMW+32.
VPbW=hLFGEN(5PFOT,TbMW)

e

WSMP=6.91*

*
HBMA=5.83E-05*(ABS (TBMW-T19))**.333
Q19AlH=ABMW*HBMA*(TBMW-T19)
WEVAPalNMB/DNMbl*COMPAR(VPOW,PS19)
NMd=ABMW*HBMA*12.3*1VPBW-PS19)*p19

' DNMB= ( 2. * P A 19-VP B W ) * l T 19 + 460. ) * ( KH0519 + HHO A 19 )
*

HBMC= 1.66 TE-0 3* ( ABSI T BMW-TBC1 ) ) * *.25
QFBMC=([BMW-TBC1)*HBMC/(1.+RmC*HSMC)
QBMC= ABMW *QF BMC
F LX1 T2=FXCh* ( TuC1-T BC2)
F L X2 T 3 = F XCB l * l T BC 2-T DC 3)
FLX314=FXCB2*(TBC3-TBC4)
TBC1=lNTCRLITBO,(CFBMC-FLX1T21/5HCB1)
TBC2= lNTGRL ( IBO,( FLXIT2-FLX2 T3 )/5HCB2)
T BC3= INI GHL ( I BO, ( F L X2 T 3-F LX 3 i4 3 / 5HCB 3)
TBC4=lNTGHL(TB0eFLX3f4/5HCb4)

*

*
*

*

* PROGR AMMING FOR 593 LEVEL
*

WEAT93=FF93*lWABVR+WABIN+WEAul+WA6593
WEST 93=FF93*lW5BVR+WSBIN+WESBl+W56593
WEWI93=FF93*lWEWBl+WW6593
NUM93=lWLSB*CP5+WEAB*CPA*WEWTBl*FF93*lTEB+460.)+...

ITOA+460)*tlWSBVR+WSBIN)* CPS +(WABVR+WABAN)*CPAl*FF93+....

( T65+460. )*(W S6593*CP S+W A6593*LP A+WW6593)
DNUM93 =W E ST9 3 * CPS +WE AT 9 3*CP A + WL WT 93
T TL 93 = NUM93 / AM AX 1 ( DNU M9 3,1. E -061-460.
F EX93 = L I M I T ( 0. 2. 5,1. + 1 P9 3-Po ) * 20. )
WT uu93= F F659 3*BT B65*MHOT 9 3 + ( W XB +WTBR+ Wu E XI * FF 9 3*F E X93

'

,

, - - - .-
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T93, T 93C ,F9 3,H9 3,P93, WT C9 3 =ME l i f t93,W L A T9 3, .. .
WE Sf 9 3, dE W T9 3, W TOU93, AC93,V T93,180, T CO,HBO .PPO ,0. 3

PA93=P93-PS93
PS93= t H9 3/100. l * NLFGENI SPFO T,79 3 8
RH0A93=PA93/lGGA*tT93+460.ll .

P HOS9 3=P S9 3/ t GCS* t T 9 3+ 460. l i
RH0f 93sF9 3+RPDA93 + RHUS 93
DPv3B=27.81*tP93-Pol

*
*

PRI NT Deu0A,DPRO A T 19,T65,T9 3,DEEPC,P 19,H65,H93
IIMEd DELT=0.20, FINTIM=10., PROEL=10.

METHCC MECT
N0h0RT

CALL UEBUGil.0. 3
CALL DEBUGileS00.1
CALL DEBLGi-1,3600.1
CALL DEBUGI-1, F200. )

CALL CEBUGi-1,10800.3
CALL DEBUGi-1,14100.3

CALL DEBUGi l e 17900. )
CALL CEBUGil,21600.3
CALL CEBUGil 25900.1
CALL DEuuGil,36000.)
CALL DEBUGt1,43000.3

END
STOP

,

.

I

e

.

.
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Appendix B
i

MARG 1.1 APPLICATION 10 BWR SEVERE-ACCIDENT
ANALYSIS - AN ASSESSMENT

.

{
''

B.1 Introduction

Although MARCH 1.1 is a remarkably versatile and usef ul tool for many,

light-water reactor (LWR) accident analysis applications, its suitability
'

for boiling-water reactor (BWR) accident sequence analysis is signifi-

| cantly compromised by its f ailure to consider many of the basic design and
'

operating difference s that distinguish BWRs from pressorized-water reac-

tors (PWRs) . Since receiving the original MARCH 1.1 IBM version from the
Tennessee Valley Authority (TVA) in June 1981, Oak Ridge Natonal Labora-
tory (ORNL) has identified several unique problem areas associated with
the application of MARCH to BWR accident analysis. The purpose of this
appendix is to discuss the nature and extent of the identified problems.
The reader should bear in mind that the contents of this appendiz are not
the result of a formal MARCH BWR application assesmaent, but rather the
outgrowth of the severe-accident sequence analysis (SASA) MARCH BWR appli-

| cation experience at ORNL. The nature of the accompanying assessment is,
therefore, reflective of the type of applications for which the code was

! utilized (i.e., severe accident sequence analysis). However, many of the
problems discussed in this appendix can significantly influence the r e-

,
' sults of any BWR severe-accident evaluation effort, both for probabilistic

risk assessment (PRA) or SASA applications. Because future MARG BWR ap-
p11 cation experiences will undoubtedly reveal additional problem areas,
the present discussion should be considered as both preliminary and incom-
plete; Ref. I gives further information regarding both general and PWR--

,

related MARCH modeling concerns. ,

,

i B.2 MARCH BWR Problem Classification System
:

In the course of ORNL's MARCH application efforts, a broad range of
problems associated with modeling of BWR accidents has been identified.
The types of problems include missing subsystem and cmaponent models,
errors in modeling of system interactions and physical phenomena, and de-
sirable improvements in the areas of general code organization and user
options. In previous MARCH assessment work, Rivard et al.1 adopted a
problem classification framework based on seven attributes: problem type,
impor tance , knowledge , adequacy of modeling, scrutability, improvement,
and phase. While this classification system is both desirable and useful,
the extremely limited nature of the present discussion preclude s utillsa-
tion of all seven attributes. For the purposes of this appendix, the fol-
lowing limited classification system is utilized:

,

.
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'

Type G = general, CNT = chemical / nuclear reactions, TR = transport
phenome na , SD = structural deformations /f ailures, and SS =

,

safety systems and equipment.

i Importance Magnitude of potential change in code result if limitation is

: r eme died. Scale of 1 to 3 in increasing importance. Four *

indicates importance is unknown.
Knowledge State of knowledge of the underlying physical properties,

phe nome na , systems, or lateractions. Scale of 1 to 3 with
decreasing state of knowledge. Zero indicates that attribute

! is not applicable.
; Ph a se Accident phase (s) to which the J imitation has significant

application:
0 - all phases;

;

1 precore uncovery; !

2 - core uncovery and molt;
3 - in-vessel recovery or accident termination;
4 - core melt in lower head;
5 - melt interaction in containment;

6 - containment response, systems; and
7 - fission product distribution.

Although subj ective in nature, the ratings associated with these attri-
butes represent a best-estimate attempt at problem qualification and are
useful vehicles for conveying information.

.

B.3 MARCH BWR Problem Descriotion and Classification

Tables B.1-B.5 contain a brief summary of the BWR-related MARCH
modeling problems that have been identified to date. Each problem has .

j been assigned a unique identifier based upon its " type" classification
and is accompanied by best-estimata value s for the previously described

i attributes.
A brief analysis of Tables B.1-B.5 will reveal that the maj ority of

the identified problems are of the " Safety Systems and Equipment" (SS)
type . Many of these problems are a result of the development history of
the code. Most of the BWR-oriented models within MARCH appear to be "back
fits" or attempts to modify coding that was previously developed for PWR
applica tions.

Each of the concerns listed in Tables B.1-B.5 will be briefly dis-
;

! cussed in the following sections.

B.4 MARCH BWR Modelina Concerns - General

Many " general" MARCH modeling concerns (e.g. , those dealing with pro-
gram structure and documentation) were previously identified in Sandia's

*
assessment ef fort.1 Those concerns will not be repeated here. In this,

'

category we have listed only two items. The plotting routine, which is
, supplied with the code, is incompatible with IBM computer systems because
' of its use of the CDC " extended core" option (G-IB) . Secondly, the input

.

I
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4

1 .
variable PRESS (namelist NLMACE) is incorrectly defined on page 3-56 of,

the MARCH manual and omitted entirely from the input data listing on page

4-10. RRESS is actually a 10 x 10 array, rather than a single variable as'

i de scribed on page 3-56. As u.tllized in MARCH (subroutine MACE), BRESS
(J,K) is the minimum pressure difference [P(J)-P(K)] that must exist be-*

tween compartments J and K before they are connected to allow mass and
energy to flow from compartment J to compartment K. This variable is par-

ticularly useful for BWR modeling, because it allows the user to simulate
the vent clearing pressure of the suppression pool downconers as well as
the wetwell to drywell vacuum breakers. Figure B.1 is a simplified sche-

matic of a MK 1 drywell/wetwell containment system. In this example PRESS
(1,2) should be set equal to the pressure equivalent of the water column
of height h, and PRESS (2,1) would be set equal to the vacuum breaker
opening pressure differential.

|
|

B.5 MARCH BWR Modelina Concerns - Chemical / Nuclear

Table B.2 contains a listing of modeling concerns related to the

MARG 1.1 treatment of chemical and nuclear reactions. The MARG 1.1
decay heat subroutine ANSQ is based upon the 1971 version of American

,

Nuclear Society (ANS) Standard 5.1 and does not include the decay heati

contributions of heavy elements (such as 88'U and 88'NP) or the ef fects
of neutron absorption in fission product s (CNT-1B) . Figure B.2 is a graph
of the time-dependent decay heat level from MARCH 1.1 and the decay heat

, ,

level predicted f rom the 1979 version of ANS Standard 5.1 with considers-
tion of heavy element decay and fission product neutron absorption. It is

clear f rom a comparison of the two curves that the MARCH 1.1 formulation
significantly underpredicts the decay heat level relative to the current
standard. Figure B.3 is a plot of the time-integrated difference be tween-

i

|
the two formulaticas as a function of transient time. Figure B.4 is a
plot of the resulting error in MARCH 1.1 average core temperature for a
BWR adiabatic heatup transient and is useful for estimating the ing?ct of
this error on MARCH accident analysis results. It is clear that fc: ac-
cide nt transient times >1000 s, MARCH 1.1 can significantly underpridict

core temperatures.
The MARG 1.1 user is limited to modeling a single fuel type (mT-

2 B) . This is an unrealistic situation for many reactors such as Browns
Ferry Nuclear Plant Unit 1 (BRMP#1), which currently is loaded with three
dif ferent type s of fuel, each having different f uel pin diameter, clad-
ding thickne ss, active f uel length, and f uel loading. It is difficult to

assess the impact that this restriction may have on the validity of MARCH
results, but it is clearly an undesirable 1Laitation.

MARCH does not have the capability to model BWR fuel assembly shrouds
and associated hardware such as that shown in Fig. B.5 (CNT-3B) . The
MARCH user must either ignore the shrouds altogether, or artificially lump
the mass of shrouds and channel spacers into the cladding of the fuel
pin. A typical BWR may contain almost 150,000 lb ,of miscellaneous zir-a

caloy within the core region, compared with a UO, mass of ~350,000 lb,.
This situation is very dissimilar to that found in PWRs, which have rela-
tively little miscellaneous metal within the core. Because the analyst's

.

%

I
l

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



. __-
_-_ _ ._. .

174

.

only option for modeling this material is to add it to the actual fuel
cladding inventory, the MARCH fuel pin cladding thickness must be artifi-
cially increased by almost 705. A second undesirable result of this ap-
proximation is that the temperature of the zirconian structure within a
given MARCH core node is always equal to that of the fuel. The se a s s unp- -

tions can obviously have a great impact on the energy relasse and hydrogen
production associated with in-core zirconium oxidation reactions.

B.6 # ARCH BWR Modelina Concerns - Transoort Phenomena

Table B.3 contains a summary of several concerns relating to MARCH's
modeling of heat and mass transf er in BWRs. The MARCH models for heat
transfer to BWR upper and lower reactor vessel internal structures are
inadegaate and in some cases inappropriete (TR-1B) . Figure B.6 is a
cross-sections 1 view of a typical BWR reactor vessel.* The maj or vessel
internals are the control rod guide tube s, core shroud head and stand-
pipes, steam separators, and steam dryers. Typical values for mass and
heat transfer area of these structures are given in Table B.6. The MARCH
user's manuals states that the heat transfer coefficient employed for
apper internals heat transfer is the maximum of h, or h, expressed as

Go. Btu
h = 0.0144 C (B.1)3 a de.s h.fts.ep ,

.

and

Btu
h = 0.2|T - T |1/s (B.2)

~

s a s h.fts.ep ,

where

C = specific heat of gas mixture Btu /lb 'F,
pm a
G = mass flux, Ib,/fts.h,
d = flow equivalent diameter, ft,

T = ga s temperature, ' F,3

T, = structure temperature, 'F.

The source of these correlations is not clear, but it is apparent that
Eq. (B.1) is inappropriate for application to structures such as the BWR
shroud head because of the equation's dependence on flow diameter d. As
employed in the code, G is actually the combined steam and hydrogen break
and safety relief valve (SRV) flow calculated by REIMP. Equation (B.1) is
therefore not valid for conditions in which break flow does not exit the
reactor vessel via the main steam or SRV lines. .

t

*See also Fig. 6.1.'

!

! -
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Heat transfer from the reactor vessel to the drywell atmosphere is

not modeled by MARCH (TR-2B) . Measurements at the BF'IP indicated that
heat is transferred from the reactor vessel, and steam lines to the dry- ,

well atmosphere at an approximate rate of 586 kW (2 x 108 Bta/h) at stan- |
'

dard operating conditions. For station blackout conditions, previous*

studies: have shown that heat transfer via this c echanism is a signifi-
cant f actor influencing the time at which drywell failure occurs.

The MARCH fuel-to-coolant heat transfer coefficient is a constant
value derived from a steady-state energy balance using the initial fuel
and coolant temperatures input by the user (TR-3D) . Changes in this heat

transfer coef ficient due to flow regime changes are not considered, and
,

i rod-to-rod and rod-to-shroud radiative heat transfer are not considered
(IR-4B).

Water is erroneously allowed to flow out the SRVs for cases in which
the input parameter ABRE equals zero and the vessel water height is
greater than YBRE (TR-5B) . This is equivalent to setting the height of
the SRVs equal to EBRE for cases in which there is no break and would
result in erroneous SRV water flows in BWRs.

Finally, the pressure dif ferentini employed in subroatine PRINP for
calculation of break flows is incorrect for breaks outside containment
(TR-6B). PRINP always employs the pressure differential between the
reactor vessel and the primary containment in its break flow calculations, i

regardless of the location of the actual break.
MARCH does not check for consistency of the user input values for the

primary system steam volume VOLS and the reactor vessel water level HO
(TR-7B). The reactor vessel water mass calculation in MARCH is incorrect*'

for BWRs in which the initial collapsed water level HO is above the top of
the core (TR-8B) . MARCH does not utilize the user-supplied value for the
primary system volume VOLP for transients and small-break acciderts (TR-
9B). Rather, the code calculates a new value in subroutine PRIMP, based
upon the calculated value of water mass and the input value of VOLS. Be-,

cause of the nature of these problems, the analyst must input an incorrect
value for either HO or VOLS to force MARCH to calculate the correct value
for VOLP.

B.7 MARCH BWR Modelina Concerns - Structural
Deformations / Failuresi

t

i The four concerns listed in Table B.4 represent, quite probably, the
four greatest areas of uncertainty associated with application of MARCH to
BWR accident analysis. MARCH currently allows the user to select one of
three core-melt models. Model A assumes that all heat in excess of that
required to sustain the molten condition is transferred downward. Model B'

assumes that the excess heat is transferred upward. In both Model A and
B, the geometry of the molten fuel remains unchanged until a user-speci-
fled fraction of the core (FDROP) is molten. The entire core is assumed
to collapse when the core fraction FCOL is molten. Model C assumes that| =

melted modes immediately fall to the bottom of the pressure vessel.
Although Model A is believed to most closely approximate the behavior

; of the actual core, none of the MARCH models treat the fuel pin and shroud
.

!
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melt / flow / freeze phonamena in a mechanistic f ashion (SD-1B) . The MARCH
core collapse models are highly unrealistic for BWRs, because of their
unique core support system (SD-2B) . Figure B.7 is a drawing of the BWR
core support system. The weight of each group of four fuel assemblies is
independently supported by a single control rod guide tube and drive mecha- *

nism housing, which in turn transfers the weight of these four assemblies
directly to the reactor vessel bottom head. Because of the design of this
support system, it is extremely unlikely that a coherent core collapse
would occur. Under these conditions, the use of simplistic core collapse
criteria such as FDROP and FCOL is highly unrealistic. A closely asso-
ciated problem is the fact that MARCH does not allow the molten core to
attack the lower reactor vessel head until the entire cort is collapsed
( S S-3 B) . Because of the nature of the BWR core, it is quite common for
MARCH to predict that the outermost zone of fuel remains intact long af ter

.
the remainder of the core is molten. This phenomena is probably a realis-

| tic representation of an actual core meltdown accident. Because MARCH
will not allow the molten core to attack the lower vessel head until all
of the core is collapsed, the analyst must use an unrealictically low
value of FCOL to allow MARCH to progress beyond the core-melt stage.

Figure B.8 is a detailed drawing of one of the 185, 15.2-ca-di as
(6-in.) control rod guide tube s and drive mechanima housings, which pene-
trate the lower reactor vessel head of a BWR 4. A molten core mass would
probably erode through the relatively thin guide tube walls and escape the
reactor vessel long before the vessel head would f ail by exceeding the
tensile stress criterion utilized in MARCH. MARCH does not model vessel
head f ailure via this mode (SD-4B) . -

B.8 MARCH BWR Modelina Concerns - Safety

i
Systems and Eauinment

,

The maj ority of the prohloss associated with application of MARCH to
BWRs are related to MARCH's modeling (or lack of modeling) of systems and
structures that are unique to BWRs. These concerns are summarized in
Table B.S. MARCH does not model the BWR reactor building and its in+ers
tion with the primary containment for lost-of-coolant accidents outsida
containment (LOCAs/0C) (SS-1B). The MARG manuals states that an "auxil-
inry" building may be modeled by setting the input parameter ICKY equal t i
-1, but this option does not f unction for BWRs.

The analyst may model the initial phase (prior to drywell or wetwell
failure) of LOCAs/0C by specifying,

NCUB = 3
NRPV1 = 3
NRPV2 = 1
KT(1,2) = KT(2,1) =1
KT(1,3) = ET(3,1) = KT(2,3) = ET (3,2) = 0,

.

! where compartment one is the DW, two is the WW, and three is (Se reactor
building. This input data specification will have the effect of setting

.
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i up a problem in which all Reactor Pressure Vessel (RPV) boil-off and break
flow is routed to a reactor building, which is isolated from the DW/WW
primary containment. All SRV flow will also be routed to the resetor,

building, but for cases in which there is little SRV actuai.lon, th i s ap-.
,

proximation may be acceptable. However, at some point in the accident,'

RPV head f ailure will occur. Following vessel head failure, the drywell
or wetwell will begin to communicate with the reactor building, either via
the original primary system break path, or due to drywell/wetwell contain-
ment failure. This communication cannot be modeled within MARCH because
of the original specification of the KT array elements.

The BWR reactor building (Fig. B.9) is a secondary containment system
and, as such, can play an important role in restricting the release of
fission products to the environment during some severe accidents. Primary
system (and fission product) leakage into the reactor building might occur
via direct leaks from the primary system (as in the scram discharge system
break) or via DW failure and subsequent venting into the reactor building.
The absence of a suitable reactor building model significantly limits the
usefulness of MARCH results for application in fission product transport
analysis. i

MARCH does not allow separate destinations for break and SRV flow
(SS-28). While this is not a concern in many types of PWR accidents, this
restriction is completely incorrect for BWRs in which SRV flow is routedi

to the pressure suppression pool. In the typical MARCH BWR problem, two
volumes are utilized to represent the drywell and wetwell, respectively.
The analyst is forced to choose a single destination for all primary sys-.

tem boil-of f flows via the NRPY1 input parameter in namelist NLMACE. For
accidents other than simple boil-off transients without pipe breaks, the
analyst is forced into the dilemma of choosing either an incorrect SRV or
break flow destination. For accidents involving sustained periods of SKY
actuation, this is a particularly critical concern.-

; A closely related problem involves MARCH's modeling of mass flows
into the suppression pool for BWR pipe-break accidents outside contain-
ment. The BWR suppression pool incorrectly receives all primary system
boil-off for such accidents regardless of the value assigned NRPV1 (SS-
3B). This problem is manifested as an increase in suppression pool mass
and temperature for LOCAs/DC in which there is no SRV actuation.

MARCH does not have the capability to model BWR Marl. II containment
j systems (SS-4B) . Figure B.10 is a schematic representation of a typical

BWR MARI il containment structure. In structures of this type, a molten
core mass apparently could erode through the containment floor directly
beneath the reactor vessel and subsequently drop into the pressure sup-
pression pool. MARCH has no models that allow this sequence of events
to occur.

The existing MARCH pressure suppression pool model is extremely sin-
' plistic (SS-5B) . The pool is treated as a single homogeneous volume with
| instantaneous dispersion of all incoming mass flows. It is assumed that
! all entering steam in excess of that needed to keep the weteell steam
! * partial pressure at the pool saturation pressure is condensed. Localized

pool boiling (and associated wetwell pressurization) cannot be modeled.
MARCH does not model inerted containments (SS-6B), which are a common

design feature of BWRs. The impact of containment inerting on hydrogen
burns cannot, therefore, be evaluated..

,

,

1
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The principal operating parameter of interest in BWRs is reactor ves-
sel water level. This water level is a control variable for all BWR emer-
gency core cooling systems (ECCS) and containment sprays and as such has a
maj or influence upon the timing and sequence of events in severe BWR acci- .

de nt s. The existing MARCH vessel water level calculation is correct only
while the water level is within the active core region (SS-7B) . Variable
flow areas of standpipes and separators are not incorporated into the cal-
culation. MARCH does not model ECCS actuation and control based on vessel
water level (SS-8B), nor does it model high pressure ECCS isolation caused
by low primary system pressure (SS-98) .

It was previously mantioned that MARCH does not model heat transfer
i to the drywell absosphere from the reactor vessel and steam lines. Under

these circumstance s, the analyst should be aware that it is unrealistic to
model drywell coolers (SS-10B) . This concern may be more important for
accidents such as SBLOCA/0C, in which the drywell response prior to vessel
head f ailure is driven by this heat transfer mechanism. Modeling drywell
coolers without simulating the vessel-to-drywell heat transfer can result

,

I in ambiguous and erroneous containment responses for accidents of this
type .

MARCH models s single ECCS recirculation heat exchanger, which is
placed in the suction line of all paap-driven ECCS systems when the frac-
tional maount of water remaining in the "ref ueling water storage tank" is
less than the input variable ECCRC. This is an unrealistic model for BWRs
such a s the Browns Ferry units in which the residual heat removal (RHR)
system [ low pressure coolant inj ection (LPCI) mode] is the only ECCS sys- .

tem that has a heat exchanger (SS-11B) .
In many SBLOCAs, normal plant response procedures would include

either manual operator-controlled primary system depressurization or auto-
matic depressurization system (ADS) actuation to reduce primary coolant
inventory loss and to enable utilization of low pressure ECCSs (LPECCSs). ~

Emergency operating instructions typically call for either depressuriza-
tion to a selected system pressure within a specified time or a primary
system cooldown/depressurization rate expressed in terms of degrees per
hour. Although these actions are among the most important SBLOCA mitisa-
tion procedures available to plant operators, MARCH does not currently
allow the analyst to directly model this phenomenon (SS-12B) . The analyst
withing to model such accidents must employ an alternative procedure in-
volving at least two MARCH runs. In the first run, the analyst must
specify a " break" size representing the total SRV flow area to be usedi

! and the time at which the break is to occur. This run is analyzed to

! determine when the primary system reaches the desired pressure. A second
| MARCH run must then be made with the " break" flow area reset to zero at
( the proper time as determined from the first run. A related problem is

the f act that MARCH does not allow time-dependent primary system set pres-

sur e s (SS-13 B) .
All methods of emergency cooling water inj ection into the reactor

vessel must be modeled in MARG as "ECCS" systems. MARG 1.1 has the ca-
*

pability to utilize nine paap-driven cooling systems. Three of the nine
systems can be modeled as either constant flow or variable (pump head
curve) systems, while the remaining six systems can be modeled only as
fixed flow systems (SS-14B) . The pump head curve utilized for the three
primary ECCS systems is based on the pressure differential between the'

.

_ __ . , _ _ __ _ ,_ _ - . _ . . _____ _ _______ _ _ _ _ _



,

i

179
.

primary system and the drywell. Table B.7 contains information on the
principal primary system water inj ection systems of concern in BWR acci-
dont analysis. It is clear from an analysis of Table B.7 that accurate
simulation of some of these systems would necessitate the use of a pumpa

curve based upon the pressure differential between the primary system and
the wetwell, atmosphere, or condenser hotwell. MARCH is incapable of
accurate simulation of these systems (SS-15B) .

Steam that is removed from the reactor vessel to drive the high

pressure emergency core cooling system turbines is not accounted for in
MARCH's primary system mass loss or suppression pool mass gain calcula-
tions (SS-16B) . The Browns Ferry HPCI and RCIC systems incorporate steam-
turbine-driven pumps with steam extracted from the main steam lines up-
stream of the main steam isolation valves (MSIVs). The HPCI turbine has

j a steam demand of between 18.8 and 23.18 kg/s (149,000 and 184,000 lb,/h),
while the RCIC turbine has a steam demand of ~3.53 kg/s (28,000 lb,/h) .
These steam demands represent ~20% of the rated flow of a single primary

relief valve (105.7 kg/s or 838,900 lb,/h) and should not be disregarded.
Discussions between ORNL staff and Browns Ferry operating staff have

indicated that drywell flooding is of ten viewed as the ultimate severe-
accident mitigation procedure. MARCH does not have the capability to
simulate this process (SS-17B) .

!
For primary system breaks outsido containment, MARCH containment re-

sponse calculations subsequent to bottca head f ailure are incorrect (SS-!

18B). For cases in which no containment f ailure events have been input by
,

the user, the code sets the containment failure pressure equal to the dry-
well pressure at the time of bottom head failure and continues to leak

i steam and hydrogen from the containment via the primary system leak path.
The code apparently does not allow the original containment atmosphere to
leak out via this path, because the MACE output parameters TOINLK, TUIDLK,

,

.

l IU11ILE, TUDELK, and TOTDLE remain unchanged for this case. The code does

| not print a containment failure message, and the MACE intercompartment
transfer .iate output does not show any transfers from the reactor contain-
ment to t'o atmosphere. In short, the MACE output for this ct.se is incom-n
plete and contradictory and can easily confuse and mislead the unknowing
analyst.

For cases in which containment f ailure events are input by the ena-
lyst, MARCH executes all the events shortly after head failure regardless
of whether the event triggers on containment pressure, temperature, or
time. The analyst does not, therefore, have control of the timing of
containment failure. Because of the nature of these problems, it is ex-

| treaely dif ficult to utilize MARCH results for times af ter head f ailure
in LOCA/DC sequences. Existing MARCH documentation does not address this'

problem.
MARCH does not correctly model core spray ECC (SS-19B) . In effect,

MARCH assumes that all ECCS inj ection occurs at the bottom of the reactor
vessel and is instantly mixed with the remaining reactor vessel water.

,

' The major impact of ECCS inj ection under this assumption is to raise the.

water level and lower the water temperature in the reactor vessel. This
is clearly an invalid representation of the CS system, in which water is
sprayed directly on the top of the core. With the current MARCH model,

.
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reactor vessel pressure is impacted only by changes in break flow and pool
flashing because of oscillations in water level around the break height.

'

During periods in which the core is completely uncovered, MARCH assumes
that steam production occurs only because of flashing that is predicted .-

to occur as the reactor vessel water level drops below the height of the
break. Because the Zr-H,0 reaction is generally steam starved during
these periods, these models result in unrealistic hydrogen production
rates and Zr-H 0 reaction distributions for cases when core spray systems3
are operable.

Finally, the current version of MARCE does not model pump-driven ECCS
inj ection subsequent to head f ailure. BWR LPECC systens have the capa-
bility to inject flow under 0 psid conditions. For accidents in which
these systems are operable, inj ection can continue af ter f ailure of the
RPV bottom head.

In summary, MARCH version 1,1 is an extremely simplistic code that
is not well-suited for BWR accident evaluation applications. The code

: contains a variety of modeling simplifications, errors, and omissions that
severely compromise its usefulness in a wide variety of such applications.
For this reason, the code should be utilized only by individuals who are
fully aware of ths scope of its limitations and of the design of BWR
systems.
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Table B.1. MARG modeling concerns general

Identifier De scription Phase Importance Knowledge

0-1B MARPLT program is incompatible with 0 3 0

IBM computer systems

G-1) Variable PRESS is defined incor- 0 2 1

rectly on pa6e 3-56 and omitted
completely from input dsta listing
for namelist NLMAM

Table B.2. MARG modeling concerns chemical / nuclear reactions
e

Identifier Description Phase Importance Knowledge

WT-1B Actinide decay and fission product 0 3 1

neutron absorption are not in-,

cluded in docty heat calculations

O&2B Only one fuel type is allowed is 0 2 1

core

WT-3 B Fuel assembly shrouds are not 1-4 3 1

modeled. Shroud material must be
Immped into fuel pin cladding

.
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Table B.3. Matas modeling concerne transport phenomena

Identifier De scription Ph a se Importance Knowledge

.
TR-1 B Modeling of heat transfer to apper 1-4 2 1

and lower vessel laternals is la-
adeg an t e. Best transfer coeffi-
cleat correlations are inappro-
priate for many sitaations

TR-28 Best transfer to drywell ahmosphere 1-4 2 1from reactor vessel, steam lines,
etc., is not modeled

TR-38 Feel to coolant heat transfer coef- 1-3 2 2ficient is not dependent upon flow
regime. Valae is calculated from
initial feel and coolant tempera-
t ar e s

TR-48 Rod-t e-rod and rod-to-shroud r adia- 1-3 2 2
tive heat transfer is not consid-
ered in core

7t-58 Water is allowed to flow out SRVs 1-3 2 1

TR-6B Pressure differential employed in 1-4 2 1
break flow calculations is lacor-
rect for breaks out side contala-
meat

TR-78 Code does not check for consir- 0 3 1
tency of the lapat values of
80 and VOLS .

TR-8B Calculation of ialtial primary 0 3 1
system water mass is incorrect

for taltial vessel water levels
above top of core

.
73-98 Code does not at!!!ss impat valse 0 3 1

of VOLP for transients and anell-
break accidents

Table B.4. MARCB mode 11ag concerne structural
deformation /fallares

Identifier De scription Phase Lapor ta nce Knowledge

SD-1 B Feel pin and shroud molt /sinsp/ 2-3 2 2
, freese phenomena are not mechan-
| ically modeled

S D-2 B Core collapse model is highly ma- 2-4 3 2
realistic for BTRs. Re alis tic
values of FDROP yloid guestionable
results

SD-38 Bottom head melt cannot begin antil 4 3 2
entire core is co11 speed *

SD-4B Fa!!are of bottom head via control 4 3 2
rod drive tube penetrations is not
modeled

.

- .-
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Table B.S. MARQB modeltre conceras safety
systems and egalpment

Identifier De scription ph a se Laportance Knowledgee

SS-18 Code does not correctly model BWk 6 3 1
reactor be11 ding interaction with
primary contatament for 1,0CA/OC

85-28 Code does not allow separate 0 2 1
destinations for break and SBY
flow

SS-38 For BWB ass 11-break escidents 6 3 1
outside sentalement (10ECUB = -1,
ITRAN = 1), code discharge s break
flow into esppression pool

SS-48 BWB hark Il containments sammet be 6 2 1
modeled

85-55 Model of suppression poet and dry- 0 2 2
well/wetwell interaction is tra
simplistid

S S-6 8 Inerted primary containment sammet 4 2 1
be modeled

85-75 BWB vessel water level calculation 1-3 3 1
is not correct. Vertable flow
arose of standpires and separa-
tore are not modeled

S S-8 B ECCS control on primary system 1-3 2 1
water level is not modeled

SS-98 Bigh pressere ECCS isolation be- 1-3 2 1
w eense of low primary ayatom pree-

sare is not modeled
65-1C3 Besaase heat transfer from wease! 6 2

and steam lines to drywell to set
modeled (73-25), it is marea11stle
to model dryvell sociers

*
S S-11 B In BWas only BER systems have 0 2 1

soolers - therefore a different
value for ECutC is needed for each
system

$5-128 Manaal operator 6epressarisation or 1-4 2 1
ADS setuation and subsequest de-
pressarisation to a selected pres-
sure cannot be modeled

S S-13 8 Time-dependent primary syst em se t 1-4 1 1
pressares cannot be modeled

55-148 Pump earves cannot be stilised for 1-4 1 1
assiliary ECG systems

SS-IS B Pump carve AP is lasorrest for some 1-4 2 1
ECCS systems

55-168 ECCS tanbine estraction steam is 0 3 1
maaseemated for in both primary
mase loss sad espyressien pool
mass sala salentations

S S-17 B Lapset of drywell floodtag on seei- 4-7 1 2
dont mitigation cannot be stadied

S S-188 Contatament response cancelstless 6 3 1
e are incorrect esbsegment to ves-

set head f allare la LOCA/0Cs
85-198 Lore spray ECC systems are not 1-4 4 2

modeled

S S-208 Pump driven ECC system flows are 5-7 4 2
. terminated at head f ail are

_ . _ _ _ _ _ - -
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Table B.6. BWR laternal structures

Mass Heat transfer area
#"* ***

[kg (Ibs)] [as (ggs))
_

Control rod guide tubes 19,958 (44,000) 641 (6,900)

Shroud head and stand- 10,886 (24.000) 27 (290)
pipes

Separators 37,194 (82,000) 474 (5,100)

Dryers 32,930 (72,600) 2,945 (31,700)

,

Table B.7. Principal BTR eastgency
cooling capabilities

.

Flow control
Coolant system Source pressure

Automatic AP

*

HPCI *

RCIC *

*CRD pumps
LPCI * Containment

* ContainmentCore spray
Condensate booster * Condenser hot well

pumps
* Atmosphere (riv er)

|
RHR service water pumps

| (standby coolant sup-
' ply system)

l

.

.
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Appendix C

NODIFICATIONS 10 THE MARG CODE
e

Appendix B presented a brief assessment of the applicability of MARCH
1.1 to boiling-water reactor (BWR) accident analysis. When confronted
with limitations such as those discussed in Appendix B, the analyst must

i either restrict the scope of the analysis in a manner that will allow him
to avoid identified code limitations or modify the code to elbainate its
deficiencies. For the purposes of this analysis we have, where possible,

,

followed the former rath of action. For example, by initiating the MARCE
analysis at a time just prior to core uncovery, many of the problems asso-
cisted with MARCH's modeling of safety relief valve (SRV) and emergency
core cooling phenomena (TR-5B, TR-8B, SS-2B, and SS-7B through SS-9B) are
minimized or avoided completely.

During the course of our severe-accident sequence analysis efforts,
it became clear that several of the deficiencies outlined in Appendix B
were of such a severe and unavoidable nature that some code modification
would be required. Table C.1 contains an abbreviated description of the
BWR modifications that were implemented for the present analysis and their
relationship to the problem areas discussed in Appendix B.

.

- Table C.1. Oak Ridge National Laboratory MARCH modifications

m Eelated
Model No. De scription problem

identifer

CRNL 0006 Inerted containment option SS-6 B

ORNL 0009 Incorporation of ANS 5.1-1979 decay heat standard WT-1B

ORNL 0011 Elimination of water flow through the SRVs for TR-5B
BWRs

| ORNL 0012 Elimination of break leakage flow path to SS-3B
i suppression pool for LOCA/DC

ORNL 0017 Corrected pressure differential employed in break TR-6 B
flow calculation for LOCA/0C

ORNL 0018 Corrected containment f ailure calculations SS-ISB

( ORNL 0019 Usage of user-supplied primary system volume TR-9B*

'

VOLP for all accidents

ORNL 0020 Uter input value for initial reactor water mass TR-8B
above cosa bottas

|- ,,

,

.
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Appendix D

DIRECT DRYWELL FLOODING AS AN ACCIDENT
MITIGATION TEGNIQUE.

D.1 Introduction
,

u

-

The standby coolant supply system at Browns Ferry has been provided
to permit the maintenarce of a long-term reactor core and primary contain-
ment cooling capability, which does not require reactor vessel or primary
containment integrity or operability of' the residual heat removal (RHR)
system associated with a given unit. One rartion of the standby coolant

supply system can be aligned so that the RHR service water pumps can be
used to supply river water directly to the Unit i reactor vessel as the
vessel pre sure approaches 50 psis, and 'his alignment could be used to
keep the core covered under severe-accident conditions with the reactor
vessel depressurized. The excess water would be passed to the pressure

suppression pool through the remote-manually opened safety relief valves-

or, in the event of a loss-of-coolant accident, would pass to the drywell

,
, from the break.

The standby coolant supply system can also be aligned to permit the
RER service water pumps to flood the drywell and wetwell directly, by
means of the primary containment spray headers or via the RHR system test
return line to the pressure suppression pool. This alignment for direct*

flooding of the primary containment might be used in a severe-accident
situation in which the reactor vessel could.not be depressurized. Browns
Ferry operating personnel have indicated that direct drywell flooding
should be an effective measure of last rasort to reduce the consequence s

,

of, such a severe accident by preventing an already molten core from molt-,
,_

Ing through the reactor vessel bottom head. However, no calculations have

been performed to determine the accident mitigation effects of drywell
flooding on a boiling-water reactor system or to determine the time re-i

% quired to flood the drywell. Therefore, no information is available to
prepare the operator for difficulties that might be encountered in at-,

tempting direct flooding of the drywell.i

The purpose of this appendix is to present the results of an investi-
j gation to determine the ef fectiveness and practicality of direct drywell

flooding as a mitigating procedure to prevent reactor vessel melt-through"
,

at Browns Ferry Nuclear Plant Unit 1 (BFNP#1) . Various host transfer com-
puter codes were used to determine if a flooded drywell woulf preclude
vessel molt-through, and an analysis of the existing equipment was per-
formed to de termine if a practical means exists to directly flood the

', drywell to the required level. These analyses are described in the fol-

; lowing sections along with sample calculctions and suggested input param-
eters for the computer codes,

f
.

D.2 Steadr-State Models

The system configuration of the primary containment for each unit at.

the BFNP is presented in Fig. D.I. This 11gure shows the location of the

- _ _ _ - _ _ _ _ _ _ - _ _ _ _ _
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reactor vessel within the drywell as well as the volumes that would re-
quire filling in the event that drywell flooding became a necessity. Di-
rect flooding of the drywell with the standby coolant supply system would
be accomplished by the rctivation of a maximum of two RRR service water .

pumps, which would pump river water into both the drywell and the wetwell
simultaneously. To suf ficiently cover the reactor vessel bottom head,
water must be pumped into +he drywell and wetwell regions until the water
level is approximately equal to thet shown in Fig. D.1.

Two different computer codes were used to model the effect of a water
heat sink on the outer surf ace of the reactor vessel af ter the core has
slumped against the bottom head. These camputer codes were developed by
Hage nt to perform heat transfer calculations on maritime pressurized-water
reactors and employ steady-state models to calculate various temperatures
within the reactor vessel bottom head and the core debris. A brief de-
scription of these steady-state models and the results of calculations for
the BFNP#1 are pre. cited in the following paragraphs.

Figure D.2(a) is a representation of the reactor vessel bottom head
contajning the completely slumped core and debris. The layers shown rep-

resent the reactor vessel bottom head, the molten uranium dioxide (UO,)
fuel, and a layer of molten stool. To model the situation presented in
Fig. D.2(a), several simplifying assumptions can be made. The first is
that the layers of debris can be approximated by sl abs of various thick-
nesses. The thickness of each slab is assumed to be the maximum thickness
of that debris layer. Therefore, the situation shown in Fig. D.2(a) is
approximated by the geometry shown in Fig. D.2(b) . This assumption is .

both ,sluplifying and conservative because the calculations now become one
dimensional with heat being transferred through a slab of maximum thick-
ness.

The second assumption is that heat is assumed to be transferred from
the molten debris surf ace by radiation to its surroundings only. This is a

also a conservative assumption because as long as the reactor vessel in-
tegrity is maintained, some cooling would occur because of the presence;

of steam above the debris. It should also be noted that the decay heat'

source within the molten debris is assumed to be constant throughout these
calculations and equal to that at the time of core slumping. This pro-
vides additional conservatism to the calculations because in actuality
the decry seat would be slowly decreasing with time.

Finally, assumptions must be made about the state of the debris af ter
core slumping has occurred, giving rise to the two different steady-state
models utilized in this analysis. Figure D.3 shows the two different de-
bris configurations employed by the steady-state models. Model 1 assumes,

six layers of debris and corresponds to the situation that would exist
for a relatively low decay heat. As shown in Fig. D.3, these layers are
(1) the carbon steel reactor vessel, (2) a layer of UO, that has solidi-
fled because of cooling from the reactor vessel, (3) a molten layer of UO,
having no convection currents, (4) a convective layer of UO,, (5) a layer
of UO, that has solidified because of cooling from above, and (6) a con-
vective layer of molten steel. Note that this final layer of molten steel *

was formed f rom the debris of reactor internals, which existed below the
core (i.e., core supports and control rod guide s), and not from melting
of the reactor vessel itself. The situation presented in Model I can be
modeled using the equations contained in Table D.1. These equations were .

.
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de, rived by Hagen to model the heat transfer through each layer and can1

be solved simultaneously to obtain the temperature T, at the inner surf ace
of the reactor vessel.

The second steady-state model shown in Fig. D.3 is similar to the.

first one but is applicable to a situation in which the existing decay
heat is higher than the decay heat assumed in Model 1. The higher decay

heat prevents the formation of the solid UO, layer (L5) above the layer
; of convective UO , instead producing a single large layer of convective

3
molten UO . For this situation, two simplifying assumptions can be made.

3
First, the temperature of this large layer of molten UO, undergoing con-
vection and boiling is assumed not to exceed the boillug point of UO,.
Second, the convective currents in this layer are assumed not to disturb
the stagnant molten UO, underneath. With these two assumptions, the ten-
perature T,, shown f or Model 2 in Fig. D.3, is the boiling point of UO .3
Therefore, the heat trr.nsf er below T, can be completely described by the
last two equations presented in Table D.1 with T, set equal to the boillag,

point of UO,.

.

D.3 Selection of Innut Parameters for
the Stendr-State Analysis

In performing the steady-state analysis, several parrasters are re-
quired for input to the computer code s. However, there exists some uncer-

tainty concerning the proper values for these parameters. For this rea-*

son, several parametric studies were performed to analyze the effects of
drywell flooding for a range of accident conditions, which might exist at
the BFNP. The parameters of interest are the decay heat, the thermal con-
ductivity, and the reactor vessel outer surf ace temperature. Of these

.

parameters, decay heat is the most important and has the largest effect
upon the calculations. Because the decay heat decreases with the time in-

I terval be tween system scram and core slunp, the value of the volumetric
heat source (watts per cubic centimeter of UO, debris) was varied from

i 0 to 8 W/cas,e
The results of these calculations were strongly dependent on the

chosen value for the thermal conductivity of the reactor vessel bottom

head. This parameter was varied from 0.2 to 0.6 W/(ca K), spanning the
actual thermal conductivity of the carbon steel bottom head, 0.48 W/
(cm*K). This parametric study was necessary because the reactor vessel
bottom head is covered by 3 in. of mirror insulation. As shown in Fig.
D.4, there is a gap of ~17 in, between the vessel and the insulation sur-
rounding the bottom head. The computer programs used in this study assume
a constant temperature for the outer surf ace of the reactor vessel. Be-
cause insulation is not modeled, the assumed thermal conductivity for the
reactor vessel should be an effective thermal conductivity representing

both the carbon steel and the insulation outside the vesssi. The effec-
tive steady-state thermal conductivity of the reactor vessel and insula-

,

tion during normal operation is ~8.34 x 10-4 W/(em K) (Ref. 2).

*The decay heat power would reach 8.0 W/ca s at ~1 s af ter shutdown

following infinite operation at 1005 power..
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On the other hand, if drywell flooding is accomplished the water will
i pene trate the mirror insulation, ef fectively removing the insulation from

the heat transfer process due to the convective currents within the gap
be tween the bottom head and the insulation. Therefore, the effective .

thermal conductivity of the reactor vessel bottom head with the drywell
flooded would be close to the thermal conductivity of carbon steel alone,

| ~0.4 W/ (cm K) . However, this value is at best a rough estimate and there-
'

fore the thermal conductivity was varied from a conservatively high value
to a conservatively low value in an attempt to bound this uncertainty.

The final parameter of interest is the vessel outer surf ace tempera-
ture T,, which corresponds to the temperature of the drywell water adj a-
cent to the reactor vessel bottom head. As with the decay heat and ther-
mal conductivity, the calculations were significantly dependent on the
outer surf ace temperature. This temperature was varied from a value of
311 K (100*F) to a value of 422 K (300*F), which corresponds to ~50 K
(90*F) above the boiling point of water at atmospheric pressure.

D.4 Results

Several calculations were performed to determine the ef fects of the
variation in input parameters discussed in Sect. D.3. The results of
those calculations are presented in Figs. D.5-D.10. On each of these fig-
urer, the inner vessel wall surf ace temperature T can be read on the ab-2
scissa as a function of the debris decay heat on the ordinate for three *

different assaned vessel wall outer surf ace temperatures T,. If the ten-
perature T is below the melting point of steel, it can be concluded that3
the vessel would not f ail at the corresponding decay heat level. A com-
perisoa of Figs. D.5-D.7 illustrates the ef fect of variance in the thermal

,

conductivity over the range from 0.2 to 0.6 W/(ca K) . Figures D.8-D.10
are analogous to Figs. D.5-D.7 with the exception that they represent
calculations performed with Model 2. A comparison of Figs. D.5-D.7 with
Figs. D.8-D.10, re spe ctively, shows that the calculations for Model 1
yield results very similar to those obtained for Model 2.

If the drywell is not flooded, the effective thermal conductivity for
the reactor vessel bottom head may be taken as the thermal conductivity of
the surrounding mirror insulation material. This material is designed to
have a thermal conductivity close to that of air, and a realistic value is
8.34 x 10-4 W/(ca K) as stated previously. Figures D.5 and D.8 imply that
vessel molting will occur for any situation in which the thermal conayp-
tivity is 0.2 W/(cm*K) or less and the decay heat is greater than 1.5
W/ca .* Therefore, with an ef fective thermal conductivity of 8.34 x 10-4s

W/(ca+E), vessel melting would be expected to occur.
An analysis of Figs. D.5-D.10 indicates that for realistic values

of effective thermal conductivity with the drywell flooded (i.e., ~0.4),

*From the 1979 American National Standards Institute-5.1 Standard *

with Actinides, the decay heat power would rensin above 1.5 W/cm8 for ~160
h af ter shutdown f rom infinite operation at 100% power. No allowance has
been made for the loss of volatile fission products from the core debris.

.

d

I
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vessel molting will occur only for very high decay heats of ~4 W/cm or ;8

greater. Howev er, a debris decay heat power as large as 4 W/ca s could
only exist if core slumping occurred within ~150 s af ter reactor scram,
which is unrealistic. Therefore, it can be concluded that a flooded dry-
wall would prevent vessel melt-through under the assumptions of the steady-*

state models.

D.5 Practicality of Drywell Floodina at the BFNP

This section of the analysis is concerned with the practicality of
drywell flooding as an accident mitigation technique at the BFNP. The
first problem that must be considered concerns the pumping capabilities
available for drfwell flooding.

As shown in Fig. D.1, the wetwell volume would not completely fill
because of a trapped airspace in the top of the torus above the wetwell-
ter-drywell vacuum breakers. The volume taken up by the trapped air is
significant in reducing the total free volume that must be filled when
attempting to flood the drywell, so care would have to be taken to ensure

that inadvertent venting of the wetwell airspace did not occur during the
flooding process.

The final volume of the trapped air with the drywell flooded depends
upon the initial pressure within the drywell and wetwell at the time the

wetwell water level covers the vacuum breakers.* The initial volume of
the trapped air is 84,019 f t8, and Table D.2 is a tabulation of the final

*

air volume obtained for various initial pressures. These values were cal-
culated using the ideal gas law and take into account the initial pressure
and the final head of water in the drywell above the torus, equivalent to
16.34 psi. Therefore, an initial pressure of 14.7 psia would result in a
final wetwell pressure of 31.04 psia. Using the ideal gas law and assus-,

ing that the wetwell airspace temperature does not significantly change,

PV P,V,=
3 3

(14.7)(84,019.33) = (14.7 + 16.34)V,

V, = 3 9,7 90.08 .

Table D.2 shows that the final trapped air volume is largest when the
initial pressure is 14.7 psia (atmospheric pressure) and the drywell is
simultaneously vented and flooded. This situation is assumed to be the
most probable sequence of events,i and therefore a trapped air volume of

'

'The containment pressure at this time would depend upon the specific
accident sequence and whether the containment had been vented.

,

iAs will be shown, drywell venting is required if the drywell is to
be flooded to the point where the reactor vessel bottom head is covered.
It is assumed that the wetwell airspace is not veated.

.
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i 39,790 fts can be subtracted from the total free volume that requires
; filling. Under these conditions, the total volume to be filled is 208,165

ft8 For the other four cases sLawn in Table D.2, it has been assumed
. that the drywell is ac t vented. This results in higher pressures and
' *lower airspace volumes at the completion of flooding.
! Figure D.11 shows a schematic of one-half of the Residual Heat Re-
I moval (RHR) system configuration for Unit 1 and the portion of the RHR

service water (RHRSW) system available for use in drywell flooding.* The
'

RHRSW system valves, which must be opened to initialize Unit i drywell
flooding from the river, are the standby coolant supply valves 23-57 and
74-101, and the river return valve 23-52 must be shut. This delivers
river water from the RHRSW pumps into the RHR system piping downstream of
heat exchangers B and D; from here it can enter the drywell spray headers
via valves 74-74 and 74-75 and can enter the wetwell via the spray header

| and valves 74-71 and 74-72 or via the test return line and valves 74-71
and 74-73.

The RHRSW pumps D1 and D2 have a combined pumping capability of ~1200
fts/ min (9000 spm) under normal operating conditions (i.e., at 120 psid
across the pumps).I If the drywell is not vented during the flooding
ope r a tion, the resulting high back pressure would reduce the rate of RHRSW
flow into the drywell. However, assuming a pumping capability of 1200
ft8/ min, the time required to flood the BFNP drywell to the level shown

3
on Fig. D.1 would be ~3 h. Because direct drywell flooding is a last re-

i sort effort and would not be initiated until the operator was positive
that core slumping was imminent, this number is understandably too high
and would prohibit the use of drywell flooding as a practical mitigating *

action.
To realistically meet the requirements for molten core retention in>

! the resetor vessel by direct drywell flooding, the operator must have the
| ability to suf ficiently flood the drywell within a very short time, be-

,

cause he or she would probably not resort to direct drywell flooding untili

af ter core melting had begun. The MARCH computer code was used to obtain
typical values for the time between the initiation of core melting and the
occurrence cf core slumping.8,4 This time was on the order of 30 min. To
flood the drywell in 30 min, the required pumping capability would be 6730
f ts/ min, which would require an increase in the current BFNP standby cool-
ant supply pumping capabilities from the RHRSW system by a factor of 6.I

*The other half of the RHR system for Unit 1 is similar, but does
i

not include provision for drywell flooding f rom the RHRSW system.

iThe capacity of pump D3 is reserved for the Emergency Equipment
Cooling Water System, which provides cooling water for the onsite diesel-
ge nera tor s, and other emergency equipment. None of this emergency equip-
ment can be valved off, so pump D3 is unavailable for drywell flooding.

TNote that this rate could be achieved with the present design if the
RHR pumps were used, taking suction on the condensate storage tanks. How-
ever, an amount equivalent to the capacity of 4.2 condensate storage tank -

volumes would be required.
i

' e
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During the containment flooding proce ss, a large volume of free air

is displaced by -the incoming water and compressed. The compression of the
displaced air would lead to containment pressures that exceed the design
standards of the drywell and wetwell structures unless the containment is
vented during the flooding process. This is the second problem associatede

with drywell flooding: it would not be attempted unless the reactor ves-
sel water level were low, but valve interlocks prevent direct drywell
flooding unless (1) the core is at least two-thirds covered or a keylock
override is actuated and (2) the drywell pressure is at least 1 psig. On
the other hand, the critorion for drywell venting is that the drywell
pressure must be (2 psig.* Therefore, in most accident situations, dry-
well flooding cannot be initiated if drywell venting is available and vice
versa, unless the drywell is maintained at a pressure >1 psig while being
vented through the standby gas treatment (SGT) system and interlocks are
overridden by means of installed keylock bypass switches in the control
roms.i

Table D.3 includes a tabulation of the resulting pressure in the com-
pressed drywell atrosphere af ter flooding to the level indicated in Fig.
D.1 is completed without venting. It shows that pressures of >70 psia
would result depending upon the initial dryvell pressure at the time the
wetwell water level covers the vacuum breakers. In each case, the final
pressure was calculated only fras consideration of the compression of the
initial drywell absosphere; the partial pressure of steam generated from

j the water in contact with the vessel surf ace has not been included. Be-
cause the RHRSW pumps, which would be used for drywell flooding, have a
total pumping head (shutof f) of 180 psi, in most severe-accident situa-e

tions the drywell could not be flooded to the required level unless it
were vented.

In summary, if direct drywell flooding is to be used as an accident
mitigating action af ter the core has been uncovered, then the current BFNP

*
safety system interlocks would have to be modified or overridden to make

provisions for the occurrence of drywell flooding and drywell venting
simultaneously. Fur thermore, the current RHRSW pumping capabilities at
the BFNP would have to be increased to allow direct drywell flooding to
be accomplished in a period of 30 min or less. However, as discussed in
the next section, drywell flooding may not be a reasonable action per se.

D.6 Discussion of Unresolved Phenomenoloav

In performing this analysis of drywell flooding, several que stions
arose that could not be addressed within the scope of this proj ect. The
purpose of this section is to present a discussion of these questions.

*The containment ventilation system valves, which surround the dry-
well, are antaastically shut and held shut by the primary containment and
reactor vessel isolation control system if the drywell pressure exceeds 2

*
psig.

iThe drywell can be vented through the SGTS from the SG73 control
panel locsted in back of the main control room panels without the need for
operation of keylock bypass switches.| ,

|

:
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First, it was not determined what effect the presence of the control
rod drive (CED) mechanism penetrations within the stub tube s welded to the
bottom head wall would have on the reactor vessel integrity. There are
185 4-in.-dian CRD mechanisms passing through stub tube penetrations on

'the bottom head of the reactor vessel. The effect of these penetrations
on vessel failure in accident situations is not yet known, although two
definite possibilities exist. First, the molten UO, may simply melt the
CRD mechanism meterial and welds and flow out the bottom head through the
CRD stub tube penetrations. This would lead to an effective failure of
the bottom head with spraying of the corium through the holes. On the
other hand, the molten UO, might not melt the CRD welds and simply remain
in the bottom head until total melt-through of the vessel wall as consid-
ered in this analysis.

Another area of interest concerns steam explosions (i.e., a large

production of steam over a short period of time resulting in large pres-
sure increases) . TWo situations could possibly lead to the occurrence
of a steam explosion. First, if a pool of water is present below the
core prior to core slumping, then a steam explosion in the reactor vessel
is possible, although this possibility is thought to be very maall for
coherent melting. For steam explosions to occur, the core must slump
into the water and disperse into fragments quickly. The presence of the
control rod guide tubes and other miscellanoons equipment below the core
would inhibit the f ast slumping of the core. However, it should be

| pointed out that a steam explosion, if it occurred, could lead to reactor
vessel failure by overpressurization.

The second area that could lead to a steam explosion situation is one '

i in which the drywell is not completely flooded prior to vessel failure.
This situation would occur if drywell flooding were initiated by the op-
erator but not completed by the time that vessel failure occurs. In this
situation, the molten core would drop from the f ailed bottom head into a

,

pool of water at the bottom of the drywell. A steam explosion under these
conditions could lead to f ailure of the drywe1.1 itself allowing large
quantities of fission products to be released into the containment build-
ing.

The final area of interest involves the problem of thermal shock. If

drywell flooding is not accomplished prior to core slump but the drywell
is flooded to such a point that the bottaa head becomes covered prior to
vessel failure, then this situation is one in which the bottom head has
been significantly heated by the molten core and is then covered by the
incoming water, which is at a significantly lower temperature. The prob-
lem with this situation is that the water coming into contact with the
heated vessel may cause a thermal shock that induces f ailure of the reac-
tor vessel.

4

D.7 Conclusions .

This study entails a two part analysis investigating both the effects *

and capabilities of direct drywell flooding at the BFNP. The first part*

of this study was conducted under the assumption that drywell flooding was
possible and presents an analysis of the ef fects that drywell flooding

.

|-

|
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would have on preventing vessel melt-through. The study was performed
1 and data supplied for theusing previously developed heat transf er models

BFNP.8 From the analysis, it is concluded that drywell flooding suf fi-
cient to cover the bottom head with water would preclude vessel melt-
through for accident situations in which the core slump is delayed until*

af ter the completion of the flooding.
The second part of the analysis was a determination of the feasibil-

ity of direct drywell flooding given the existing system configurations at
the BFNP. This analysis revealed seversi problems that would tend to pro-
hibit the use of direct drywell flooding as an operator mitigating action.
It was found that with the current design, direct drywell flooding would
not be an effective operator action to prevent vessel molt-through if it
were initiated after core uncovery.t This conclusion is based on both the
necessity for drywell venting in order to flood the drywell to the re-
quired level and the inordinate time required to inj ect this volume of
water with the existing pumping capacity.

i
'

References

1. R. C. Ragan, Transient Thermat Analysis of Notten Core-Reactor Yesset
Systems, Univet s ',ty Microfilms International,1980.

2. Staff Report, Systems Manual - Boiling Fater Reactors, Nuclear Regula-
tory Commission.

,

3. R. O. Wooton and B. I. Avci, MARCH Code Description and User's Manual,
Battelle Columbus Laboratories, 1980.

4. D. R. Cook et al. , Station Blackout at Browns Ferry Unit One - Acci-.
,

dent Sequence Analysis, ORNL/NURB[i/CR-2182/V1 (November 1981) .
'

5. Browns Ferry Nuclear Plant, Final Safety Analysis Report, Tennessee
Valley Authority.

*It should be recalled that the RHR leads into the rcactor vessel as
well as through spray headers into the drywell and wetwell. It is assumed
here that the reactor vessel pressure during core molt-through would be

,

| greater than the shutoff head of the RRR and RBROW pumps. Otherwise, the
water pumped into the containment ceuld instond be pumped directly into
the reactor vessel and employed to keep the core covered.

|

.

.

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



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

ORNL-DWG 81-236% ETD
t

Q REACTOR

-F- _
i

i '
- .

k

|

8
N I^ .

/MINIMUM DRYWELL s ,

WATER LEVEL FOR
.t p'!,'
' -

*
DRYWELL FLOODING

j -_3__ i DRYWELL
-

.;- - - -

/ [ -g TORUS
lbVENT > b R

u

'

(&&-

;

[ 7AM '(')
.

" '

-:y ,

IWETWELL ' ' h
AIR SPACE J/ M TOTAL) f 'g )O,. Ee DOWNCOMERS ._ |"TRAPPED

g

J[ WATER Y |)Ii s, ;

1h it$1 ,fi !,'l' 11 i N 43 | ILL/ ,''' '

;- .< ;- ~

SEISMIC RESTRAINT

Fig. D.1. Mark I pressure suppression contaimment sy st em.

. . . .. .

_-___-________________\



-_

207

.

.

ORNL-DWG 81-23650 ETD

24 cm

1

'h

_ _ _ _ _ _
. _ . _ ____ - - _ __,_____ _

#
,

MOLTEN STEELH g

2
PRESSURE VESSEL

Fig. D.2(a). Bottom reactor head with core debris.

.

ORNL-DWG 81-23651 ETD

L n

MOLTEN STEEL j H2
.

f
'I o

i o
,

I

I

.
MOLTEN UO Hs '

2 g

o

r.

| PRESSURE VESSEL p , 24 cm

Fig. D.2(b). Computer representation of bottom head and debris.

I

.

6

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



.

208

.

.

ORNL-0WG 81-23655 ETD

MODEL1 MODEL 2

T.
L CONVECTIVE CONVECT, * ND/O R

6 MOLTEN STEEL BOILINu iEL

7 T5

L SOLID UO5 2
MOLTEN UOo yzy T WITH CONVECisON4
AND BOILING

L MOLTEN 0024 WITH CONVECTION

Ta 3 T
3o

MOLTEN UO MOLTEN UOL L
NO CONVECTibN NO CONVECTibN

2 2

Lk7 T l3 2 a y T2

L SOLID UO L SOLID UOi 2 i 2
o"

[ T, [ T,
"

L CARBON STEEL L CARBON STEEL0
REACTOR VESSEL 0 REACTOR VESSEL

T To O
.

Fig. D.3. Model descriptions.

.

.

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



209

.

ORNL-DWG 81 -23657 ETD

SPLIT SECTIONS
REMOVABLE TO
UNBOLT HEAD LINES,

e
i

ry f

VESSEL HEAD
) REMOVABLE

| INSULATION

|
| |

>.

$ .(
,la

''- VESSEL STABILIZER
BRACKET CUTOUTS

TYPICAL NOZZLE
INSULATION | |

w m
(4j ,

,
'4

. r

b) )
n.r. tu
.

k 6

W[*
BIOLOGICAL,' e-

?$- 'f : SHIELD WALL
*

. . . <

b,) i h.)e

*U - * ~ 24 f t SHIELD WALL ID--a .,,-

+ ~ 23 ft INSULATION OD + T*

|,'$ .. ' '+ ~ 22 ft Rx VESSEL OD +,

' i .: fR''. 7, INSULATION
# SUPPORT BRACKETS,i.. i*

'!' F, TYPICAL-

4,1! ~..';'

g%
;.- .;". ,.') )

\
,

f:e
.

L
1,: ;,.
**

-
. , -

M}',;
' '

's A:p, w ,

.o, . . ,;

N
BOTTOM HEAD NOTE:
INSULATION

VESSEL HEAD INSULATIOc4 4 in. THICK MAXIMUMNOT REMOVABLE VESSEL SHELL AND BOTTOM HEAD INSULATION
31/2 in. AND 3 in. THICK MAXIMUM RESPECTIVELY

Fig. D.4. Reactor vessel insulation. Source: NRC, Systems Nanual -
-

Boiting Water Reactors.

.



.

,

i

210
.

ORNL-DWG 81-23645 ETD

~

l i i i 1
0

20 - e ME LTING POINT
I OF STEEL

30 - 6 - -

4

45 - 3 To = 311 K

3 i |
g 150 - y4 - e -

p - I k,, = 0.2 W/cm K To = 422 K270 - g 1

I
I

~ ~

| T0 = 366 K
~

510 - ,
1

I I I I ' '
- 0

1500 1700 1900 2100 2300 2500 2700 2900

T (K)i

Fig. D.5. Decay heat as a function of inside vessel bottom head tem-
perature (T ) for various outside bottom head temperatures (T,), and k =3
0.2 W/(ca K), Model 1.

,

ORNL-DWG 81-23644 ETD

~

l I i i I .
e

20 - k, = 0.4 W/cm K

0 - 6 - I -

'
To = 311 K To = 422 K

3 i
y 150 - y4 -

| To = 366 K
-

p - ,
270 - 0 i,

I'

3000 - 2 - k -

8 b MELTING POINT
10 - | OF STEEL5

,

I I I ' I
! - 0

j 900 1100 1300 1500 1700 1900 2100 2300

T, (K)

,

Fig. D.6. Decay heat as a function of inside vessel bottom head ten-i

| perature (T,) for various outside bottom head temperatures (T,), and k = -

0.4 W/(cm*K), Model 1.

.

I

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



211

e

ORNL-DWG 81-23646 ETD

1 - 8. g g g , , g ,
a

820 - k, = 0.6 W/cm-K
,

% - 6 -
e

-

I
To = 311 K 845 n-2

- E

$ 150 -h4 -

p ~ T = 422 K 8
~

o I MELTING POINT
270 - O I OF STEEL

1

T = 366 K 8

3000 - 2 o _

I

105 - 8

'
- 0 I ' ' ' ' ' '

600 800 1000 1200 1400 1600 1800 2000 2200

T3(K)

Fig. D.7. Decay heat as a function of inside vessel bottom head ten-
perature (T ) for various outside bottom head temperatures (T,), and k =2
0.6 W/(cm K), Model 1.

.

ORNL-DWG 81-23647 ETD
~

l I I I I I I I
I

*
20 - I f MELTING POINT To = 366 Kg# OF STEEL

M - 6 - 8 -

t

_
40 - - '

"E To = 311 Ks
y 150 - y4 -

1 T = 422 K -

oG ~ I
270 - U 1

1

3000 - 2 - | -

k,, = 0.2 W/cm K

e
' ' ' ' ' ' ' '- 0

1400 1600 1800 2000 2200 2400 2600 2800 3000

T3 (K)

Fig. D.8. Decay heat as a function of inside vessel bottom head ten-

perature (T ) for various outside bottom head temperatures (T,), and i =3
0.2 W/(cm K), Model 2.-

i

e



212

.

ORNL-OWG 81-23648 ETD j

~

l i I I i .

20 - k, = 0.4 W/cm K |
e

30 - 6 - 8 -

e

'
To = 366 K45 _

3 "E T = 311 K3o

g 150 -y4 - % -

,

P - i
270 - 0

I

3000 - 2 - | MELTING POINT -
OF STEELg

510 - T = 422 K 8

o

i , , i , i. _ o
900 1100 1300 1500 1700 1900 2100 2300

Ti(K)

Fig. D.9. Decay heat as a function of inside vessel bottom head tem-

perature (T ) for various outside bottom head temperatures (T,), and k =g
0.4 W/(cm*K), Model 2.

*

ORNL-DWG 81-23649 ETD

' ~

l i I | 6

20 - k, = 0.6 W/cm K I .
t
|

30 - 6 - To = 366 K I _

1

!45 - -
3 "E To = 311 K3 e

y 150 - y4 - % | -
,

p - i
270 - O 8 MELTING

|/ POINT OF
3000 - 2 - T = 422 K STEEL _u ,

10s - e

:
' ' ' ' ' '- 0

700 900 1100 1300 1500 1700 1900 2100

Ti(K)

Fig. D.10. Decay heat as a function of inside vessel bottom head
temperature (T ) for various outside bottom head temperatures (T,), and3
k = 0.6 W/(cm K), Model 2.

; *
,

O

|

_ __



213

.

ORNL-DWG 82-6136 ETD

REACTOR* VESSEL O g. 74 7$ 74_74
_. -.

450 PSIG
74 .68- k M EF24" 8" 24" T

R A TE-

74-67

%

74-49 [

RECIRCtA AT:0N | 74,79

.

] 2274-661,'I 74 ,72
74-48

'
74-662;,' i

O
::

74-73 24"

w
e -r -_-^

' I
~

7+. y -

_
_ _

20*
* emtstow porx

u

N iM, PL ALLM

M K ATW
E*CH$NCE*

[]
~

24"
-c>< -

; '74-25 M PM B'

Lf f
--

| p
| A AM) C 1r ~ e

ai M gaf

[ W EXCHAPOER -

D
|| 74-101-C>< ~

[yMND 7 ;
2

23-57 74-100

8 M :: > EECwS

|

&D2 D1 D3

RHR SYSTEM,

PUMPS B AND D "

RIVER RIVER

!

( Fig. D.11. The portions of the RHR System and the RHRSW System that
could be utilized for drywell flooding at BFNP#1.,

l
,

^ ~ ~ ' - v - , - - ~ - - - - - - - - .



.

I

114 |
|

.

Table D.1. Model I heat transfer equations

|
|

Layer Equations
e i

Q(L + L )L* .118 [sph*.ses
,

Convective molten * 8 *
* 0.177 | -- I

steel K (T - T 11.888 a
(s s)s s 4

La
s

Solid UO QL + L + - = K (T -T)1 4 s 2 a 4 s

QLt.**s (gp\..sesConvective molten * -E= 0.177I I
UO 2K (T - T )s.ses a ia (u ofa s 4

Solid UO, and QL8
molten UO,, no __i = K (T -T)convection 2 e a

[I
- T.)l. 1

|Reactor vessel QL =K
* \ '. /8

'
.

Table D.2, Wetwell airspace trapped
volumes at completion
of drywell flooding *

Initial Fins 1 Volume of
pressure pressure trapped air

! (psia) (psia) (fts)

814.7 31.0 39,790

14.7 88.1 14,013
'

20.0 114.0 14.735

25.0 138.4 15,172

30.0 162.9 15,469

"The drywell is assumed to be
vented duries the flooding process.i

I b
For this and the following

cases, it is assumed that drywell
senting does not occur. The initial

i pressure is the pressure in the con-
| tainment at the time the vacuum

*

breakers are covered, and the final
pressure is the pressure in the wet-
well airspace at completion of dry-
well flooding.

l
.
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Table D.3. Drywell pressures

Initial Final Flooded,

pr e s sure pressure volume
(psia) (psia) (ft8)

14.7" 14.7 208,165

14.7 71.8 233,942

20.0 97.7 233,220

25.0 122.1 232,783

30.0 146.6 232,486

" Case with drywell vented:

Initial free volume in dry-
well = 162,008 ft8

Final free volume in drywell
= 33,053 fts

Wetwell air volume at start
of flooding = 119,000 fts

Final wetwell air volumes.

from Table D.2.

.
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Appendix E

DESmIPTION OF 11IE SMAM DISGARGE VOLUME AND
ASSOCIATED PIPING SYSTEMS

.

E.1 Introduction

The function of the scram discharge volume (SDV) piping is to provide
a receiver volume for the water discharged from above the control rod
drive (CKD) pistons during and following a scram. As will be de scribed,
the discharged water is a mixture of hot seal leakage from the reactor
vessel and relatively cold seal leakage from below the drive pistons; it
is the purpose of this appendix to describe the scram discharge volume
and the associated piping systems in sufficient detail to permit an under-
standing of the flow paths involved.

The construction and operation of the control rod drive mechanisms.

'

are briefly discussed in Sect. E.2. The control rod drive hydraulic sys-
tem provides the pressurized water for mechanism operation, and this sys-
tem is discussed in Sect. E.3. The scram discharge volume and the inter-
connected drainage, venting, and instrument piping is described in Sect.
E. 4 . Finally, the air and electrical control logics for the valves on the
boundary of the scram discharge volume are discussed in Sect. E.5.

.

E.2 Control Rod Drive Mechanisms

The Browns Ferry Nuclear Plant Unit 1 (BFNP#1) reactor has 185 con-
trol rods, each driven by an individual integral drive unit contained in

* a housing mounted on and extending below the bottaa head of the reactor
vessel. Figure E.1 is a schoustic drawing of the drive mechanism and
housing; a detailed drawing of the actual assembly is available as Figs.
2.4-2.9 of Ref. 1.

i The innermost portion of the assembly shown in Fig. E.1 is the piston
tube, which is immovable and fixed to the bottcm flange of the drive as-
sembly. The stationary stop piston is mounted on the upper end of the
piston tubs The movable drive piston has both inner and outer seal rings
and slides p or down in the annular space between the piston tube and the
fixed drive cylinder.

The inder tube is attached to and moves with the drive piston, tr ans-
mitting its motion to the coupling spud at the upper end of the assembly,
which enters a mating socket on the control rod. When the control rod is
neither being inserted nor withdrawn, it is held stationary by means of
collet fingers engaged with one of the notches on the index tube as shown
in Fig. E.2. As explained in the following paragraphs, the collet piston
is moved upward when a rod is to be withdrawn; this causes the inner
sloped surf ace of each collet finger to slide upward and outward over the

*

lower conical surf ace of the guido cap so that the collet fingers are
spread apart and no longer engage the index tube notch.

When a control rod is to be inserted, drive water at a pressure con-
siderably higher than reactor vessel pressure enters the insert line shown

.
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on the lef t side of Fig. E.1. This causes the ball check valve to seat at
its lower port and the drive water pressure on the lower side of the drive
piston causes the drive piston and index tubs to move upward, inserting
the attached control rod. The water between the index tube and the piston

*tube in the annular space above the drive piston is displaced upward to
flow through the holes at the upper end of the piston tube and then down-
ward within the piston tube and out through the withdraw line. It should
be noted that the holes at the upper end of the piston tube are progres-
sively closed off as the drive piston approaches the stop piston; the
increasing resistance to the escaps of the water from above the drive pis-
ton provides a hydraulic cushion as the control red approaches the fully
inserted position near the completion of a screm stroke.

When a control rod is to be withdrawn, it is first briefly inserted

by an antarr. tic sequence timer for a period of ~1 s to lif t the index tube
notch off of the collet fingers. High pressure drive water then enters
the withdraw line shown on the right side of Fig. E.1, flowing simulta-
neously into the lower end of the piston tube and upward through the
channel leading to the bottom of the collet piston. The drive pressure
pushes the collet piston upward, compressing the collet spring and causing
the collet fingers to move upward and outward over the lower conical sur-
face of the guide cap, so that the index tube notch is disengaged.* Meane
while, the drive water flowing upward through the piston tube passes out-
ward through the holes in the upper end and then flows downward in the
annular space between the piston tube and the index tube to pressurize the
relatively man 11 upper f acial area of the drive piston. The drive piston
moves downward, withdrawing the index tube and the attached control rod as *

the water below the drive piston is discharged out the insert line.
When the control rod has been withdrawn the desired distance, the

withdraw drive water pressure is relieved. The collet spring then pushes
the collet piston downward, causing the collet fingers to move downward ,

and inward to press against the surf ace of the index tube. The downward
motion of the control rod and index tube is arrested when the collet fin-
gers have dropped into the next index tube notch, thereby locking the conr
trol rod in place.

Under all circumstances except scram, the control rods are moved one
at a time, but when a scram occurs, all 185 control rods are driven into
the reactor sinaltaneously. As discussed in Sect. E.3, the water pressure
at the insert line of each of the drive mechanisms during a scram is pro-

vided by individual accanulators, initially charged to ~2.41 MPs (350 psi)
above normal reactor operating pressure. Because the pressure at the
withdraw line is only slightly above atmospheric during a scram, the large
pressure differential across the drive piston ensures a rapid initial in-
ward control rod movement. However, the drive pressure decreases during a
scram as the accumulators discharge, and when the pressure has decreased
to below reactor pressure, the ball check valve Whewn on the lower lef t
side of Fig. E.1 repositions to seat at the upper port. This permits the
water from the reactor vessel, which flows downward in the annular space
be tween the control rod drive mechanism housing and the outer surf ace of ,

,

'The collet fingers are shown in the disengaged position in Fig. E.1.

.
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*

the drive cylinder, to pass into the volume beneath the drive piston and
1

i provide the force needed to complete the scram stroke.
;

The control rod drive mechanism is designed with simple seats and ;

bushings on the drive ~ piston and stop piston. The seals are constructed |

of Graphitar 14, which is inert and has a low coefficient of friction when*

water lubricated, as in this application, but loses strength at tempera-
tures >120*C (250*F). Accordingly, the pressure in the insert line is i

maintained ~0.14 MPa (20 psi) above reactor pressure under normal operat-
ing conditions (i.e., when the control rod is not being moved and the
withdr aw line is blocked) . This insert line pressure causes a usa 11 cool- ;

ing flow to leak past the drive piston and stop piston seals into the re-
actor vessel.*

The brief description of the construction and operation of the con-
trol rod drive mechanisms provided in this section is intended to provide
the background necessary to an understanding of the material discussed in
the main body of the report. Discussions of the design and operation of
these mechanisms are available in much greater detail elsewhere.1,8

E.3 Control Rod Drive Hydraulic System

As de scribed in Sect. E.2, each control rod drive mechanism is a

double-acting, mechanically latched hydraulic cylinder using pressurized
water as the operating fluid. The pressurized drive water is provided at
the proper pressure and flows by the control rod drive (CRD) hydraulic,

*

system. A schematic drawing of this system at BFNP#1 is shown in Fig.,

E.3, in which one of the 185 rod drive mechanisms is . represented by the
simple pistor-in-cylinder symbol at the upper center.

As shown at the lower lef t side of Fig. E.3, two CED pumps are asso-
,

! cisted with the rod drive hydraulic system of Unit 1. Pump 1A is normally.

in service to the Unit I system, whereas Pump 1B is an installed spare
that is normally idle but can be valved into either the Unit 1 or the Unit
2 system. Under normal conditions, Pump 1A discharges water from the Uaf t
1 condenoste storage tank into the pump minimum flow line back to the con-
densate storage tank (20 spm), into the flushing line for the Unit I re-
circulation pump seals (8 gpm), and into the CRD hydraulic system (60
spm) .

The flow into the CRD hydraulic system is maintained at 60 spa by a i

flow control station, which consists of a venturi flow element, tr ansmit-
ter, flow controller, and a set of parallel air-operated flow control
valves (shown as one valve in Fig. E.3 for simplicity) . The " charging
header" taps off the main line be tween the venturi flow element and the
flow control valves and is one of the four headers connecting the main
CRD hydraulic system piping to the Unit 1 hydraulic control units (HCDs).

*Nost of the OED mechanism cooling water flows from the insert line
into the reactor vessel through the annulus formed between the housing and

*
the outer surf ace of the drive cylinder. The cooling water enters this
annular space through a drilled se t screw (not shown in Fig. E.1) mounted
in the bottom flange.

1 .

1
I
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As indicated oa Fig. E.3, each of the 185 control rod drive mecha-
nisms is connected to its individual hydraulic control unit (HCU). Each
HCU comprises a four-valve manifold to govern rod insertion or withdrawal,
a set of scram inlet and outlet valves, and a scram accumulator, as well

*as several manual isolation valves which are not important to an under- -

standing of basic system operation and not included in Fig. E.3. Figure
E.4 is an isometric drawing of an actual HCU.

During normal operation, the function of the charging header is to
ensure that the scram accasulators contained within each hydraulic control

unit remain fully charged. As shown on Fig. E.3, the accumulators float
at the CRD pump discharge pressure, which is established at ~9.76 MPa

! (1400 psig) by the flow control station, and there is no flow in the
charging header under normal operating conditions.

When a scram occurs, the scram inist valve and the scram outlet valve

| open on each HCU. The water displaced f rom above the drive piston of each
control rod drive mechanism is displaced through the scram outist valve to
the scram discharge volume, which is described in Sect. E.4. With the
scram inlet valve open, the scram accumulator discharge is passed to the
volume under the drive piston, forcing the control rod up into the reactor
as discussed in Sect. E. 2 .

When the scram accumulators are fully discharged, the flow through;

the 185 open scram inlet valves is maintained by a large flow established
in the charging header. In attempting to maintain a flow of 60 sps at the
venturi, the flow control station valve will fully shut so that all of the
CRD pump discharge except that diverted into the minimum flow and recir-

.
culation pump seal flushing lines is passed into the charging header. As *

! shown on Fig. E.3, a restricting orifice is provided in the charging
'

header to limit this flow to a maximum of 170 gym. When the control rods

are fully inserted, this flow continues into the control rod drive mecha-
nisms where it leaks past the drive piston seals into the volume above the ,

pistons; from there the flow passes through the scram outlet valves to
the scram discharge volume until that volume is filled and then leaks past
the stop pistons into the reactor vessel. The drive piston seal leakage

|
is such that the scram accumulators cannot be recharged until the scram is
re se t, at which time the scram inlet (and outlet) valves are shut.

The second of the four headers from the main CRD hydraulic line is

the drive header. The inlet to this header is located downstream from the
flow control station and upstream of the drive water pressure control sta-
tion, which is set to maintain a drive pressure of ~1.79 MPa (260 psi)
above reactor vessel pressure. As shown on Fig. E.3, the f unction of the
drive header is to provide pressurized water to the four-valve manifolds
within each of the HCDs.

It is important to recognize that other than for a scram, the control
rods are moved individually (i.e., only one is repositioned at a time) .
When the two valves marked " INSERT" on Fig. E.3 are opened, a flow path
exists from the drive header to the volume below the drive piston of the
control rod drive mechanism and a second flow path is established from the
volume above the drive piston into the exhaust header, resulting in upward ,

movement of the drive piston and the attached control rod. Alternatively,
when the two valves marked WITBDRAW are opened, the drive header is con-
pected to the above piston volume, the below piston volume is connected to

i the exhaust header, and the control rod is withdrawn. Under normal oper-
*

sting conditions the valves in the four-valve manifold are shut, the con-

trol rods are stationary, and there is no flow in the drive header.

I

i
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*
It is desirable that the flow through the drive water pressure con-

trol station should remain constant during control rod manipulation, and
the stabilizing valves shown on Fig. E.3 are provided for this purpose.
Because of the difference in above piston and below piston f acial areas

1 * (cf. Fig. E.1) , somewhat mitigated by the seal leakage into the reactor
vessel from the above piston volume, the flow into the drive header is 4
gym for rod insertion and 2 spm for rod withdrawal. Thus, the INSERT
stabilizing valve is adj usted to a flow of 4 gym under normal operating
conditions when there is no flow in the drive header and is automatically
shut when a control rod is being inserted. Similarly, the 2 spa WITHDRAW
stabilizing valve is shut only when a control rod is being withdrawn. As
shown on Fig. E.3, this arrangement results in a constant flow of 54 spa
through the drive water pressure control station.

As discussed in Sect. E.2, the control rod drive mechanism seals for
the drive piston and the stop piston are composed of Graphitar-14, which
is subj ect to degradation at elevated temperatures. Accordingly, the conr
trol rod drive mechanisms are cooled by a continuous flow from the insert
line into the reactor vessel of ~0.324 gym per mechanism under normal oper-
ating conditions. This total cooling flow of ~60 gym is provided by the
cooling header whose inlet is between the drive water pressure control
station and the cooling pressure control station (Fig. E.3) . The action
of the flow control station to provide a flow of 60 gym into the CRD hy-
draulic system also results in the proper differential pressure at the
cooling water header to maintain this flow into the reactor vessel; this
flow is insufficient to induce drive piston and control rod movement.

It should be noted that the 60 spa flow into the cooling header con-' *

sists of 54 gym from the drive water pressure control station and 6 gym
from the cooling pressure control station, the latter being the same flow
that has passed through the stabilizing valves. These flows differ from
those intended in the original design in which valve 85-50, shown as shut

j ,

on Fig. E.3, was to be open during normal reactor operation so that excess
ORD hydraulic syster flow not used for seal cooling would be passed into
the reactor vessel via a direct connection.* With valve 85-50 unut, the
water discharged f rom a drive mechanism during a normal contial rod inser-
tion or withdrawal flews through the exhaust header, through the cooling
pressure control station, and through the cooling header into the below-
drive piston volumes of the other 184 control rod drive mechanisms that
are not being operated.

As discussed in the preceding paragraphs, ~60 spa is pumped from the
conde nsa te storage tank into the reactor vessel via the control rod drive
hydraulic system as cooling flow for the control rod drive mechanisms
under normal operating conditions. The control rod drive hydraulic system
can also be used as a high pressure inj ection system with a much higher
inj ection flow under emergency conditions. This is accomplished by open-
ing valve 85-50 and normally shut valve 85-551 in the pump test line and

,

closing valve 85-519 in the pump minimum flow line. This will cause the

*The system is now operated with valve 85-50 shut because of thermal-

stress problems associated with direct injection of relatively cold water
into the reactor vessel.

.
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pumpe d fl ow to bypass the system flow and pressure control stations, and '

at normal operating pressures, ~200 spa will enter the reactor vessel via
feedwater line B (Fig. E.3) . This inj ection flow can be further increased
by opening the CRD pump discharge cross-connect valve and starting the
spare pump 1B, and by fully opening the throttling valve (not shown in 4

Fig. E.3) in the common discharge line from pumps I A and IB.

E.4 Scram Discharae Volume

The function of the scram discharge volume is to receive the water

discharged from above the drive pistons of the CRD nochanisms during the
scram stroke and to receive and hold the subsequent seal leakage f1ce
until the scram is reset and the scram outlet valves are shut. Because
the scram outlet valves are located within the HCUs, the scram discharge
volume piping is located in close proximity to these units, which are
arranged in two groups on the 565-f t elevation of the reactor building,
outside of and on opposite sides of the primary containment (Fig. E.5) .!

Each group of HCUs consists of two parallel rows of units with the scram
discharge volume piping located above (Fig. E.6) .

A 3 / 4-in. scram discharge line leads frca the scram outlet valve in

each HCU to the scram discharge volume (SUV), yhtch comprises the two sets
of four 6-in. headers shown in an isometric view in Fig. E.7 . These head-
ers drain into a 12-in. scram discharge instrument volume (SDIV), which in
turn has a drain valve into a 4-in. drain header leading to the reactor

"
building equipment drain tank. As shown in Figs. E.6 and E.7, each set
of scram discharge volume piping is vented through a 1-in. line and vent
valve to the radwaste system. Af ter the partial failure-to-scram. at BFNP
Unit 3 on June 28, 1980, these vent lines were also permitted ingrecs from
the reactor building atmosphere via a vacuum breaker downstream of the .

vent valves.: The control system for the vent vrives and the drain valve>

is discussed in Sect. E. 5 .
I'nder norm 61 operating conditions, the vent valves and the drain

j valve are open so that the scram discharge volume (SDV) and the scram
'

discharge instrument volume (SDIV) are drained and at atmospheric pres-
sure. As indicated on Figs. E.6 and E.7, the SDIV is fitted with six
float switch level sensors to detect any accumulation of water during
reactor operation. These sensors protect against an inability to svram
because of an accumulation of water in the scram discharge volume, pro-
viding an alarm at 3 sal, a rod block at 25 gal, and a scram should the
level in the SDIV correspond to a volume of 50 gal or more.

When a scram occurs, the scram inlet and outlet valves on all of the
hydraulic control units open and the two SUV vent valves and the SDIV
drain valve automatically shut. During the scram strokes, ~3.3 gal of
water are displaced from the volume above the drive piston in each control
rod drive mechanism, and this total flow partially fills the scram dis-

'
charge volume. When all control rods are fully inserted, leakage from the
reactor vessel past the stop piston seals and from the charging header .

past the drive piston seals mixes in the volume above the drive piston in
each drive mechanism and flows through the open scram outlet valves until

i'
.

|

|
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. the scram discharge volume is filled and pressurized to full reactor pres-
sure.

When the scram is reset by the operator, the scram inlet and outlet
valves shut, and the two SDV vent valves and the SDIV drain valve auto-
matica11y open, permitting the scram discharge volume and associated pip-*

ing to depressurize and drain.* It is important to note that scram signal
bypass provisions do not exist for several of the scram signals and that a
significant time can pass before some scrans can be reset; during this
period the scram discharge volume and the associated piping would remain
at full reactor pressure. The signal identification, setpoints, and by-
pass provisions for reactor scrans from normal full power operation are
listed in Table E.1. Scrans without bypass can be reset when the condi-
tion causing the scram has cleared.

E.5 Scram Discharme Volume Valve Control

The operation and control logic for the scram inlet and outlet
valves, the SDV vent valves, and the SDIV drain valve are discussed in
this subsection. It should be recognized that the control rod drive hy-
draulic system and the scram discharge volume piping were designed for
maximum scram reliability, as reflected by the de sign provisions de scribed
in the following paragraphs.

As previously discussed, each hydraulic control unit (HCU) comprises
the scram inlet valve and the scram outlet valve for its associated con-.
trol rod drive mechanism. These scram valves are air-operated globe
valves with Teflon seats, held closed by control air pressure during nor-
mal reactor operation and snapped open by internal springs when air pres-
sure is removed. A schematic of the control air supply to the air-opera-
tors of these valves is included in Fig. E.S. As shown, the control air-

pressure is transmitted through the solenoid-operated backup scram valves
and scram pilot valves.

There are two solenoid-operated scram pilot valves in each RCU, each
energized from a separate reactor protection system (RPS) bus (A or i to
remain in the position shown in Fig. E.8. When a scram occurs, both scram

pilot valve solenoids are doenergized by the Reactor Protection System and
both scram pilot valves reposition so that the air operators of the scram
inlet and the scram outlet valves are vented to abaosphere, permitting the
scram inlet and outlet valves to be opened by their internal springs. It

should be noted that the piping arrangement provides that the scram inlet
and outlet valves will remain shut if only one scram pilot valve is de-
energized at a time.

'The high SDIV level scram does not occur provided the operator has
followed procedure and moved the reactor mode switch frca RUN to SHUTDOWN
or REFUEL and actuated the keylock switch bypass of the high SDIV level
scram prior to scram rese t. This bypass provides a control rod withdrawal

.

block and sounds a control room alarm.

.
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In contrast to the scram valves, the SDV vent valves and tdo SDIV '

drain valve are held open by control air pressure and are spring-loaded to
shut. Each of the scram dump valve solenoids shown on Fig. E.8 is powered
from a separate Reactor Protection System bus ( A or B), and when a scram
occurs, both solenoids are deenergized. Upon deener'gization, the scram e

dump valves reposition to ' vent the air operators of the SUV vent and the
s

SDIV drain valves to atmosphere, permitting these valves to be shut by -

their internal springs. If only one scram dump valve is doenergized, the
SDV vents and the SDIV drain will renais open. >

,

An SUV isolation test valve operable from the control room idfpro7
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 valves can be detected by monitoring the subsequent level '
increase in the scram discharge instrument volume. The SDV isolation test
valve is normally deenergized and aligned as shown in Fig. E. 8 . When opc1
rated, the solenoid is energized f rom instrument and control bus w, and
the valve repositions to vent the air operators of the SUV vent valves and
the SDIV drain valve to atmosphere. Backup power is available to the SUV
isolation test valve from the uninterruptible 120-V ac bus.

As shown in Fig. E.8, control air pressure to the air operators of
both the scram pilot valves and the scram dump valves is transmitted from
the control air supply through the backup scram valves. Tis backup scram
valves are not intended to function as an alternate withod for rapid, scram
of all control rods, but do provide assurance that air pressare will be
removed from the air operators of the scram inlet and outlet valves in all
HCDs and from the SUV vents and SDIV drain valve operators As protection .

against a common cause f ailure of the scram pilot valves sad scram dump
valves. '

During normal reactor operation, the backup scram valve solenoids are
deenergized and the valves are aligned as shown in Fig. E.8. Both Reactor
Protection System channels A and B sust trip to energize any or all of the *

backup scram valvo solenoids and when this occurs, the backup scram valves
realign to vent the control air linea leading to the scram pilot valves
and the scram dump valves. Although the backup scram valyes all actuate
whenever the two Reactor Protection System channels trip,1the 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 maall valve
ports. '

All CRD hydraulic system valves f ail in the scrammed position upon
,

-y,
loss of electrical power or control air (i.e., the scram' inlet and outlet ' -

valves fail open, and the scram discharge volume vents, and the scram dis-
charge instrument volume drain f ail shut) . Thus', in the failed condition,
the reactor would be scrammed, and the scram discharge volume and associ-
ated piping, af ter filllas, would remain at full reactor pressure. , '

; 4

.
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Fig. E.8. SDV valve operator air supply network.
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Table E.1. BFNP scrans from full power

Signal Setpoint Bypass

Low reactor vessel water level 533 in. None
Besotor vessel high pressure 1055 pois None
Drywell high pressure 2.0 psig None
Main steam lins high radiation 3 x normal None
High neutron fluz (0.66 W + 42)% None
Average power range monitor ho inoperative None
Loss-of-RPS power None
Loss-of-control air None
Manual None
Shutdown mode None
MSIV closure 105 closed Not in run and (1055 psig
Main condenser low vacuum 23 in. IEl Not in run and (1055 pois
Turbine stop valvo closure 105 closed (30b 1st stage pressure g
Tarbine control valve f ast closure 850 psig (30b ist stage pressare
Intermediate-range monitor high APRM <3% Not in run
or inoperative and companion
average power-range monitor
downscale
Scram discharge vol m e level high 50 gal Shu' 9own or ref uel and -

keylock switch
Low control air pressure 60 psis Shutdown or ref uel and

keylock switch

!

|
'

|
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Appendix F

NARG INPUT FOR BASE-CASE SDV BREAK ACCIDENT
SEQUl!NCE WITH NO OPERATOR ACTION

~
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*
SOVA NEh8 W/ DESIGN ECC PARAMATERS
LCHANGE

TRST = 1000.,
PRST = 10C0.0,
CPSTP = 1CCO.,

& IS = 10,
IFPM 10,=

IFPV = 10,
PEL = - 1,
FDAP = -1 0,
INX = -1.0,
TFX = -1.0,
IbOTX = 10,
HIMX = - 1 0,
HIOX = -1.0,
IGASX = 10.
WALLX = -1 0,
PFAll = -1.0,
AC6RK = - 1 0,
10 = 0,
J F I S H = - 1,
NCT7 = 1,

NCHS T = 1,
LST7 = 0,
IPLOT = 0,

GEND
EFPANAL
TIMEON=2000.0,

& EEND
ENLMAR

IIRAN=1,
IBRK=1,
ICBRK=1,
15PRA=1,,

IECC=2,
ICE =0,
NPAIR=0,

NINTER=18
IXPL*0,
IBURN=0,
TBURN=0.,
H2HI=0.,
H2LO=0.,
IPDTL=7,
IPDEF=0,
IPLOT=3,
IU=0,

ICKV=le
IFPSM=2,
IFPSV=2,
VOLC=2780CO.0,

DTINIT=0.02,
TIME =440.0,

TAP =1.18E6,,

EEND

.

,- , - - . , - - - - . - , . -
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CNLINTL
LE ND
STEEL CONCRETE
DWLINER CWFLOOR UPRXPED LORXPED WWLINER

*
ENLSLAB

NMAT=2,
hSLAB=5,

DEN (1)=486.924,157.481,
HC(1)=0.1137,0.3107
TC(1)=25.001,0.881,

NCD(1)=1,6,17,26,35,
IVL(1)=1,1,1,1,2,
IVRil) 1 ,1 ,1 ,1 ,.? ,=

NN01(1)=5,11,9,9,$,
NN02(1)=0,0,0,0,0,
MAT 1(1)=1,2,2,2,1,
NAT2(1)=1,2,2,2,1,
S ARE A ( 1 ) = 186 84. 0,1640. 3,413 0. 0,1815.0,1705 0.0,
HIFil)=5*0.0,
CTDX(1)=0.0.0.0,1.0.1.0.0.0,
X(1)=0.00,0.01,0.03,0.05,0.09375,
Xt6)=0.,0.08,0.25,0.50,0.75,1.0.1.50,2.0,3.0,4.0,4.7326,
X ( 17 ) =0 .0 0,0 10,0. 20,0. 5 0,1.146,1. 7 92,2. 0 9 2,2.192,2. 2 92,
X(26)=0.0,.25 75,1 25,1.75,2.25,2.75,3.25,3.49,
XI35)=0.00,0.0100,0.020,0.040,0.C625,

T E M P ( 1 ) = 3 4 * 118.0, 5 * 12 0. 0,
CEND
LNLECC 4

PUH10=0.,
UNID=0.,
PACM0=0.,
ACM0=0.,

TPHH=1.E8, .

PHH=1.E6,
PFLO=100.0,
WhH1=5000.,
TMSIS=1.E8,
PSIS=0.0,
PSLO=0.,
WSISt=0.,

TMLH=1.E8,
PLH=1.E6,

,

| PLLO=50.0,

! WLH1=600.,
NP = 2,
TM(1) = 0., 0.,
STP(1) 1.E6, 1.E6,=

P(1) = 295., 289.,
WEC(1) = -41429., -16346.,
PLOll) = 0., 0.,

STPHH=1.E8,
STPSIS=1.E8,

STPLH=1.E8, *

RWSTM=3107859.,
ECCRC=1.,
CSPRC=0.,
DTSUB=-100.0,

.

. _ _ _ _ _ _ _ _ . . ._ -__
. - , ,
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W TC AV=1 0,
TUHI=0.0,
TACM=0.,
TRWST=80.,

S TP E CC= 1. E 7,,

CENO
ENLECX
CEND
ENLCSX
EEND
ENLC00L

JC00L=1,
CCR=6.4875t6,
CWPR=2100CO.,
CTPR= ISO.,
CWSR=8587.7,
C T SR = 10 5. ,

TC00L=652.,
NCOOL=0,
CRC 00L=0.,
PC00L=0.0,
PCFF=0.0,

EEND
ENLMACE

NCUB=2,
NRPVl=3,
NRPV2=1,

NRPV3=0,
A ICECUB=-1,

PO=15.7,
FALL =0.,

HMAX=280.0,
DT0=0.05,

DTS=5C00.,-

DTPNT=2.,
ICRY=-1,
IWET=2,
IBETA=0,
WP00L=7792897.,

TP00L=120.,
DCF=1000.0,
VCRY=533.7,

i

i VTORUS=257700.,
WVMAX = 1282914.5,
PRESSile2)=0., PRESS!2,1)=0.,

WICE=0.,
TICE=0.,
TWTR=0.,

I TWTR2=0.,
TSTM=0.,

I DCFICE=0.,
! NSMP=-2,

NSMP2=2,
* WVMAKS=0.,

NCAV=1,
VCAV=133.7,
VFLR=400.,
FSPRA=1.,

,

!
L
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IVENT=0,
TVNT1=0.,
TVNT2=0.,
AVBRK=0.,
CVBRK=0.,

4
VC(1)=159000.,119C00.0,
AR E A ( 1 )= 16 40. 3,10 9 80. C .

HUM (1)=0.2.1.0.
T E M P0( 1 ) = 118. 120. ,

INERT (1)=1,1,
N=4, ~

NSil)= 3, 3, 2, le
NC(1)= 1, 1, 1, 1,
NT(1)= -7, -7, -7, 7.
Cllll= 400., 500., 177., 652.,
C2(1)= .593, .593, .593, .593,
C 3( 1 )= .6374, 21.0, .6374, .568,
C4(11= 0., 0. , 0., 0.,

KT(1,2)=1,KT(2,1)=1,
STPSPR=705.,

CEND
CNLBOIL

NDTM = 10C000,
R1= le
R2 = 10
NNT = 45686,
NR = 44749
NDZ = 10,

4ISTR = 3,
ISG = 0,

MELMOD = -1,
IPWA = 1,
ISTM = 0
IHC = 0, '

IHR = le
NDZDRP = 2,

IMZ = 100,
, FR = 0.0,
! FP = 0.0,
. MkCRNL = 1,
'

IFP = 2.
| ISAT = 1,

IGRID1 = 1,

IGRID2 = 0,
KRPS =0,
THPS = 0.0,
A N SK = 0.0
TOK = 0.0,
YT = 0.0,
YB = 0.0,
CTK = 1000.0.
ICON =0,
TMSGI = 1.0E06,
TMSG2 = 1.0E06, *

TPM = 10,
l AB(11=.02128,.02136,.02148,.021 1,.02173. 02185,.02197,.02210,

AB(9)=.02222,.02234 02247,.02; 9,.02271 02284 02296,.023
TB(11=438.,440.,443.e446.,449., 52.,455.e458.e

.

._-
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TB 19 ) =461. ,464. ,4 61. e 4 70. ,4 73. , 76.,479.,480.,
TMYBK=0.0,
YBMK2=-1.,

TMLEG(1) 1. 0 E 06 ,=

. WDED = 0.0,
TPUMP1 = 1.0EC6,
TPUMP2 = 1.0E06,
QPUMP1 = 0.0,
QPUMP2 = 0.0,<

TMUP1 = 1 0E06,
TMUP2 = 1.0E06,

|
WMUP1 = 0.0, '

WMUP2 = 0.0,
HC80T=18.03,
VSHEAD=981.4,
HSHEAD=3.72,
ASTAND = 42.5,
H S TAND = 6. 81,
ASEP = 173.8,
HSEP = 7.73.

TSCT(1) 500.0,=

TSBill = 0.20.
TALF1 = 1.0E10,
TALF2 = 1.0E10,
QlERO = 1.1242E10,
H= 12.289,

H0 = 13.64,
b DC = 15.59,

ACOR = 108.74,
ATOT = 261 43,

WATBH = 150103.2,
0 = 0.0424,
CF = 0.0358,
OH = 0.0459,
CLAD = 0.00472,
XCO = 0.0,
Rh0CU = 81.48.

HW = 150.0,
TG00 = 554.0,

CSRV = 0 0,
TME LT = 4352.0,
TFUS = 5381.0,
TFAIL = 2500.,
FOROP=.75.
FCOL = .75,
FDCR = -0.50,
DPART = 0.020833,
DUO 2 = 0.0358,
FZMCR = 0.05,
FZOCR = 0.08,
FZDS1 = 0.10
F12 = 0.445,

WFE2 = 2865.8,.

TFEGO = 554.0,
WIRSG = 0.0,
FULSG = 0.0,
PSG = 0.0,

PVSL = 1080.,.

!

_ ._ . ~ . . . _ . . _ - - - .
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TCAV = 650.,
YLEG = 16.0,

A8RK=0.0,
Y 8R K =- 1. ,
DTPNT8 = 5.0, *

DTPN = -3.0
TPN = 1.0E06,

VOLP = 21338.4,
VOLS = 14482.2,

TMAFW = 1 0E06,
WAFW = 0.0,
TAFW = 0.0,
WCST = 0.0,
F ( 1 ) = 0. 4 c 2,1,19,1.18,1. 0 4 . 0 5,1. C 6,1. 0 9,1.2 3.1.0 6,0.416,
PFill=1.017,1.087,1.093,1.095,1.096,1 094,1.0875,1.128,
PF(9)=0.9665,0.408,

10*0.1,VF(1) =

456.0,456.0,456.0,TT(1) =

CM(1) = 2865.8,9852.3,8712. ,

AH(1) = 286.6e5085.2,31700. ,
DD(1) = 0.5,0.5,1.0,
ARil) = 286.0.332.9,72.5.

TT(4) 456.0,456.0,456.0,=

CM(4) = 2331.C,5259.0,23593 ,

AHt4) = 400.0,6866.0,687.0,
0D(4) = 0.17,C.02,0.703,
AR(4) = 0.0,-7.083,-12.79,

NVALVE = 13, 4

RAiFLO = 838900.0,
RATPRS = 1143.0,
RATRHO = 2.6083,
PSET1 = 1120.0,
TSET2 = 1.0E8,

,

PSET2 = 0.0,
WATMAS=162672.6,

CEND
CNLDP

TCP = 1. 0 E 8,

NUMVAL = le
PSETDP = 0.0,

GEND
ENLHEAD

WZHC = 144381.7,
WFEC = 26980.C,
WUO2 = 351439.9,
WGRID = 66750.0,
WHEAD = 207500.0,
TMLT = 4135.0,
DBH = 20.915.
THICK = 0.7031,
CCND = 6.39,

El = 0.0,
E2 = 0.0, ,

FDPEN = 0.0,

EENO
ENLHOT

IHOT = 100,
i MWR = le .

_-
_ _ _ _ _ _ _ -_
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DP = 0.25,
CCN = 6.39e
FLRMC = 3360.C.
WTR = 0.0,

. TPOOLH = 100.0,
NSTOP 200,=

CENO
GNLINTR

CAYC = 0.01524,
CPC = 1.30,
DENSC = 2.375.

TIC = 308.16,
FC1 = 0.455,
FC2 = 0.070,
FC3 = 0.388
FC4 = 0.048,
R8R = 0.135,

R0 = 322.6,
R = 6000.0,

CT = 0.5,
, TF = 1.0E06,
'

TPRIN = 3CO.0,
OPRIN = 300.0,

HIM = 0.20.
HIO = 0.09,
FIOPEN = 0.50,
NEPS = 2,

4 TEP5(1) = 0.0,1.0E07.
EPSill) = 0.5,0.5,

!

I'4 HC = 1,
iGAS = 1,
ZF = 1000.0,
WALL = .001,*
TAUL = 0. 5,
TAUS = 5.0,

EEND

.

.

-- - - -
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Appendix 0

A RI! LAPS ANALYSIS OF A BREAK IN THE DISGARGE
VOLUME AT ' HIE BROWNS FERRY UNIT ONE PLANT
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ABSTRACT

As part of the Severe Accident Sequence Analysis Program, a
RELAPS/ MODI simulation of a scram discharge volume piping break at Unit 1

of the Browns Ferry Nuclear Plant has been performed. The analysis shows
eventual core uncovery can occur assuming that the operator takes no action
to mitigate the consequences of this small break loss of coolant accident.
Included also is a comparison of results to similar calculations performed
at the Oak Ridge National Laboratory.

4
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SUMMARY

As part of the Severe Accident Sequence Analysis (SASA) Program, a
scram discharge volume small break loss of coolant accioent (SBLOCA) of
Unit 1 of the Browns Ferry Nuclear Plant is analyzed herein. The objective
of this analysis is to determine the mechanism of core uncovery assuming no
operator intervention. This Idaho National Engineering Laboratory (INEL)
task parallels a similar effort of the Oak Ridge National Laboratory (ORNL).

The scram discharge volume (SOV) is located in the reactor building
outside of primary containment. A non-isolable 50V break is assumed to

occur shortly after a reactor scram. Vessel inventory is maintained by the
high pressure coolant injection (HPCI) system. As the fission decay power

*
decreases, the HPCI depressurizes the vessel below the shut-off head of the

condensate / condensate booster pumps (CSPs). The C8Ps flood the vessel ano

deactivate the HPCI turbine.
.

Subsequent to vessel floooing, reactor vessel pressure remains above

the shut-off head of the low pressure coolant injection and core spray
systems, precluding their operation. Without means of automatic inventory
replenishment, depletion can only result in core uncovery if no operator
action occurs. These results agree with the ONRL results.

i

9
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A RELAPS ANALYSIS OF A BREAK IN THE SCRAM DISCHARGE VOLUME AT THE
*

t BROWNS FERRY UNIT ONE PLANT

e

1. INTRODUCTION

The basis for the investigation discussed herein is rooted in the
June 13, 1980 Browns Ferry Unit 3 Boiling Water Reactor partial failure to
scram incident. Subsequent studies,1,2 conducted by the Office for
Analysis and Evaluation of Operational Data (AE00) of the Nuclear

Regulatory Commission (NRC), identified a break in scram discharge volume
(50V) as a potential problem since in some instances the break cannot be
isolated.

Further investigation of the postulated SOV break conducted at the
Oak Ridge National Laboratory (ORNL) determined that the worst SOV break
scenario occurred if it is assumed that the operator did not intervene and
the plant protection systems were allowed to trip automatically.

>

To orovide an independent 50V break calculation, the worst case

sequence was simulated by SASA personnel at the Idaho National Engineering

Laboratory (INEL). The simplified one recirculation loop Browns Ferry.

model developed for the station blackout studies was used to conduct the
,
'

5RELAP5 SOV break analysis assuming no-operator action.

|
The report provides a sununary discussion of the SDV break in five

' sections which follow. Section 2 describes the problem, Section 3
discusses the code, the model and the initial boundary conditions.

| Section 4 summar.izes the results. A comparison between the INEL/0RNL

calculations is made in Section 5. Section 6 itemizes the conclusions and
I observations of the 50V break study.

*
,

|

1
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2. PROBLEM DESCRIPTION

.

During a reactor scram the scram discharge volume (50V) receives
*effluence from the control rod drives (CRDs). Normally unpressurized, the

SOV becomes part of the reactor coolant system pressure boundary upon a

scram ano until the scram is reset. Any leakage from the SDV or its
associated piping accumulates in the basement of the reactor building.
Since the 50V is loca.ted outside of primary containment, as shown in
Figure 1,I accumulation of effluence in the basement can eventually flood
the vessel water inventory equipment (VWIE) located there, rendering it
inoperative. In particular, the high pressure coolant injection (HPCI),
reactor core isolation cooling (RCIC), residual heat removal (RHR), and
core spray (CS) system pumps are located in the basement of the reacter
building and will fail if flooded.

A key assumption in this accident sequence is that the operator takes
no corrective or mitigating action (ORNL has demnnstrated that normal
operator intervention will make the transient recoverable, see

,

Reference 3). Thus, the scram is not reset, the SDV is not isolated from
the reactor, the RCIC is not reset after its injection terminates and the

safety relief valves are not manually used by the operator.
.

Briefly, this accident proceeds as follows: The initiating event is a

spurious high main steam line radiation signal which causes the main steam
line isolation valves (MSIV) to close and the reactor to scram. Thirty
seconds later, the SDV break occurs and effluence begins flowing into the
basement. The vessel water inventory is automatically maintained by the
HPCI-RCIC systems until the reactor vessel pressure falls below the
shut-off head of the condensate and condensate booster pumps (CBPs). CBP

injection floods the vessel and the HPCI steam turbines, thus leaving the
vessel without means of inventory replenishment. The CBPs fail when their
source of water i.e., the condensate hotwell is depleted.

.

0
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3. MODEL AND CODE
*

The overall response of the system depends upon coding, modeling, and
8application of boundary conditions. RELAP5 was used to perform the -

transient simulations. The model used in the simulation was developed
during the INEL station blackout studies. Figure 2 contains a nodalization
diagram of the Browns Ferry Unit I model(Configuration Control No. F00930).
Vessel conditions at time of reactor scram were 100 percent rated power,

(see Table 1).

Only minor modifications necessary to apply boundary conditions or
alleviate computational difficulties were made on the Reference 4 mocel.
The modifications implemented are listed below:

1. The break area (see junction 437 Figure 2) was sized to pass 550
gpm assuming upstream conditions of: 1050 psia, 525'F. The
break occurred 30 s s'ter the transient began (see Table 2). The
break area was assumed constant for 90 min. Thereafter, the area

*

was slowly increased over a 6.5 hr time span until 1800 gpm would
leak from the vessel. Such behavior simulates the action of a
line 'ureak (see Figure 1) with the break flow being limited by
the CR0 Graphitar seals. The slow increase assumed to begin at -

90 min is physically caused by erosion of t5e seals. The maximum
area obtained at 8 hr in the transient represents the complete
erosion of the seals.

2. The level trip logic was improved from the Reference 4 model.
The HPCI/RCIC systems were modeled to trip on when the downcomer
water elevation was 476 in, and off at the 582 in. level.

However, to prevent spurious elevation signals from either
tripping the systems off or on incorrectly, the logic was

modified to include a three point moving average computer;

I

f

.

I a. RELAPS MODI Cycle 13, Code Configuration Number F00341.with updates

| was used (see Reference 5)

.

|

l

. _-. . .
- - _.



255

.

s

-

r gN% a
.

.. < w r
'

1_ _ - 19 g ,. ,

1 1 1 1 1 5 $' * "

.

SRMR$
]..t. _.__. . .,,

1'-e ,cI $
.

l
I e 8%i C~ t

i m a r _ i
.

W E 8Gy
m

SG ! ! ! 1:f=("|2'
-

I .

3 n2 --

. a i Ejs __e =
Q /// // ////' " gg

5 w-D-M 9 2 e
5

..

O @t
' I e 33 1q g a 8

-i-1 ! ! ! ! ! !-
1

}8e es-

a
I e f-=!-* f si 1 e

N .,Da. gs a+-e E eg> 's !G
'

'

1w w w- = -
' ~

y|. |
14 9

.,

r- I | '----5| 1,D I, e!
sO -

: _
- -

k I
'

_x.
l 5 .f .

,

4r
- i,

d| 5|,

GA <@ 2
| 11. .
73.

!

|

l
5

.

- - _, __ _ _ _ _ _ _



\

% ',

256
y

.

t

a'1,

A

.

t

3
"w

.,
, . ~

TA8LE'l. REACTOP CONDITIONS AT TIME OF SCRAMt ,

,

Condition Value
,

i

Total Reactor Power 3.357.9 MW (t),

Main Steam Flow 13.63 x 106 lbm/hr
'

Feedwater Flow 13.46 x 106 lbm/hr
,

| / Downcomer Level 544.5 in

Steam Dome Pressure 1016.1 psia'

Lower Plcm:m Pressure 1053.4 psia.
,

' '

~ Lower Plenum Temperature 526.5'F
.

' System Total laventory 7.295 x 105 lbr.

Core Mass Flow Rate 94.3 x 106 lbm/hr
,
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TABLE 2. CHRON0 LOGY OF MAJOR EVENTS

Time
(sec) Event

0 Reactor trip on high main steam line radiation.

3 Main steam line isolation valves closed.

30 SOV piping break initiates.
'

450 HPCI and RCIC initiate on low vessel water
level.

780 HPCI and RCIC trip off on high level. The RCIC
is not reset.

450-12900 Level maintained between 476 in, and 582 in by
HPCI system.

.

12900-18660 CBPs initiate and rapidly fill the vessel,
flooding the HPCI turbine. Level maintained
until Cps f ail on loss of suction.

19300 Reactor vessel pressure begins to increase.

after reaching a minimum of 316 psia.

19300 + Vessel pressure continues to rise and
eventually actuates the safety relief valves.
A boil-off ensues, reducing vessel inventory
until the core uncovered.

-

9
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_ -

,
EL = 7 EL (n - 2) + EL (n - 1) + EL(n)

. _

where .

downcomer water levelEL =

current time stepn =

with the trip occurring after a 10 s delay (see
Reference 4 Appendix B for a description of EL)

3. The recirculation pumps were modeled to runback to 20 percent

speed upon reactor scram and trip off when the downcomer water

level reaches 476 in. (low-low level).

4. The total liquid delivered to the reactor building was tracked
during the transient. The liquid delivered was calculated as the
sum of the break flow and a constant 170 gpm control rod drive *

cooling flow which bypasses the reactor vessel. The VWIE located
in the basement is assumed inoperative when 470548 gal of water

have accumulated there. .
,
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.

4. RESULTS

The initiating event of this severe accident sequence is a high main,

steam line radiation signal, which results in the closure of the main steam
line isolation valves (MSIV) and a corresponding reactor scram.
Concurrently, the feedwater pumps begin a rapid run-out as shown in
Figure 3, but fail upon loss of steam. The recirculation pumps run back to
20% speed in 50 sec. The motor-driven concensate and C8Ps remain
operational, but are unaole to inject fluid into the vessel because of
their relatively low shut-off head (415 psia).

MSIV closure causas the reactor vessel pressure to rise rapidly, and
the safety / relief valve (SRV) setpoints are reached in 4 s.a
Safety / relief valve cycling initiates and continues while both the net
steaming rate (from the core decay heat transfer) and level remain high.
At 450 sec, the first VWIE (HPCI-RCIC) injection initiates when the vessel
level falls to the low-low trip (476 inches alpove vessel zero). Vessel
depressurization follows as shown in Figure 4. Injection terminates at.

780 s when the level rises to the high water level (582 inches above vessel
zero) The vessel pressure oegins to increase. The RCIC is automatically
shut off after the first injectfcn cycle and is not reset.

,

Shortly after scram, the core and core bypass flows (Volumes 500, 510,
and 520) decrease from rated value (see Figure 5). The bypass flow
reverses as the liquid in the upper plenum begins to flow downward through
the bypass and then into the core inlet piece and upwaros through the
core. Such a natural recirculation pattern is genarated by core decay heat
transfer.

In the natural recirculation made of core cooling, core and core
bypass flows are driven by a gravity nead difference. This head is
balanced by frictional losses. Intrucuction of subcooled emergency core
cooling (ECC) injection fluid upsets t.u s balance, and causes the bypass

.

a. The first SRV setpoint is 1120 psia. The remainder are staged upwarG.
All reseat 50 psi lower than their openir.g setpoints.

.

9
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4

flow to briefly revert to its normal direction. The magnitude of the core
flow is reduced by the suocooling as the steaming rate falls, but picks up
at the termination of an injection cycle.

,

The vessel pressure, the direction of the bypass flow, the size of the
break area ano the static quality of the fluid in the guide tube
(Volume 180) all influence the break flow. Thus, the break flow (see
Figure 6) decreases as the vessel pressure decreases, and decreases when
the bypass flow is reversed since saturated fluid enters the break rather
than subcooled fluid. These factors combine to give the break flow
behavior shown in Figure 6. An overall incraase in flow occurs after
5430 s as the break size increases.i

The cycling VWIE systems (see Figure 7) take suction from the
atmospheric temperature condensate storage tank. The flow of cool water
into the downcomer during injection rapidly condenses steam in the dome and
upper downcomer, subcooling and depressurizing the vessel (see Figure 8).
In addition, core steaming is subsequently reduced and finally stopped as -

the fluid in the core shroud becomes subcooled. For the most part, vessel
thermodynamic conoitions correspond closely to saturation. The effect of
localized downcomer subcooling on vessel pressure is such that core voiding ,

tends to increase during the first few seconds of injection. Vessel
pressure and temperature rise rapidly upon the termination of an injection
cycle.

In total, the VWIE cycles five times (see Figure 7). The fifth and
last tiPCI cycle depressurizes the vessel to such an extent that the CBPs
begin to flow into the vessel at t = 13000 s. A brief, h1gn-flow period
follows in which the vessel is nearly filled, as shown in Figure 7. The

HPCI stea'm turbine is flooded and hence inoperative. The CBPs keep the
vessel. filled and the vessel pressure at their shut-off head until the
condensate hotwell is depleted of liquid at 18570 s.

.

4

12
1

.. - - _ - _ . - .



263
.

.

s
sto

t.so
, , , , , , , ,

, . , , , , , ,
- -

Vessel I P~ -

nearly filled
- --

E
d t.as -

> C8P FAILUR- -

3 - -

z - -

I HPCI cycle 1
- -

1.00- - -

3 4.- - CBP flow- .

g initiation- .

g - .

-,, _

84 c.75 -

a
E

~

. . .

. .

I ! I ! I ' ' I '' ' ' ' ' ' ' ' ' '0.50

o sooo 8000 t2000 Soco accoo
acoo soon tocco 14000 1ec00

T!!E (SEC)

PIGURE 7: SYSTEM INVENT 3RY
.

Set.ID = 8tELAPS DASH = NUREG CR/2872
(FtGURE 3.t3

1300 , g , , ; , , .g,g, g g, , , , .g, , , , , . . , ,

~ ~

SRV cycling
- _,

|
_-

$. s.
j EEE t , ,] Fifth HPCI [~~~-

,' s o, cycletoog 4 , ,

5 i 8 i si ei
9 8 i 's eg -

i ,
I I a # lg / ,f

.
- # , i -

h -N! |
'

\ * o' | -

,

| ' , Vessel at C8P' '" - s i -

| 'gi ' '''
g , SHUT 0FF HEAD i,,, ,_, _

\ 0 / '

A /%4 ~>

' Pressure reaches"e

k'e' 310 PSIA and the- '
begins to rise --

! ! ,! ! ,I I l. !,! 1, ! ,I ,! ,! I, , , . ,,

,

e 4c00 sooo tacco 1e000 2o000 asooo asoco
l 2000 8c00 10000 14000 1e000 22cco ascoo Socco
'

TIME (SEC),

FIGURE 8: STEAM DEME PRESSURE C3MPARISSN

13

.

- - - - - - -

, , ,- .-.



_ __

264

.

Thus, by 18570 s only the low pressure ECCs remain to provice water to
the vessel. Following loss of the concensate/ condensate booster pumps, the
vessel pressure decreases to 316 psia, but begins to increase as tne core

,

decay heat thermally swells the vessel fluid. The low pressure systems are
never able to begin injection as the vessel pressure always remains above
tneir shut-off heads. The lack of vessel injection capability will

eventually lead to core uncovery due to the continuing break inventory
deoletion rate. Table 2 contains a concise enronology of these results.

These RELAPS/M001 results are stored under Configuration Control
No. F00944.

.
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l

i* '
5. COMPARISON OF THE INEL AND ORNL CALCULATIONS

The RELAPS model (INEL) used for the SDV break analysis contains a
3* more detailed nodalization scheme than the BWR-LACP model . Thus the

thermo-hydraulic state of each volume (see Figure 2) is rigorously
calculated in the RELAPS model. Thermodynamic state distributions are
available within a reg' ion e.g., volumes 600 through 677 represent the
downcomer. As an example, the initial injection of subcooled ECC into the
saturated two phase downcomer rapidly depressurizes the vessel without
directly affecting tne core steaming rate. As injection proceeds, core
boiling is terminateo as the core inventory becomes subcooled. However,
core boiling begins snortly after ECC injection is terminated. Boiling
occurs first at tne top of the core and proceeds rapidly downwara. As a
result the vessel repressurizes. The BWR-LACP code treats the vessel

regions on an average basis, thus the system response is dynamically
slower. Such behavior is apparent if the steam dome pressure calculated by
the two codes is compared (see Figure 8). The RELAPS results snow a faster
time response in pressure e.g., the RELAPS analysis predicts a faster

,

repressurization following termination of VWIE injection. The overall
vessel energy / mass balances agree quite well, however.

Figure 9 shows the seal leakage mass flow rate plotted against both*

BWR-LACP results and time. Although generally in good agreement, the
RELAPS results show a flow degradation due to safety / relief valve cycling

induced voiding where the break takes suction, thus reducing the flow rate.

,

$
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6. CONCLUSIONS /0BSERVATIONS
*

j

Several conclusions and observations emerged in the 50V calculation
conducted using the RELAPS Browns Ferry model:a

1. Core uncovery will occur during this transient if the operator
does not act. The automatic systems are not sufficient to
prevent the core from uncovery.

2. Once the CBPs have depleted the condensate hotwell, only operator
action reducing the vessel pressure by opening one or more SRVs
such that the low pressure ECCS could inject water into the
vessel can prevent core uncovery.

3. The SOV break flow is influenced directly by the core bypass
thermodynamic conditions.

4. Generally, RELAPS and BWR-LACP code calculations show good
~

agreement.

o

!

I

a

%

17

_ _ . . _



268

"
7. REFERENCES

1. Safety Concerns Associated with Pipe Breaks in the BWR Scram System,
NUREG-0785, draft cateo Marcn 1981.

.

2. General Safety Evaluation Report Regarding Integrity of BWR Scram System
Piping, NUHtG-UdO3, August 1961.

3. Condon et al., SBLOCA Outside Containment at Browns's Ferry
Unit One - Accioent 5ecuence Analysis, NURE6/CR-26/2, OR.7L/TM-8119/VI, to
oe publisneo.

4. R. R. Schultz and S. R. Wagnor, The Station Blackout Transient at the
Brown's Ferry Unit One Plant - A Severe Accioent Secuence Analysis, to be
publisneo.

5. Ransom et al ., RELAP5/M001 Code Manual, NUREG/CR-1826, November 19804

Vol. 1 and 2.

- .

4

!

i

r

I

L

!

i 18

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



..

269

Appendix H

ACRONYMS AND SYMBM.S

s

ADS autanatic depressurization system

ANS American Nuclear Society
ANSI American National Standards Institute
APRM average power range monitor

ARM area radiation monitor

BAF bottom of active fuel

BCL Battelle Columbus Laboratories
BFNP Browns Ferry Nuclear Plant

BFNP#1 Browns Ferry Nuclear Plant Unit One

BWR boiling water reactor

CBP condensste booster pump
CILRT Contai nment Integrated Leak Rate Test
CP condensate pump

CRD control rod drive
o

CS core spray

CST condensate storage tank

DF decontamination f actor
#

dp differential pressure

DW drywell

ECCS emergency-core-cooling system
| EPA electrical penetration assembly

E01 Emergency Operating Instruction
| EPRI Electric Power Research Institute

FSAR Final Safety Analysis Report

GE General Electric Company
HCU hydraulic control unit

HPCI high pressure coolant inj ection
ID internal diameter
INEL Idaho National Engineering Laboratory

'

INTER Core-concrete interaction subroutine of the MARCH code
kPa kilopa scal

,
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*
LACP loss-of-ac power

LPCI low pressure coolant inj ection mode of the RER system

LPECCS low pressure emergency-core-cooling systems
#

LOCA loss-of-coolant accident

LOCA/0C loss-of-coolant accident outside containment

LOSP loss-of-of f site power

MARCH meltdown accident response characteristics

MPa negapascal

MSIV main steam isolation valve

Mwd /te megawatt day per tonne

NRC Nuclear Regulatory Commission

ORNL Oak Ridge National Laboratory

Pa Pascal

PCV pressure control valve

PCIS primary containment and reactor vessel isolation control
system

PKA pro'aabilistic risk assessment

PSP pressure suppression pool .

PV pressere vessel
'~

PWR pressurized-water reactor

RCIC reactor core isolation cooling system ,

! RES Office of Nuclear Regulatory Research
|

RER residual heat removal system

RERSW residual heat removal service water

RPS reactor protection system

RPV reactor pressure vessel

RfCU reactor water cleanup system

SASA severe accident sequence analysis

SGT Standby gas treatment

SBLOCA small-break loss-of-coolant accident
SDIV scran discharge instrument volume

SDV scram discharge volume

SI International System of Units (Systeme International) .

SNL Sandia National Laboratories

SRV safety relief valve

e
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.

TAF top of active fuel

TIP traveling incore probe

'lVA Tenne ssee Valley Authority
*

WW we twell

Zr zirconium

.

>

I

|

|

.

O

_ _ _ _ _ _ _ _ _ _ __



273
|

b,

NUREG/CR-2672
ORNL/TM-8119/V1
Dist. Category RX, 1S

$

Internal Distribution

1. S. J. Ball 18. F. R. Nynatt
2. T. E. Col e 19. A. L. Lotts
3. D. H. Cook 20 L. J. Ott
4. W. B. Cottrell 21. I. Spiewsk,

5. W. G. Craddick 22. R. S. Stone
6. W. Davis, Jr. 23 . H. E. Trammell
7. G. F. Fl anagan 24. C. F. Weber
8. S. R. Greene 25. R. P, Wichner
9. D. Griffith 26. Patent Office

10. R. M. Harrington 27. Central Research Library
11-15. S. A. Hodge 28. Document Reference Section

16. T. S. Kress 29-30. Laboratory Records Department
17. R. A. Lorenz 31. Laboratory Records (RC)

External Distribution

32-33. Director, Division of Accident Evaluation, Nuclear Regulatory3

Commission, Washington, DC 20555
$ 34-35. Chief, Severe Accident Asse ssment Branch, Nuclesr Regulatory Com-

mission, Washington, DC 20555
36. Office of Assistant Manager for Energy Research and Development,

3 DOE, ORD, Oak Ridge, TN 37830
37-41 Director, Reactor Safety Research Coordiantion Office, DOE,

Washington, DC 20555
42-43. L. D. Proctor, Tennessee Valley Authority, W10D199 C-K, 400 West

Summit Hill, Knoxville, TN 37902

44-45. Wang Lau, Tenne ssee Valley Authority, r10C126 C-K, 400 West
Summit Hill, Knoxville, IN 37902

46-47. R. F. Christie, Tennessee Valley Authority, W10C125 C-K, 400
West Summit Hill, Knoxville, TN 37902

48. J. A. Raulston, Tenne ssee Valley Authority, W10C126 C-K, 400
West Summit Hill, Knoxville, IN 37902

49. H. L. Jones, Tenne ssee Valley Authority, W10A17 C-K, 400 West
Summit Hill, Knoxville, IN 37902

50. R. A. Bollinger, Tenne ssee Valley Authority,1530 Chestnut
Street, Tower II, Chattanooga, TN 37401

51-52. Technical Information Center, DOE, Oak Ridge, IN 37830
53-587. Given distribution as shown under categories RI,1S (NTIS-10)

i

e

eV S. CO\ERNtfENT PRINTING OFFICE:19824440$$/179

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



s

I
f

1 Af4RX

120555078877 BR

PUBLIC AT IONS MGT
TIDCUS NRC OF

ADF DIV 6
COPY 20555POLICYNUREG DC

PDR212
CAW ASHINGT ON

f

i

,!

(


