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ABSTRACT

Nuclear power plant conditions during outages differ markedly f rom those pre-
vailing at normal full power operation on which most past research has concen-
trated. This report identifies the tonics needed to understand pressurized water
reactor response to an extended loss-of-residual heat remeval event during refuel-
ing and maintenance outages. By identifying the possible plant conditions and
cooling methods that might be used, the controlling thermal-hydraulic pmcesses
and phenomena were identified. Gravity drain into the reactor coolant system, core
water boil-off, and reflux condensation cooling were investigated in detail for
example plants from each of the three U.S. pressurized water reactor vendors. The
reactor coolant system pressure that would result from reflux cooling was calcu-
lated under various assumed conditions and compared to threshold pressures for
various temporary closures that might be in use. The viability of various potential
gravity feed-and-bleed approaches also was studieo.
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EXECUTIVE SUMMARY

Recent plant experience has included many regarded initiating and continuing reflus cooling
esents occurring during outages at pressurized in a reactor coolant system containing vir. Spe-
water reactors. A recent example is the loss of eific issues were the orimary piessure mcrease
residual heat removal system event that occurred needed to start and n .one the reflus process,
March 20.1990 at the Vogtle-1 plant following and the effects of steam and air migration.

refueling. Plant conditions during outages differ
markedly from those prevailing at normal full- This report gises plant-specific anal ses of3

power operation on which most past research has alternate cooling modes in the absence of residual

concentrated. During outages, the core power is heat removal system capability. Two basic types
low, the coolant system may be in a drained state of analyses were performed: feed-and-bleed uol-
with air or nitrogen present, and various primary ing of an open reactor coolant system through the

system closures may be unsecured. With the refueling w ater storage tank or accumulators, and

residual heat removal system operating, the core reflux condensation cooling of a closed system
decay heat is readily removed. Ilowever, if the using the steam generators as heat sinks (boiler-
residual heat removal system capability is lost condenser mode in once-through steam eenera-

and alternate heat removal means cannot be tors). A total of five different reactor plants were
established, heatup of the coolant could lead to esaluated, three for feed and-bleed and two for

core coolant boil-off, fuel rod heatup, and core condensation cooling. Major conclusions reached

damage. in the study are summarized below.

For the three plants examined (one for eachBy identifying the possible plant conditions *

and cooling methods that might be used, the con- PWR venJor), all are theoretically capable

trolling thermal-hydraulic processes and phe- of establishing a drain path between the
nomena were identified. Controlling processes relueling water storage tenk (RWST) an i
and phenomena include gravity drain into the the reactor coolant system (RCS). Ilowever,

reactor coolant system, care water boil-off, and the relative elevation dif ference between the

the reflux condensation cooling process. Impor- RWST and the RCS that determines how
tant subcategories of the reflux cooling pmcesses much water is available can vary signifi-
include the initiation of reflux cooling from vari- cantly from plant to plant.

ous plant conditions, the effects of noncondens-
Under ideal conditions for the three plantsable gas on reflux cooling, core level depression *

effects, issues regarding the steam generator sec- studied RWST feed and-bleed of the RCS
ondaries, and the special case of boiler-condenser could maintain core coaling for as little as

7

i cooling with once-through steam generators. OA hours tWaterford) to as much as
! 18 hoers (Davis-Besse), assuming the loss

Recommendations for assisting staff in eva- of RilR occurred two days after shutdown.

luatirg utility capability so they can effectisely
Feeding from the RWST and venting steam

| respc nd to a loss of the residual heat removal sys- *

I tem include evaluating the capability for using through a manway extends the time RWST

gra vity-drain processes and other means of feed- water could be used to keep the core cool.

ir:g the reactor coolant system without ac power, liowever, the capability to control Pow to
determining the best options for using secondary achieve sufficient inventory needs to be

system vents and backup sources of feedwater, established.

md determining the capabilities of high point
The accumulaters are not a practical sourcevents for removing air from the reactor coolant *

;ystem. The primary area needing research of makeup water as currently configured.

I
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Environmental heat loss from the RCS will developed in this study predicted pressures |
*

only be a small fraction of even the lowest ranging from 38 to 90 psia for 11. II. Robin-

levels of decay heat. son and 49 to 7 I psia for Oconee. ;

e. Closed RCS condensation cociing through These results provide a better understanding of-

one or more steam generato ^s is a viable plant response to events occurring during out-

strategy to maintain core e toling after a ages. This understanding will be useful in achiev-

loss-of RilR event. Howc ver, there is a pos- ing plant safety improvements in operating
sibility that the " steady state" pressure level procedt.res, training, instrumentation, equipment
in the RCS will threaten the integrity of tem- availability, and risk quantification.

porary RCS closures.
This study has concentrated on loss-of residual

- Analyais indicates that the RCS pressure heat removal events during reduced inventory*

level reathed under quasi-stable conditions operation in pressurized water reactors. Studies

is dependent on a number of situational and may also be needed regarding analogous opera-

phenomenological conditions. The model tions in boiling water reactors.
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Thermal-Hydraulic Processes During |

Reduced Inventory Operation with 1

- Loss of Residual Heat Removal j

1. INTRODUCTION

This report identifies and analyzes the impor- and the Waterford 3 event that occurred on
tant thermal-hydraulic phenomena in pressurized July 14,1986 (LER38286015). Review of these
water reactors following loss of vital ac power events, each of which lead to reactor coolant sys-

and consequent loss of the residual heat removal tem (RCS) heat up, was instrumental in under-

(RiiR) system during reduced inwn;ory opera- standing the various potential plant conditions
tion. The following steps were undertaken: and cooling modes. For brevity, only the Vogtle

event is summarized here.
Plant con 0gurations and allemative cooling*

modes were identified for the variety of During a refueling outage, the Vetle-1 plant
potential plant conditions during such (Westinghouse 4-loop design) exper, :nced a loss
events of the RilR system on March 20,1990. The inci-

dent occurred with Unit I shut down during a
- Controlling phenomena were idenu.fied for refueling outage. The water level had been low-*

each potential coo'ing mode cred to the mid-loop level and as a result, air

was mitiated by an acciden% tW EShut'#". .e euppen lum
The phenomena that are sufficiently wella t m the switchyard that
understood, such that they present no new intermpted the ac power supply to the RilR sys-
issues requiring further study, were tem. Diesel generator power was not immediately .

identified ava!!able; it required 36 minutes to get one of the

Plant-specific analyses were carried out to gennators operating ang thuyestom pow a to the*
H system. During this penod, the reactor cool-evaluate alternative reactor cooling

ant temperature mcreased from 90*F to 136 F
,

schemes. and the coolant level remained at mid-loop. The
rest ration of RllR c ling reversed the coolant

The research results will provide a better
heatup and the plant was recovered. A schematic

understanding of plant response to events occur-
f the Vogtle i plant, highlighting component

ring during refueling and. maintenance outages'~
elevan ns,is shown m Figure 1.and will be useful in achieving plant safety

improvements in the following areas: operating
procedures, training. instrumentation, equipment The NRC Incident lavestigation Team's report

availability, and risk quantification. on the Vogtle event is documented in Reference 1.
Of particular interest is Section 8 of that docu-

' Events involving loss of RilR during planned ment, entitled " Coping with the Loss of the
outages for maintenance or refueling with differ- Residual IIcat Removal System," which studies

ent initiators and plant conditions were reviewed, the feasibility of alternate core cooling methods.

catalogued, and documented in References 1,2, The effect and response of nonboiling and boiling

| and 3. The primary emphasis was placed m the methods were discussed under various scenarios
March 20,1990 Vogtle event (LER42490006) including: (a) whether the RCS is open or closed,-

! and special attention also was given to the April (b) various operator actions, and (c) different mi-
10,1987 Diablo Canyon 2 event (LER32387005) tial primary coolant levels. Alternate cooling

i NUREG/CR-5855
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introduction

Identify and assess sequences that can leadmechanisms include reflux condensation cooling *

and/or gravity feed of water from the refueling to recovery from loss of RilR events,
water storage tank (RWST). In most cases, the including natural circulation cooling in
reflux cooling option is available when core boil- pressurized water reactors (PWRs). Con-

-ing cannot be prevented by gravity-feed cooling trolling processes involved in these
and when the RCS is closed (i.e., manways and sequences and our ability to model them are
reactor vessel upper head are secured). discussed in Section 3.

This report builds on t..e analysis provided in Evaluate the effectiveness of alternate cool-*

Reference i by exploring in greater detail the ing methods including
thermal-hydraulic processes and phenomena

,

expected to occur during the cooling modes - Initiation and promotion of convective
potentially available following a loss of ac power core cooling using the refueling water
and RilR. The research support areas were storage tank and accumulators as coot-

defined in Section 111 D of the appendix to the ant sources. Example analyses for
NRC's staff plan for evaluating safety risks each vendor plant type is addressed in

during shutdown and low power operation.. Section 4.

- These are
- Maintenance of the inventory during

Systematically examine event sequences core boiling using the refueling water*

that might lead to a loss of RHR cooling, storage tank and accumulators as cool-
Tbese are addressed in Section 2 of this ing sources. The analysis of this issue
report. is also presented in Section 4.

- Initiation and promotion of reflux
a, . Private communication from T. E. Murley to cooling. This is the subject of Sec-
J. M. Taylot, October 10,1990. tion 5.

!'
V
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2. POTENTIAL PLANT CONDITIONS AND COOLING METHODS

In the event of loss of RilR during plant main- may be open or closed; openings are possible at
tenance or refueling, the reactor has been shut many % atics
down for many hours or days, the decay heat level
is low (relative to power operation), and the plant Du"n3 maintenance and refueling, the steam
is either in Mode 5 (cold shutdown) or Mode 6 generator secondary systems are often in " wet
(refueling) operation. A cold shutdown condition layup" status and are ewentially filled with cold
consists of an effective reactivity less than 0.99, water and pressuri/ed to atmut 5 psig with a nitro-
no thermal power except decay heat, and an aver- gen blanket. For steam generators undergoing
age coolant temperature of 200*F or less. A maintenance operations, the secondaries may
refueling condition consists of fuel in the reactor instead be drained.
vessel, vessel head closure bolts less than fully
tensioned or with the upper head removed, an in addition to vents opened for draining the
cffective reactivity of 0.95 or less, no thermal RCS, other RCS openings often are present dur-
power except decay heat, and an average coolant ing maintenance and refueling outages. These
temperature of 140 F or less. Core decay heat additional openings may include one or more of
generally is less than 15 MW, corresponding to the following: pressurizer relief valves or man-
approximately 2 days after reactor shutdown. ways, steam generator manways, main coolant
These and, in general, other example data pres- pump shaft seals, cold leg valves, or the reactor
ented are for Vogtle-1, a four-loop,3411 MW , vessel upper head. Reduced inventory operationsi

bpressurized water reactor of Westinghouse normally are performed with one or more open-
design. Notes are included indicating any classes ings in the RCS; however, a closed system is pos-
of plants for which the presented data are not rep- sible under certain circumstances (for example, in

I A refueling and maintenanceresentative regarding response following a loss- the Vogtle even0
of-RHR event. outage generally requires about 40 to 80 days,

depending on the maintenance required; the reac-
2.1 Plant Configuration tor vessel upper head is off for about half that

time,

in the refueling mode, the RCS can be panially
drained, and the high point (pressurizer, hot leg. The actual RCS water level at reduced inven-
reactor vessel head) vents, which are opened to tory operation may vary considerably. For steam
promote draining, can have nitrogen or air drawn generator maintenance operations, nozzle dams
into the upper RCS. If the RCS water level is may be installet in the hot and cold legs near the
lower than three feet below the reactor vessel steam generator plena. These dams, which can
flange, the condition is termed " reduced inven- support a differential pressure of 50 psig,1 may be
tory" operation. Core decay heat is removed by in one or more coolant loops. There is no restric-
the RHR system that takes suction flow from one tion on the number of loops with nozzle dams;
or two hot legs, cools the water with a heat however, operations at Vogtle are generally per-
exchanger, and returns it through the four cold formed with nozzle dams in no more than two of
legs to the core. The status of the containment its four loops. The presence of nozzle dams

reduces the volume of the RCS. This isolated vol-

b. Mention of specine products and/or manufactur- ume typically will contain air and interacts with

ers in this document implies neither endorsement or the cantainment through open steam generator

| preference, nor disapproval by the U.S. Government, manways. Nozzle dam failure results in an effec-

any ofits agencies, or EG&G Idaho inc. of the use of tive increase in system volume and the potential'

a specific pmduct for any purpose. opening of a flow path to the containment.

|
|
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Plant Conditions and Cooling

2.2 Possible Scenarios two sources of boraied water for the RCS may be

avad ble without onsite awistanm the anun u-Following Loss of
lators and the gravity dra,m of the RWST. In addi-

Alternating Current Power tion, the makeup water siorage tank is a potential
,

and Residual Heat Removal source of nonborated water. orfsite assistance in
the form of a pumper truck provides a possible

The process flow chart in Figure 2 shows plant additional source of coolant for the RCS Water

behavior following a loss-of-RilR event. The fol. may be added to the RWST and, with some recon-

lowing discussion pertains to pressurized water figuring of piping,it may be feasible to add water

reactors employing U-tube type steam generators directly to the RCS in a tir iety manner. Generic

(i.e., plants of Westinghouse and Combustion plant capabilities in these regards have not been

Engineering, Inc. design). The expected response established, but example studies were performed

of reactors employing once-through steam gener. and are detailed in Appendix A.

alors (i.e., plants of Babcock and Wilcox design)
is also noted. The initiatinc even: is assumed to t e
a .tation blackout (loss $f all station ac power, The status of the accumulators can vary at

reduced invent ry perati n. In general,the accu-
offsite and onsite) that stops operation of the RIIR

ruulators are expected to be depressurized with
pumps. their isolation valves closed; however, accumula-

tors could also be in a pressurized state. In a four
Plant behavior is divided into the two main loop plant, accumulator liquid volume is about

paths shown in Fignre 2, one with an open RCS 3000 ft3 (22 000 gal). Depressurized accumula-
and the other with a closed RCS If *e system is tors are potential gravity-drain water sources to
open, early action may allow its closure (as the RCS in those plants where they are suffi-
depined by the dashed line in the figure). This ciently elevated (accumulator elevations are plant
action would consist of securing any open man- spec Sch if fully-pressurized, discharging the
ways or valves. If the reactor vessel head is off, it accumulators by opening the isolation valves
could potentially be secured, although presents a potential control problem. Another
eight hours or more may be required for thir possibility for advantageously using accumula-
operation. Closure of openings during an eve tors involves a gradual pressurization of the accu-
appears unlikely because of increasing coola) mulator (using its nitrogen pressurization system)
temperatures and steam flow through the ope that would result in a controlled transfer of the
ings. A closed RCS provides the operators flexi- accumulator water to the RCS.
bility to maintain core cooling and to maintain it
longer i' .m extended station blackout occurs.
Furthermore, if core cooling is lost, a closed RCS The second potential source of water for the
provides an additional fission product barrier, RCS is gravity-draining from the RWST, which
increased time before core melt occurs if means typically contains about $3,300 ft (400/X10 gal)3

for removing heat are not found, potential for heat of borated water. The elevation of the RWST with
removal methods exist that may not exist with an respect to the RCS varies, so in some plants grav-
open system, and there is an ability to work in the ity feed may not be possible. For the Vogtle plant,
containment building for a longer time following only a portion of the RWST is above the top of the
loss of RHR systems- pressuri7er; therefore, the quantity of water avail-

able for gravity feed without an RCS heatup
2.2.1 Open Reactor Coolant System. Con- depends on the elevati,on of the lowest opening in
sider the upper main path in Figure 2, where the the RCS. For example,if the only opening is the
RCS is open. The RCS is open to the containment - manway on the top of the pressurizer, then the
(through the upper head, manways, etc.) during RWST would drain to that elevation and flow
about half of an average refueling and mainte- would stop. After that time, the remaining RWST
nance outage period. With no ac power available. Huid could flow into the RCS (a) as a result of an
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alte:ed hydmstatw balance as the resetor system 2,2.2 Closed Reactor Cor'lant Bystem,The

Huid is heated, or tb) to replace any core steam closed RCS constion is lepresented by the low er

expelled through the pressuser manway, mam logic paths in Figure 2. With the manwap

Depending on the situation an i plant, it may be and reactor vessel head closed, core cooling may'

pmsible to open allemate drain paths. 'Ihis would still be accomplished by gravity. draining the
increase the RWST liquid available for delisery RWST into the cold legs. Eventually, w hen core

without primary syvem heatup or control the boiling occua or when RCS pressute increases

drain rate, and thus delay RWST depletion. 'lhe siifficiently to stop RWST draining, a drain path

desirability of employing drain paths in this man- must be opened to continue feeding from the
ner has not been ev.ahlished. It may be possible to RWST. This cooling mode is comparable to that;

control the RWST drain rate to the minimum now described in Section 2.2.1. If tb RCS drain paths'

needed to prevent core boiling (thus conserving are small, the enset of core boiling could rapidly

= RWST inventory while eliminating concerns increase system pressure and stop the injection

regarding boron precipitation from mlution). Ilow. As wito the open system, RWST draining

Example calculations for this potential cooling will continue until its les el reaches the drain path

method were perfonned for a sample plant from vent elevation where the gravity-driven now will

all three U.S. pWR vectors. The results are stop. The necessary operator response will then

reported in Appendix A. be to close the hot leg drain paths to completely
close the RCS in anticipation of a transition to
reuux condensation cooling decay heat removal. ,

As an alternate source of coolant, a pumper
truck could inject Huid into the cold legs. The in e reuux condensation cooling mode, core
time required to align the necessary plant r.ystems

m gennatm wkm n.E. # "#"* ""*"I " #" # # Y " !C"
f or such operation is not known. The water a con &nd onto .

injected would r.ot be borated, if, during pumper .f e a adam of de mam gennjdm tub,t
truck injection, core coolant boiling was the only ensate from the upflow side of thet - ;

sink for removing water, then the average core
boron concentranon would remain constant, If a '.

. flows downward, against the upward
.

"'"E "## *''"'" ##* E#"""I" *'#I E
.

sufficiently large water drain was opened, how- nmn, t kg, mactm W uppu Nenmn, and
ever, the core boron concentration would back to the core. The condensate from the down-
decrease because of Hushm.g wah the nonborated flow s.de of the U. tubes is returned to the cold

.

.

i
water, This concem is greatest when new fuel .ts leg. To be v. ble, the reflux cooling modeia

.
. .

present because the initial boron concentration is mqqs at one m nm ueam gennatm be
the highest then. For new fuel, it is likely the con. operatmnal. In othe. words, at least one steam

*

trol rod worth is insufficient to maintain a suberit- generator secondary must contam cold water and|

. mth.is situation, noule dams must not be present in the hot and .seal core .
.

cold leg piping of the loop with that steam genera-
If no water is available to replenish inventory tor. If one or more steam generators are not opera-

(or if an established source is lost or depleted). tional, then boil-off and core damage might occur.
|
|

then boiling of the core coolant will ensue, With

l. the reactor system open, the size and kication of - In Babcock and Wilcox plants (with once-

the opening determines whether steam condenses through steam generators), the cooling mode

and remains in the system, escapes through the analogous to reli cooling is the " boiler con-

openings, or partially condenses and partially denser" mode. in which condensate is returned to -

escapes. The boil-off of the core coolant could the cold leg and need not flow against the steam -

lead to core uncovering and damage. If the core is now.The toiler-condenser mode requires that the

damaged and the containment is open, fission primary and secondary side coolant levels be

products will be teleased to the environment; with situated such that an adequate condensing surface

it closed, the release to the environment will not is available on the inside of the tubes. The see-

be as likely, ondary side level must be sufficiently elevated,

. .
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and the primary side level wfficiently depressed, im entory w as depleted, the renus process w ould
so that toth a cooling sink and a steam path to the cease and core boil of f and danvge would occur,
tubes at its elevation are available. At redute'
inventory operation, air will seside in the upr.r Another procedure is to s ent the steam genera-

regions of the tubes. Boiler-condenser cooling tor secondary systems to the atmosphere by
thus requires this air to be compressed, allowing manually opening the atrnospheric dump vahes.

,

steam to find a condensing surface inside the This action w ould limit the heating and pressurir.
'

upper tube region. The reactor vessel vent valves ing of the p.imary and secondary sptems. More i

present in Babcock and Wilcox plants preclude importantly, however, depressurized secondary
core coolant level depression, relative to coolant systems could allow of fsite anistance (for exam-

levels in the rest of the system, because of system plc, a pumper truck) to be used to indefinitely
pressu zation and static head effects, replenish the secondary inventory and continuee *

the reflux process.
Reflux cooling results in the tratufer of the '

idecay heat to the steam generator secondary To establish reflux cooling, the core boiling
sides. Since the secondary systems are generally must suf ficiently pressurire the RCS to compress

isolated and nitrogen-pressurized, continual the nitrogen or air in the upper regions of the RCS

reflux cooling will result in a heating and pressur. to expose a tube condensing surface to the steam ,

'

izing of the secondary liquid. Although interven. flow. Furthennore, the required pressure increase _
'

~ tion normally would be expected,if valves could will be a function of various plant conditions such
not be opened, a closed secondary system would as the decay heat and initial reactor vessel water

be expectul to continue heating (in the extreme, level. The magnitude of the required pressure rise y

its temperature would reach saturation at the sec. .is significant because the integrity of any nozzle
ondary relief valve opening setpoint pressure). To dams, temporary instrument tube th.tmble seals,
continue condensation, the primary system tem. and temporary level instrumentation may be chal-

,

perature must exceed the secondary system tem. lenged. If these plant features fail, then the event ;

perature, and thus the primary system pressure. sequence is made more complex by the resulting
will rise along with the secondary. The primary loss of coolant.

system pressure increase has the potential tojeop-
ard!re the integrity of the RCS (i.e., temporary The tNnnal hydraulics of reflux cooling was

thimble seals, nortle dams, and the Tygon tubing studied in detail and sample calculations wcre

used for level .innrumentation during outages). performed for both U-tube and once-through
With an elevated seconda , . ressure, operation of steam generator plants. Two calculation tech-

the turbine + driven auxiliary feedwater pump is. niques were used. The first used a calculational

possible,if this pump is started,it cTn provide - tool developed for this purpose at the INEL, and

feedw ater from the condensa's storage tank to the results are reported in Appendix B. The second

steam generalors, allowing the reflux pmcess to used the RELAP5/ MOD 3 codef 'Diese results are

continue indefinitely, if some feedwater supply reported in Appendix C.

; cannot be established, the secondary inventory

L would b: boiled off at the steam generator relief

| valve setpoint pressure. When the secondary c. RELAP5/ MOD 3, Version $m5.

|

t
._

|
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3. CONTROLLING PROCs3SES AND ;

THERMAL HYDRAULIC PHENOMENA

This section discuues the processes and ther- The drain rate required to present net core boil-

mal hydraulic phenomena that control the cool- ing may be readily calculated, given the core

ing methods presented in Section 2, with the decay heat. For the Vogtle event, that rate was

intent of indicating the current undentanding 130 ppm. A plant. specific analysis for Vogtle

regarding them. The di,cussion is separated into indicates the RWST is capable of providmg this

three subjects: (a) gravity-drain processes, drain rate with a small driving head of only 0.8 ft.

(b) core tvil of f processes, and (c) reflux cooling The drain rate is detennined by the driving head

processes. The specific areas evaluated for each and the resistance of the flow path through the

of then processes ue shown in Table 1. injection lines and fittings, reactor core, and leak-
age paths to the containment. The drain rate there-

i""*"I

3.1 Gravity-Drain Processes I""' " ""* '"'""Y 4*"d'"' "" f's s'e'''an'd flowthe particular plant and on the o s

areas of openings in the RCS. Generic informa-

As described in Section 2 for a station black- tion regarding the period of time that RWST grav-

out loss of RilR esent, gravity-drain of the ity-draining might delay cose tvil-off similarly is
RWST is a process with potential to delay core not known. For Vogtle, analy sis indicates this
boil-off and damage. RWST gravity draining may period will be 25 hours with the preuuriier man-
deliver core coolant either w hen the RCS is open way open. The capabilities, control, and observa-

[pressuriter power-operated (PORV), manways, tion of the drain rates were referenced in the
pump shaft seals, or reactor vessel upper headj or Vogtle report.I These quantitative results were

when it is closed (in which case an RCS drain not incorporated in the Yogtle procedures,
path eventually needs to be opened). To be effee- although when questioned, the operators wcre
tive, all or part of the RWST must be at an eleva- aware of multiple modes of RWST draining
tion above the lowest opening in the RCS. The (through the chemical volume and contiol, safety

hydrostatic head of the RWST water forces injection, and residual heat n:moval systems), if
.

borated coolant into the cold legs -nd reactor s es- the RCS is closed, any one of several suitable
sel downcomer, making it available for core cool- drain paths could potentially be opened under
ing. Water heated by the core flows out RCS blackout conditions, llowever, a hot leg drain

epenings (pressuriier or steam generator man- path is preferred since the RWST injection would

ways, reactor coolant pump t eals, or reactor ves- flow through the core to the RCS opening. Ability

sel upper head) or drain valves and falls to the to open hot leg drams appears to be limited to the
containment sump. In the Vogtle event, the RilR suction piping. If only cold leg drains are
RWST watei level was 76 ft above the hot leg available, the RWST Ouid will maintain core cov-

centerline and 16 ft above the pressuriier man- erage but will not Dow through the core. Instead,

way elevation, w hich is within the nonnal operat- the RWST Duid will be bypassed out the drain.

ing range. Reference I indicates that the Vogtle Therefore, water boiling is more likely with a
RWST water available above the pressuriier cold leg drain than with a hot leg drain.

manway is 216,600 gal. Therefore, the RWST is

| available for gravity-feed in the Vogtle-1 plant. When the drain rate is suf ficient to avoid boil-

| liowever, RWST elevations relative to the RCS ing, the core boron concentration approaches that

vary from plant to plant. A generic plant survey in the RWST. Ilowever, if the water boils, the

regarding the capability for RWST draining does steam pmduced does'not carry off boron and the

not exist, but sample calculations were performed core boron concentration increases, providing the

for one plant from each U.S. PWR vendor. Drain potential for boron precipitation. This precipita-

rates and durations are reported in Appendis A. tion could, in the extreme, partially block the core

9 NUREG/CR-5855
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Controlling Processes and Phenomena !
|

|

Table 1. Factors evaluated for controlling processes.
~

|
|

Process Factors '

Gruvity drain Availability in all plants
Rate needed to avoid boiling

{Actual rates attainable
if boiling occurs, boron overconcentration
Control of drain rate
Instrumentation available

'

Drains available

!
Core boil-off Time to uncovery and damage

lleat losses

Reflux cooling Initiation process
llorizontal stratification in hot leg
Two-phase natural circulation
Steam / air mixing

Buoyancy. turbulent mixing, diffusion -
Conservatism of"no. mixing"
Air absorption in condensate
ilumidity within the air

!= Core level depression
Tube Gooding
Ilot leg Gooding
Applicable countercurrent flow limiting models
Loop seal depression

Primary pressure required -

Nozzle dams
Temporary thimble tube seals
Temporary level instrumentation
Primary coolant pump seals

Steam generator secondary effects
Vent availability and effect
Viability of feedwater processes
lleatup and boil-off times

Babcock and Wilcox plants .
No core level depression
Vent availability and effectiveness
Adequate condensing surface
Ifeating at top of tubes

flow or cover fuel and result in core damage. The - only an approximation and more detailed calcula-
iVogtle report estimates that precipitation would tions should be perfenned for this and other see-

not occur until after 10 days of core boiling, based natiot Also, this concern would arise sooner if
on an initial core decay heat of 2.5 MW<This was the loss-of-RilR event occurred sooner after

NUREG/CR-5855 10
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Controlling Procewes and Phenomena

reactor shutdow n. Coin ersel), il the RWS'l is jesulting prewule, ]| the s) stent is ulocated the

refilled with nonbotated water, or some othei preuute w dl continue to rne ihe hmit of the
source of nonborated water is used, the reactaity piewuntation is the opening setpomt pressme of

effect of dilutmg the cote bomn concentration the preuunier code saf ety s ab es, ty pwally about

must be consi& red. 2500 psia

As the core w ater boil of f propewes, the inn-
li the RCS h closed and the une coolant boih,

ture lesel will drop into the tore. I ot the Vogtle
the rise in sptem pressure will reduce the flow event, bod o!! of the mixtuie lesci to the top of
from the RWST, Some or aH of the core steam the cme is estimated to requite about ii hours,2
may Iv condensed in the steam generators m the

but couhl occur much sooner under some other
presence of air bee discuwion of renus cooling conditions. Steam cooling of the upper cme
in Sedion 3.3L [ >weser, the interaction between

region will prose effecthe in limiting the f uct
a grasity-doven mjection sy stem and a reflus

temperature rise for some time theteatter. In ento-
-

conhng procew h not wcll understood.
ally, hoo cs er, the core uncos ering becomes
deeper, the steam production rate declines, and

in summary, gravity-drain injection invokes the steam cooling is inef fectn e in piesenting fuel
relathcly simple thennal hydraulic phenomena.

heatup and damage.
llowes er, the significant proceu variables (for
example, elevations and pipine lengths) s ary con- Phenainena ins oh ed in the core v ater boil of f
siderably f rom plant to plant, or are dependent on appear to N rdahu ly ach undentood, Timing
specific esent awumptions tsystem configura- wiH be detennined by the inihal w ater unentory,
tion, status of openings, etc.). The imetaction of a PIC* PIC"""' wre power uhe time alter shut-
gravity-dram RWST system with steam generator downh the con asial power sape, and the open-
reflus boiling inwives more comptes phenom- ings in the RCS. One untenainty regards the
ena (unique plant featutes, coupled manometer 4# concladon to use to determine the two-
considerations, and low system prewures t phase misture level, however this allects only the

"4"C"" "'"i" *
3.2 Core Boll-Off Processes

Hecause the deca) heats are low, there is a

As indicated in Section 2, cot e w ater boil-of f is potential for ambient heat low to be a significant

a controlling procew in situations where ta) feed effect during the late stages of a boil otf, Dunng
_

to the RCS is not available or has been lost, normal operation (with an avcrape coolant tem-

(b) steam generators are unavailable for reflus peratme of $70'll, ty pical reactor coolant heat

cooling, and (c) reflux cooling is established but loss is about 2-t MW. The thennal driving poten-

later lost, The boil-off may occur near atmo- tiah and heat transfer mechankins for heat low in

spheric pressure when the RCS is open, or at cle- a boil-otf situation are different than for nonnat

vated prewures when it h closcd. operation. Ihtimales of the magnitude of such
heat lowes are reported in Appendi, A.

The starting point for a loss-of-RilR event is
subcooled water in the RCS, Before boi!ing 3.3 Reflux Cooling Processes
occurs, the water must be heated to saturation.
Reference i estimates this would have required As described in Section 2, reGus cooling pro-

109 minutes for the Vogtle event; however, this ceues are important for delaying core boil-of f

time could be much shorter for some events. atter a loss-of RilR sy tem esent. The following
sections describe various aspects of the reflux

During boiling, steam pressurires the RCS and cooling proceu in a closed itCS as it pertains to

escapes through any openings, in equilibrium, the this event. Section 3.3.1 describes initiation of

prewure rise is that required to forte the steam out renas cooling, and Section 3.3.2 describes pos-

the vent; the smaller the vent, the higher the sible ef fects of noncondensable gas (air) in the

11 NUREG/CR 5855
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upper portion of the RCS. Section 3.3.3 steam) that are relevant to ihis situation. In spe r

describes the powibihty for core level depteuion of this, RELAP5/ MOD 3 was used to calculate {
effects. Section 3.3 4 discusses steam generator such conditions, and global resuhs appear reason- i

Isecondary issues af fecting leOus cooling, and able. 'ihese results are reported in Appendit C.
Section 3.3.5 discusses boiler condenser consid.

i
erations unique to the once-through steam gener. The Vogtle report ev.duated the effect of four
alors of liabcock and Wilcos plants. ddierent primary water levels on the initiation of

tenut top of core, mid pipe with an uncovered

Reflux cooling calculations under various pressuriter wrge line, hot and cold legs filled i

conditions were performed for both U Tube and w ith hqukt and air in the upper reactor vessel, and
a filled reactor vessel. The first two cases areonce through steam gentsator planto The results ,

a.e reponed in detail in Appendice,11 and C. expected to result in stable renux cooling modes
at relatively low system pressures. It was noted

.'" #"P *"" h# N "U"'"' " '3.3.1 Initiation of Reflux Cooling, initiation
conditions expenenced at Diablo Canyon in April ;

of reuux condensation cooling depends on the g3 IMd deuWims fm me W m em
.

-

abilhy of steata, produced by core boiling, to detennined that an intermittent or cyclie reHuxing
'

reach condensing surlaces in the steam generator
m2 was possible as water was forced into and

U tubes. During a plant shutdown conditmn, the ut of the pressuriier, the U-tulos were drained,
reacmr coohmt level may be at reduced mventory,

and condensation occurred in the steam generator.
with air or rutrogen occu; ying the upper volumes
of the primary system. |This air inhibits steam

'U tubes. Draining or s enting may be necessary to
control reactor system pressure and/or to obtain a

flow from the reactor venel'o the steam genera- stable refluxing mode similar to the first two
tor U tubes. lmponant aspects of renux mitialmn cm,
are (a) the m, itial reactor coolant water leve., ,

. (b) the need to establish and preserve horizontal The Vogtle report (Refe<ence 1) noted that
stratification of the liquid in the hot legs,(c) the none of these initial water levels laads to a core
primary system pressure requirements and limita' heatup as long as the RCS remains intact (i.e.,
tions, and (d) the possible need to drain or vent pressuritation or dynamic effects do not affect the
the primary system to obtain a stable reuux cool- niegrity of temporary thimble tube seats). Not
ing mode at an acceptable pressure, identified in the Vogtle report is the potential for

establishias two-phase net loop natural circula-
Until veiy recently, initiating reflux from a lion flow. The initiation of boiling in the core

,

shutdown reduced inventory operating condition when the .essel is filled with water results in a
had not been thoroughly examined in reflux liquid swell and pressurizati'm that forces two-

| experiments with noncondensable gases present. phase mixture into the pressurir.er and steam gen-

( Most existing experiments investigating reflux . erator U tubes, if the liquid in the steam generator
with noncondensablesW7 were inhiated from a tubes reaches the elevation of the steam generator
stable reflux condition by injecting noncondens- tube U-bends, a buoyancy driven two-phase natu-
able gas into the reactor sy> tem. A recent experi- ral circulation now over the U bends will result.

| ment in the PKL Ill facilit),8 investigating reaux Uncertainties or variabl- sssociated with the ini-
! starting from mid-loop operation with noncon- tiation of two-phase net aop natural circulation

densabtes, showed that re0uxing is readily initi- include the decay heat level, the pressure, the
ated from such conditions with only one steam - behavior of the flow into and out of the pressur-
generator available, a decay heat of 0.7, and 1.0% irer, and the flow of noncondensable gas both
of full power, Thermal hydraulic systems codes before and after the initiation of two-phase natu-
have been used to calculate some reflux phenom- tal circulation. +

ena in steam-water systems, but they have sim.
plistic models for the phenomena associated with Redux includes horizontal stratification of the
mixing or stratifying Iwo gas phases (air and liquid in the hot legs. If the steam now is too high,
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Controlling Processes and Phenomena

,

horiiontal stratification cannot be setained, and steam generator U-tubes and (b) provide the pri-

steam may still be able to reach the steam genera. mary to secondary temperature difference. Ref-

tors through slug or bubbly flow regimet Scop- crence 3 indicated that if all the noncondensable

.ing calculations were performed using the pas in the primary system during the Diablo Can--

Taitel Dukler criteria" to detennine the threshold yon esent was isothennally compressed into the
for horizontal stratification. Figure 3 presents the steam generator U tubes. the resulting preuure
results of the calcula . 1 at atmospheric preuure would be 20 psig \ more rea .onable estimate

,

for a hot leg water leves at mid pipe and for dilfer- was obtained by wnsidering only those noncon.
ing numbers of active steam generators, in prac- densable pas volumes that must be compreued
tice, a higher hot leg water level usually will be into the stcorn generator U tubes to initiate reflux
present. Calculations for lower water levels indie cooling. One calculation auumed that most of the
cate that hortiontal stratificat. ion existt for all

.

p in the pressutirer and preuuriier surge line
decay heats of interest even if only one steant n'mained there, while another calculation
generator is active. For higher water levels and anurned that theu ases also had to be emn-
fewer active steam generators, the likelihood for pn'wed into the steam gen (ratm Us.ubes. The
loss of horizontal stratification increases. Results prewme estimates auumed a two foot condensa-
for these other cases appear in Appendix D.

tion region. The pressure rise needed te initiate

The presence of noncondensable gases in the
reflux was 10 psig. This was obtained by averag-

stearn generator U-tubes impedes the condensa. ing the results of the above two calculations This

tion of steam. Primary system pressure increases value agrees w ell with the rise in preuure experi-

as necessary to (a) compress the noncondensable enced in the Diablo Canyon incident, which was

gas so that a condensing surface is exposed in the roughly estimated to have been 7 to 10 psi.3
-
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Figure 3. Horizontal stratification behavior in the hot leg.
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Controlling Processes and Phenomena ,

lloweser, the presence of no/ile dams in one face. The ettects of noncondensables on tellus
or more primary loops significantly increases the cooling hase been imestigated m the high pres-
pressure required to initiate reflux (assuming sure PlOOO psia) Semiscale f acility'"' and the
there are no openings in the pressurizer). The reduced pressure & 100 psia) PKL, W

7nonle damt effectisely reduce the solume into FLECllT-SEASET? and EPRl!SRl f acihties.
which noncondensable gases from locations out- Integral test tacility data at atmosphenc pressure
side the steam generator U-tubes must be com- have not been found in the literature. Local or
pressed. Based en an isothermal compression of separate ef fects espenments at atmospheric pres-

Diablo Canyon volumes,18 psig is a rough sure base been performed.lM"' The noncon-
estimate for the pressure rise necessary to initiate densable and reflux experiments in the integrai
reflox when noule dams isolate tw o primary f acilities mentioned atiove were initiated by dis-

loops. This value is much closer to the design crete injections of noncondensable gases atter a

pressure (25 psig) of the temporary thimble tube steady renusing mode had been established. The
sealsh therefore, their integrity may be problems associated with initiating renus from a
challenged, mid loop operating condition with significant _

amounts of noncondensables in the upper eleva-

Investigation of the different primary water tions of the primary loop hase not yet been inves-

levels indicated the potential need for sufficient tigated, except for the recent PRL-ill
sent paths from the pnmary system that may be expenment?

used to control primary system pressure or to
. penments indicate that noncondensable

.

remove noncondensable pas from the system,
gases in the steam generator U tubes tend to shift

Draining might be beneficialif steam Dow to the
the ueam con &nsation region to the lower por-

steam generator U-tubes is impeded by a reactor~ tions of the up!Mw sides of the U-tubes. Conse-
liquid level above the top of the hot leg piping. In quenny, the ueam genuator is divided intothis situation, an accurate vessel level indication

"acuve" and " passive" zones, active meamng
is needed to interpret plant response. Refer-

Me ni condensation occurs in that zone. I his
ences 1 and 3 discuss problems associated with e sely r uces the printapwwndary heat
the reactor sessellevel instrumentation system.

transfer area; therefore, a larger primary-to-sec-
ondary temperature dif ference is needed to

in summary, initiation of reflus from mid-loop rernme the core decay heat. For a gisen steam
operation with significant amounts of noncon- generator secondary temperature, the primary
densable gas m the upper elevations of the pri' temperature and pressure must rise to provide this

'

mary system required further investigation. The temperature dif ference.
effects of different primary water levels on the
initiation of reflux are discussed in Reference 1. Reflux cooling is not possible if noncondens-
Verification of these postulated initiation phe- ables occupy all of the steam generator U-tubes
nomena was necessary, as well as the consider- and prevent steam f rom reaching a condensing
ation of other phenomena such as the initiation of surface. For a situation like the Vogtle event, the
two-phase loop natural circulation under certain pressure increase initially required to start redux
conditions. Addi nal study was needed to deter- may not be sufficient to maintain the condensing
mine the pressure rise necessary to start reflux as surface. Adcitional noncondensable gas from the
a function of initial water level and noncondens- reactor vessel may be sw ept along with the steam
aole gas concentration. to the steam generator U-tubes. Steam is con-

densed and hined from the tubes, leaving the
3.3.2 Noncondensable Etfects.The pri- noncon Jensable gas behind to further impede the

mary concem regarding noncondensable gases in condensation process.This accumulation of addi.

plants with U-tube steam generators is gas accu- tional noncondensable cas in the steam generator

mulation in the steam generator tubes that could U-tubes requires an added pressurization to com-

prevent steam from reaching a condensing sur- press the additional gas solume and maintain an

.
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adequate condensing smface. Reduced pressure lluoy ancy ef fetts may alm play a mle m deteo

experiments (less than 75 psia) by EPRl/ SRI mining the ef fectneness of reilus cooling. An is

demonstrated that significant amounts of noncon- heavier than sie,m v the buoyancy ef fect wouhl

dentables may be accommodated by the reactor tend to promet; w..mg of steam upw ard into the

sptem in ttus manner wnhout jeoparduing ade- air filled steam genen for tubes.

quate core cooling.7 liccause of buoyancy, ther-
mal mixing, and diffusion ellects, some mixing of . The estabbshment of reflus cooling during a
steam and air might be expected in this situation. loss.ot.RilR esent with the RCS in a mid. loop

operatmg condition was demonstrated at Diablo

Challenges to the integrity of the RCS (for Canyon on April 10.1987. It is beheved that the

example, the tempmary thimble tube seats and steam generators provided cooling in the reflux

nonle dams) could alter the reflux cooling mech- mode for appmsimately three quarters of an hour.

anism and limit its effectiveness if openings are The primary system pressure increase was esti-

su!fidently large. mated at 7 to 10 psi. Most of the steam produced
in the core is belies ed to have been condensed
and teturned to the reactor sewel Initially, con-

The noncondensable pas migration and mixing
densation ouurred on the cool walls of the upper

tendencies within the primary loop are important
reactor vessel I!ventually, the steam reached a

issues. liasic poenomena include the tendency for
air to accumulate at the condensation site anb for condensing surface in the steam getwrator

U tubes and reuux condensation rem < ithe
air to be retumed to the reactor sessel via absorp.

core decay heat.3lion into the condensate. Additional phenomena
regard the split of the steam-pas mixture flow
among the three paths from the core? The first The use of thermal hydraulic system codes to

path is into the reactor sessel upper head where simulate the complex 1 henomena associated with

venting may be possible through the reactor ses- condensation in the presence of significant

sel upper head vent valve and th< core bypass amountmf noncondensable gases is not presently

flow paths. The second flow path is into the hot defensible because the area of application is well

leg piping and pressuriier via the surge line. Vent. beyond its assessment base. The problem is that

ing f rom the pressuriter may be accomplished there are no models capable of simulating the

with the FORVs (some plants do not have these mixing and/or stratifying of two gas phases that

valves, and in others opening them may not be may occur. Ihe mass transfer model in the pres-
~

possible at low pressures). The third path is into ence of noncondensable gases also needs to be

1he hot leg piping and to the steam generator improved. llov.ever the RELAPS/ MOD 3 code

U-tubes. During reflux condensation in a closed wa^, used to calculated reflux conditions in the 11.

RCS, a vent path does not exist in the U-tube B. Robinson phmt and the global results appear

steam generatms (i.e., the steam generator man- reasonable.The results of this study are reported

w ays are closed). in Appendix C.

The steam pas mixture flow split among these The reflux condensation process is described in

paths is aa important variable for determining the detail in Section D 2.1 of Appendh D. The

thermal hydraulic response of the system and the effects of noncondensable gases on the reflux

potential for vents to remove pas from the system. cooling mode are discussed in greater detail in

Note that the first two paths allow senting, while Section D-2.4 of Appendix D.

the third path does not. The third steam-gas path
provides cooling through reflux condensation. 3.3.3 Core Level Depression Effects.
but it may also tranprt additional noncondens- Three ef fects that couhl potentially lead to core

able gas to the steam generator U-tubes and there- les el depression are discussed below: steam gen-

fore may be self limiting if tube condensation is crator tube flooding, hot leg flooding, and pres-

impeded. surizer surge line theoding.
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3.3 J.7 Stearn Generator Tube Flood- sphetic pressure, the Wallis non dimensional
Ing. The countercurrent flow of steam into the s apor s cloeity in the steam generator U tubes was j

U-tubes and condensate return during renus cool. calculated as a function of the core decay heat. A
'ing has the notential to cause a depression of the parametric study was added to evaluate the ef fect

core level. On the upuow side of the U tubes, the of one or more steam generators being unusable
upward Dowing steam opposes the return of con- for reflus cooling. Detaik of this calculation are,

densate, thus " holding up" liquid w ithin the tubes. found in Appendis E. The results of the calcula-
On the downnow side of the U tubes, the steam tion (shown in Figure 4) are significant because
flow assists the draining of condensate. Any they show the nondimensional tube steam s chici-
resulting differential liquid inventory between the ties to be much lower than the threshold value of
U-tube upflow and downflow sides provides a 0.5 needed for tube Gooding (baaed on a Wallin

'

hydrostatic head that depresses the core level. ty pe Gooding correlation) for most decay heats of
This issue is of concern because if the core level interest. The figute shows that core lesel depres-
depressmn is suf ficient, the upper regions of the sion caused by steam generator tube Hooding is
core may be uncovered. Flooding has been only of concern when one steam generator is
observed in a number of reflux condensation refluxing, and then only for decay heats greater
e x pe r i m e n t s .14.t s.17.18.19.20.21 Section D-2.2 of than about 15 MW (approximately 2 days after
Appendix D summarizes the various modes of shutdown).
tube flooding and applicable experiments. Large
thennal-hydraulic systems codes generally have 3.3.3.2 Hof leg Flooding. There is a
the capability of simulating tube flooding phe" potential for Hooding ia the vertically inclined
nomena during reuux condensation in steam and portion of the hot leg. Typically, the hot leg rises
water systems. Ilowever, current code capabihty about 3 ft from its horizontal elevation to the
for simulating flooding in reflux processes with steam generator.11 Gooding occurs at this loca-
air present is questionable.34 tion. then there is a potential to accumulate water

in the steam generator inlet plenum or tubes as
Previous evaluations of steam generator tube well. The diameter of the hot leg is large and a

nooding phenomena have regarded system per- Kutateladie-type correlation is more applicable
fonnance following a small break less-of-coolant than a Wallis-type flooding correlation for hot leg
accident (LOCA). Plant conditions following a applications. Ilecause the diameter of the hot legs
loss-of-RilR event during reduced inventory is much larger than that of the steam generator

; operation differ in two significant respects. First, tubes, hot leg fimxling would at first appear to be
f or reduced iaventory operation, the primary sys- less likely than tube Hooding, llowever, because
tem pressure is much lower than is the case for the the steam generator tube Dow area is about three
LOCA (near atmospheric vs. about 1000 psia). times that in the hot leg, the hot leg velocity is
The steam density at atmospheric pressure is- higher than the tube vehicity, increasing the rela-

1

much smaller than at the hevated pressure: there- tive likelihood of hot leg flomling. I

fore, for a given steam mass flow its velocit is
much higher at atmospherie pressure. This steam. To evaluate the net result of the effects of low
density etteet tends to promote tube flooding- steam density and low core decay heat at mid.
Second, the core decay heats of interest fo' loop operation (as compared with a post-LOCA
reduced inventory operation are much lower than situation) on hot leg flooding, a calculation was -
for post-LOCA operation. This decay heet effect performed. Assuming atmospheric pressure, the I

- tends to reduce the likelihood of tube Gooding* Kutateladze non-dimensional sapor velocity _in
the hot legs was calculated as a function of the

To evaluate the net result of the effects of low core decay heat. A parametric study was added to
steam density and low core decay heat at mid- evaluate the ef fect of one or more steam genera-
kiop operation on steam generator tube fkxxiing. tors being unusable for reflux cooling. Details of
a calculation was performed. Assuming atmo- this calculation are found in Appendix E.zThe
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Figure 4. Steam generator tube flooding behavior,

results of the calculation (shown in Figure 5) are 3.3.3.3 Pressurizer Surge Line Flood-
significant because they show the nondimen- Ing. filooding in the venical section of the pres-

sional hot leg velocities to be much lower than the surizer surge line could allow retention of liquid

threshold value of 3.2 needed for liquid holdup within the line itself and within the pressuriier, an

(hased on a Kutateladze-type flooding correla- effect that has the pokntial to depress the core

tion) for vinusily all decay heats of interest, The level. Since the pressurizer is air-filled during

figure shows that hot leg flooding is only of con- mid loop operation, this issue appears limited to

cern when one steam generator is refluxing, and situations when there is an opening on the top of

then only for decay heats peater than about the pressurizer, allowing convection of liquid into

10 MW (approximately seven days after shut. the pressurizer through the surge line,

down). The potential for hot leg liquid holdup
from flooding therefore apnears to be only To evaluate the possibilities for pressuriier
slightly greater than for steam generator tube surge line flomling, a calculation w as performed.
flooding discussed in the previous section. Assuming atmospheric pressure, the Kutateladie

Beca ' is potential is even less at higher pri- nondimensional velocity in the 14-in. diameter
mary system pressures, core level depression surge line was calculated as a function of the core

effect= from liquid holdup caused by flooding in decay heat. A parametric study was added to eval-

the hot legs are not a concern fx a loss-of-RilR uate the effect of only a portion of the steam pro.

event as long as tw o or more steara generators are duction passing to the pressurizer, as might occur

activ e. in the presence of retlus cooling. Details of the

17 NUREG/CR-5855

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ -



_

Controlling Processes and Phenomena

6

: 1 steam generator Liquid hold up
0 *e 2 steam generators

,

i 3 steam generatocs the hot
: 4 steam generators leg

Cnncal Kg
,

tg 3-
No liquid
hold up

2-
,

4

#1-
L

0- , , , ,

0 5 10 15 20

Power (MW)

69 9 2 1

Days after shutdown

Figure 5. Ilot leg vertical section thahng behavior,

calculation appear in Appendix E, Figure 6 accompanying RCS inventory eduction. Also the
shows the results of these calculations, indicating interchange of steam and noncondensables into
pressuriier surge line flooding is generally to te and out of the pressurizer remains an area of
expected over the decay heat range of interest if uncertainty and is probably a fur of plant
the PORV is open. Pressurizer surge line flomling specilie surge line routing and o- iditions.,

i; indicated at decay heats above about 3 N1W 'Ihis could af fect the final, steady-t, .CS pres-

(corresponding to 100 days after shutdown)if all sure reached during refluxing. Further discussion
steam passes to the pressurizer and at decay heats of this is given in Section 5 and Appendix It
above about 10 MW (corresponding to about
9 dayr after shutdown)if only 25% of the steam 3,3,4 Steam Generator Secondary
passes to the pressurizer. Issues. Experiments performed during the late

l3 investi-1970's in the low-pressure PKL facility
Initially, when the RCS temperature reaches gated the effects of r luced steam generator sec-

the saturation temperature steam flow to the pres- ondary inventory on .he effectiveness of reflux
surizer should be large, because of condensation cooling. The results indicated that the primary-to-
on the walls, even with the PORV's closed, and secondary differential temperature increased sig-
surge line flooding should be expected. Latet in nificantly when either (a) the secondary level

,

time, after the phssurizer walls are heated was lowered, or (b) when noncondensable gases
through condensation of in-flowing steam, surge were present within the tubes,
line flows should be minimal and flood:ng is not
expected. This behavior can potentially cause dis- For the loss-of RilR/ station blackout event,
placement of liquid into the pressurizer and reflux condensation is expected to occur in the
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Figure 6. Pressurber surge line Dmxling behavior.

lower portion of the steam generator tubes, near core boil-off) of the stca n gene.ators as a reuux

the tubesheet. This is the location where steam is cooling heat sink.

most likely to be present, repaidless of steam / air
.ne unting N steam generators 'vas d.iscussed

mixing concerns. On the secondary side, water in Section 2.2.2. If no operator aciion is taken,will be warmed at the bottom and, because of
reflux cooling h:at transfer will heat the secos.J-

buoyancy, the secondary side will be well-mixed. ary Du d increadnp its pressure. The pressure
Therefore, for this event with t'-tube steam gen- increase raises the saturation temperature und
crators in " wet layup"(a) the reflux process will

therefore delays the onset of secondary-side boil-be insensitive to the secondary level, and
ing. If the secondary system remains scaled, then

(b) virtuJiy all the secondary-side liquid will te
its pressure could increase to a hmiting conditmr.
.

available as a reflux cooling heat sink. of the secondary safety valve opening setpoint
pressure, about i100 psia. If the secondary side is

Calculations indicate that for the Vogtle event vented to the atmosphere by manually opening
- (core decay heat of 2.5 51W), approximately the atmospheric dump valves, then the secondary
4 hours is required to heat up tne steam generator side pressure will be lower and secondary side;

| secondanes from 90'F to 212'F. At a decay heat boiling will occur sooner.
rate of 17.1 A1W, this time is reduced to M min-
utes. The time seguired to boil-otf all secondary Based on a litrited review, it appears that phmt

water at atmospheric pressure is 120 hours at a procedures currently do not address secondary.

decay heat of 2.5 N1W and 18 hours at a decay side venting for a Vogtle-like event. Discussions
heat of 17.1 h1W. These calculations place into with operators indicate they likely would rhwse

perspective the worth (with respect to delaying to vent the secondaries early in inc event
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sequence. Vented secondaries allow the use of tisenew of pool boiler condensing heat remmal
low-prewure backup feedwater sources to replace ti.e., to a pool of secondary hquid) has been dem-

any secondary Dud lost through boiling. Candi- onstrated experimentally.22M ;

date sources for this feedw ter ine!ade the plant
fire protection system and pumper truch if such The secondary-s.de level requirement wouldi
a backup feedwater source is available, the core
tenus cooling pmcess could be continued indefi- generally be met lor the loss;of-RilR evtni

nitely. Unvented secondaries would biety pre- me the wam ygnqatm an' m wMayup and
an- d w M cW hymd WHuah up to the upper

clude use of these low-pressure backup feedwater
cet pdmary e level n quirenwnt k

sources. The higher secondary pressures
a met becauw the upper repons M k massociated with unvented secondaries would,
have been dram.ed.

however, provide a possibility of starting the tur-
bine driven auxiliary feedw ater pump. Secondary
side pressures as low as 100 psia may be suffi- The primary question regarding the effectise-
cient to drive the pump. Ilowever, controi of this ness of boiler condenser cooling for the event stu- >

pump could be critical because of the low core died here is the ability of core steam to reach the
decay heat. If the secondary side is fed too rap- condensing surface in the steam generators.
idly, its steaming rate and pressure would fall, Experimental data for this u. sue are very limited.
perhaps leading to a loss of the pumping capabil- liigh-pressure tests were conducted in the Multi-
ity. Additionally, there are unknowns regarding loop Integral System Test (MIST) facility to
venting of the secondaries: the ability to open and determine the effects of noncondensable gases,
control valves,and appropriate timing for venting but these tests also included a cold leg break.2;
operations. Low-pressure noncondensable gas experiments

,
were conducted by EPRl/SRl23 in a facility mod-

In summary, operators would likely vent the cling a ll2beock and Wilcox plant. These experi-

i secondary system if possible. Options for provid. ments indicated that noncondensable gas in the

ing feedwater to either vented or unvented sec. steam generater tubes dictated the elevationl

ondaries have been examined for three example where the condensation process occurred.
Ilecause the steam had been condensed out of aplants. The results are reported in Appendix A.

| steam / air mixture that Dowed into the tubes, high

lated with."""he tubes. Since the presence of non-"##"E"
"""#"" #"' # E "' "'#" * ""#

3.3.5 Boller Condenser Cooling in
mt.

|- Babcock and Wilcox Plants.The disemsion condensables . impedes the condensation process,
provided here addresses the differences between the condensing recion may be forced to a higher

e

the renux cooling processes described for plant.s elevation in the stcam generator. Note that this is
'

with U-tube steam generators and the analogous os m 6e effect observed for the U-tube
boiler-condenser cooling processes present in steam generators where the condensing process
llabcock and Wilcox designed plants with once- tends to occur in the lower regions of the tube
through steam generators. With once-through bundle.
steam generators, condensate is retumed to the
cold leg and need not flow against the steam flow.
11 oiler-condenser cooling during a loss-of-RilR/ If the condensation process is unable to remove

station blackout event requires the primary and the core decay heat because of the accumulation
secondary side levels to be situated such that an of nonecndensables, the RCS pressurizes and
adequate condensing surface is available on the temperatures will increase and expose more con-
inside of the tubes. The secondary side level must densing surface. These observations led to the
therefore be sufficiently elevated and the primary conclusion that the pressure limits of the facility
side level r 1st be sufficiently depressed so that detennine the amount of noncondensable gas that

both a cooling sink and steam path to the tubes at may be accommodated? This pressure limit is
the elevation of that sink are available. The effec- important especially because it might affect the

NUREG/CR-5855 20

- - -_x . -- a.-. - .. - . - - _ - _ - _ _ _ . - _ -



. - _ _ .-4 _ _ _ . . _ . - _ _ _ . . . _ . _ _ . _ _ _ _ _ _ _ . _ _ _ _ . - _ _ _ _ _ _

Conttolling Processes and Phenomena

integrity of the reactor coolant pump seah or tem- that the 5ents uould be opened, allowing core
porary liquid lesel instruments. steam oroduction to flush air out of the upper

regions of the RCS. The vents would then be
liccause the active condensing region is at the closed. allowing boiler-condenser heat remosal

top of " . nee-through steam generator second- using a pure steam flow to the steam generators.
ary, warming of the secondary fluid occurs at the Appropriate timing foi these valve operations has
top of the boiler region as compared to the tuuom not yet been addressed. The vent configuration
of the secondary side in U tube generators. This varies from plant to plant; in some plants, the
difference is significant because thennal stratifi- vents lead to the containment and in others they
cation is likely in the once through steam genera- lead to it:e pressuriier relief tank.
tor secondary side. This stratification effectively
reduces the liquid available for use as a secondary in summary, one through steam generator
heat sink, accelerates the onset of secondary-side boiler-condenser .ooling will likely be estab- r

boiling, and may aggravate pressurization of the lished following a lowof RilR/ station blackout ,

primary system. event.1he high secondary and low primary levels
provide a large condensing surface. Continuation

A feature of the liabcock and Wilcox plants not of the condensation process appears to be jeopar-
available in all plants of other design is the high dired, however, t,y accumulation of air within the
point vents. These vents are located on the reactor tutws. This phenomenon forces the condensation
vessel upper head and at the top of each hot leg process higher into the tubes, in the hmit, the pri-
U-bend (most Westinghouse and Combustion mary system pressure must rise to expose more
Engineering plants have reactos vessel head vents condensing surface. This pressure rise may chat-
but none have vents comparable to those on the lenge the integrity of temporary closures such as
llabcock and Wilcox hot leg U-bends). '"tese level instruments. The localization of heat
vent paths provide a potential for removmg air removal at the tops of the steam generators effee-
from the upper regions of the RCS. Note, how- tively limits the secondary heat sink and acceler-
ever, that the effectiveness of the high point vents ates the onset of secondary boiling. Generally, the
for purging air from the upper regions of the RCS effects of air on the condensation procets are not
has not been demonstrated. The vents are opened well understood There appears to be a potential
by solenold activated valves that are powered to use the high point vents to purge air from the
through inverters by the station batteries. The RCS: however, these vents are quite small and
valves therefore could be opened during the early their use in this application has not yet been -

stages of a station blackout event. It is envisioned demonstrated.

4

C
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4. SUGGESTIONS FOR EVALUATING INDUSTRY CAPABILITIES

This sedit.wuggests awas a hew, beed on the rates should be awenamed f or eath plant. Ihe

discussions in Section 3, additional plant- capability to repleno.h secondary ins entory
specific analyses should prose useful for deter- through low prewure sources (it the secondary is

nuning industry capabihty to ef fectisely respond sented) or through tuibme-dosen ausihary f eed-

to a low of the RllR sptem. Appendis A gises water (if the secondary is ununted) should be

example analyses for one plam from each lLS. confinned.

PWR senda
4.4 Use of High Point Vents for

4.1 Refueling Water Storage Venting Air
Tank Gravity-Drain
Potential liabcoa and Wilm plants mciude high poini

sents on the hot legs and reactor vessel upper
head. Most plants of other designs include teattor

The capability for establishing RWST gravity
wwel upper head sentt Since the prest nce of air

drain needs to be determined for each plant. The
impedes the renux piocess, the use of high-point

major process sariables for RWST pras ny drain
vents to Hush ;ur Irom the primary coolant system

include RWST clevanons, geometries and nonnal could be considered, but all such sents are rela-
water levels, and clesations and sites of mainte.

'i'CD """U (3PP'"'iH'ately one int h).ne.'ce and refueling primary coolant system
openings. These parameters ditter significanth 4.5 Ambient Heat Loss Effects~

trom piant to plant.

4.2 Refueling Water Storage
The ambicol heat loss imia the reador systemTank Gravity-Drain without '" '""'"i"'nent at nonnat opnation is about

Core Bolling 2-4 MW and is within the decay heat range of
oeN n' h m of cok coohng by ambient

The capabilits of the tiow tiom the RWST to ng a ore o o was cons den d'

pres ent core boiling has been evaluated f or three an oum MnaH r a to dway heat lewh
plants Proccu s ariables evaluated include " " "' "U '"" ""'
(a) the driving head between the lowest per-
mitted lesel in the RWST and the hichest reactor 4.6 Summary of Results from
coolant s ent location, (b) the minimum achies- Semple Plant Evaluations
able coolant Dow rate from the RWST consider.
ing How resistances throughout the splem. and

Various drain and s ent strategies were
ic) a realistic consective heat transfer rate that
exceeds decay heat levels based on coolant tem. esamined for the three plants desciibed in

Table 2, and a summary of RWST information
peratmes and flow rates.

for each plant is given in Table 3. Unthrottled
5

Oow rates from the RWST and the minimum now4.3 Secondary Venting and
"4"i"" '" P"'rnt boihng Jonhe ihnmunpleOptions for Replenishing plants chosen is pisen in lable 4, and length of

Inventory time the RWn couia suppiy coohng is given in
Table 5.

The usefulnew of senting the steam generator
secondary sptem has been considered. Ventmp Wrious RCS venting concepts were studied to

appeat s to be desirable; how es er, the capability to use in miniirdring sptem pressurization. These

do so, proper timing, and appropriate toolJown concepts prolong potential cooling through

NUREG/CR-5855 22
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| Industry Capabilities

RWST gravity draining. 'lable 6 summarires the also need to be minimited. Various secondary

results for Catawba. Table 7 for Waterford, and venting pr.hs were considered and the resulting
Table 8 for Daviellesse, secondary side pressures are given in Table 9 for

Catawba, Table 10 for Waterford, and Table 11
To minimite RCS pressure under refluu.ng|

|

I ' U"" II#"#''''

conditions, steam generator secondary pressures

|

Table 2. Summary of plant examples. |i

t

Core power

: Plant name Vendor (MW) Comments

Catawba Westinghouse 3411 1:our hot and cold legs with U-tube
Units I and I; steam generators

Waterford Combustion Engineering 3390 Two hot legs and four cold legs
with U tube steam generators

Davis-llesse Babcock and Wilcox 2772 Raised loop plant with two
candy-cane hot legs and four cold
legs with once through steam
generators ,

_,

Table 3. Summary of RWST data.

Nominal initial
RWST/ CS differential Tank cross- Nominal capacity at

elevation head sectional area power operations Storage tank

Plam (ft) (ft ) (gal) description2

Catawba 66 1,259 363.000 Refueling water
storage tank

Waterford 3 3,809 584,000 Refueling
storage water
pool

Davis-Besse 48 1,735 467,(XX) Borated water
stoiage tank

|

|-
i

|

{

|
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industry Capabilities

Table 4. Summary of h3 raulie line loss f actors und RWST/RCS flow rates.d

Minimum flow to
prevent toiling after

R Initial unthrottled Dow 2 days
Plant Drain path ( ft"8) (Ibm /s) (lbm/s)

Cataw ba Single train ' 327 230 97
RWST/RilR line
and cold legs

- Davis-llesse Single train - 158 276 79
RWST/RilR line
and vessel

Waterford RWST/RiiR to 16 215 96
single hot leg,

Tab!e 5. Summary of times to lose RWST/RCS flow. j

Estimated time to
lose gravity head Estimated time to

for unthrottled lose gravity head
flow for throttled flow

Plant Drain path (h) (h)

Catawba Single train RWST/Rilil/RCS. 3.2 7.6 i
' Fill RCS to the top of the pressurizer

|

manway and spill out. Core boiling is likely
to develop Iv fore drain flow stops.

Single train RWST/Rif R/RCS SG manway 4.4 10.4'
is an RCS spillover path. Core boiling is not
expected to develop before flow is lost.-

!

Waterford | RWST/RilR/ single het leg. 0.2 0.4
There is no RCS spill-out path. Significant
core boiloff is not expected to develop until
all flow is lost.

i

iDavis-Ilesse Single train RWST/RilR/RCS fill to center 0.5 1.7
of pressurizer. There is no RCS spillove.

,

into containment. It is possible that core
:

boiling will develop before flow is lost. |

|-

Single train RWST/RilR/RCS. _ 5.2 18.2-
RCS spill out is through the hot leg to
containment sump. Core boiling is not
expe,cted before flow is loa

.
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Table 6. IIstimated RCS venting conditions after a loss of RiiR for Cataw ba.8

Gravity drain time

Venting conuguration Hours after shutdown (h)b ,

'

48 83 167

c
Corresponding RCS steady-state pressure

(psia)

SO manway (1) 14.9 14.8 14.8 62.7
P

SG ma:w*y (4) 14.7 14.7 14.7 63.6

Three code safety lines open 23.8 21.9 20.2 29.6
'

- to containmen!
,

Pressuriter manway through 18.6 17.7 16.9 49.0
I

surge line (1)

IORV (3) 753.I 623.0 507.6 None

PORV (3), upper head vent, 489.7 - :410.6 337.2__ 'None

and pressurizer vent (assume
oriGees are removed)' .

-.-

a. At 48 hours the saturated steaming rate is 13.2 lbm/s and the initial gravity drain RCS shut off head

is 43.5 psia.

b. Drain times are calculated by conservatively assuming maximum steam now at 48 hours with
maximum back pressure at 48 hours.

c. All RCS steady-state pressures are based on the assur. stion that there is no primary / secondary side
heat sink, and that containment pressure remains at atmospheric conditions.

;
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Table 7. Estimated RCS venting conditions atter a loss-of RilR event for Water #ord.a

Grasity diain
tirne

Venting configuration Hours after shutdow n (h@

48 83 167

Corresponding RCS steady state prewure'
(psia)

SG manway (1) 15.1 15.0 14.9 10.0

SG manway (4) 14.7 14.7 14.7 'i 7

Pressarizer manway through 20.3 19.0 17.9 None
surge line (1)

Pressurizer safety line (1) 79.3 68.4 57.9 None
(assume open to containment)

Pressuriier safety line (3) 29.0 25.6 22.3 None
(assume open to containment)

a. At 48 hours, the saturated steaming rate is 13.2 lbm/s and the initial gravity drain RCS shut off head
is 16.0 psia.

b. Drain times are calculated by conservatively assuming maximum steam flow at 48 hours with
maximutn back pressure at 48 hours.

c. All RCS steady-state pressures are based on the assumption that there is no primary / secondary side
heat sink, and that containment pressure remains at atmospherie conditions.

NUREG/CR-5855 26
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I

-i

|

|

Table 8. listimated RCS venting conditions after a lose of RHR event for Davis llesse."

Gravity drain :

time |

Venting conditions llours after shutdown (h?
-

48 83 167 i

cCorresponding RCS steady state pressure .

i
f psia)

Upper 50 manway (1) 16.7 16.2 15.8 87.7

Upper SG manway (2) 15.2 15.1 15,0 - 97.0

Pressuriier manway 21.7 20.2 ! 8.9 55.7

through surge !!ne (1)

PORV (1) 416,4 350.1 288.2 None

PORY (i), high point vent 303.8 256.4 212.0 Nont
valve (2)(assume orifices
are removed)

,

a. At 48 hours, the saturated steaming rate is 10.8 lbm/s and the initial gravity drain RCS shut off
head is 35.5 psia,

b. Drain times are calculated by conservatively assuming maximum steam 110w at 48 hours with
maximum back pressure at 48 hours.

!-

L e. All RCS steady state pressures are based on the assumption that there is no primary / secondary
side heat sink. and that containment pressure remains at atmospherie conditions.|;

.

h

$

i
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. Table 9. - Estimated steady-state SG secondary pressurea after a losoof.RilR event for Catawba.

Venting configuration - llours after shutdown -

48 83 167

Corresponding SG steady state pressure
(psia)

One SG with one opened manway 15.1 15.0 14.9

Four SGs, each with one opened manway 14.7 14.7 14.7

One 50 with one opened code safety 88.1 75.8 64.1
'

Four SGs, each with one opened code safety 18.5 17.6 16.9

One SG with one opened PORV 112.7 96.6 81.3

Four SGs, each with one opened PORV 20.4 19.1 18.0

One SG with one opened vent line . 928.6 ~ 759.6 612.5
~

Four SGs. each with one opened vent line 184.2- 156.6 130.6

.

|

|

|

'

.1

!

|- .j

)
p

| ,

l'
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Table 10. Estimated steady-state & -niing preuures aber a low-of RIIR esent for Waterford.

Venting configuration llours af ter shutdown !
I

48 83 167 j

Corresponding SG steady-state pressure
(psia)

One SG with one opened manway 15.1 15.0 14.9 )
'

Tw o SGs, each with one opened manway 14.8 14.8 14.7

One SG with one opened code safety 48.9 42.6 36.5

ho Sus, each with one opened code safety 16.0 15.7 15.4

One SG with an opened atmospheric vent salve 164.9 140.4 117.4

Two SGs, each with an opened atmospheric 24.5 22.6 20.7

vent valve

One SG with one opened vent line 920.9 753.6 607,9

Two SGs cach with orie opened vent line 395.2 332.5 273.9
.

Table 11. Estimated steady state SG venting pressures after a loss-of-RilR event for Davi ilesse.

Venting configuration llours after shutdown

48 83 167
___

Corresponding SG steady state pressure
(psia)

One SG with one opened manway 15.0 14.9 14.8

Two SGs, each with one opened manway 14.8 14,7 14.7i+

|

One 50 with one opened code safety 58.4 50.6 43.2

Two SGs, each with one opened code safety 20.6 19.3 18.2

One SG with an opened atmospheric dump 114.8 . 98.3 82.7

valve (ADV)

Two SGs, each with an opened ADV 30.7 27.7 24.8.

One SG with one opened vent line 10408 1040.08 984.0

Two SGs, each with one opened vent line 612.0 511.3 418.2

a. Dump valve will open at a set point of 1040 psia.

29- NUREG/CR-5855
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5. REFLUX COOLING STUDY

lhe thermabhydraulic response of a nuclear reaumable. This is probably because the imtial
steam supply sprem (NSSS) with a closed RCS tapid rise in troth lesel when boilmg inst occurs
to lowof RilR cooling capabihty is imestigated m the core and the wntinued flow of steam f rom '

and seported in Appendis it The specific pro- the wie bource) to the steam generator tubn
cesses imestigated include boihng of the coolam bink) foices the noncondensables into noncon-
m Ae core and reflus condensation in the steam densing regions of the RCS and makes the migra.
genercors, the correspending prewure increase tion of s;eam through the noncondensables a
on the primary side. the heat transfer mechanisms non-problem. Ilowever, some caution must be
on the primary and secondary sides of the steam taken in that RC i pressures predicteti by
generators, the ef f ects of air or other noncondens. RiiLAP5/ MOD 3 are similar to the lower end of

,

able pas on the heat transfer processes, and void the pressure range predicted using the " Piston !

fraction distnbutions on the primary side of the Model," and some details of the RELAP
sptem. Mathematical models of these physical calculations do not look realistic te.g., mass of
processes base been deseloped. The models are noncondensables is not consers ed L 1 he
s ahdated against auilable experimental data and REL \P5/ MOD 3 calculations are reponed in
aie applied m analyses of two typical NSSS detail in Appendis C, and will not be repeated
plants to estirnate the response of the plant to a here.
loss-of-RilR inddent.

A number of calculatiom were irrfonned for
'

sanous uhon on ng e ston NeFSensitivity studies show w hich thermab
hydraulic par $ meters are the most important rela. ''' ' " ^PP'" " "I"0""' " C"' I*

lonn rone u demn gnaator plantlise to the crincal aspects of the plant respome. In
" " ' " " ' " " ""# ""cepmph Meamthe case of boiling in the core and reflux con-

densation in the steam generators, sensitivity pennamr plant Weonm Yan. h indgaWa

studies show that the secondary side pressure / included time af ter shutdown, RC5 inventory,.
.

temperature, the heat transfer mode in the pri- seconday preuum, num r of acthe Meam gen-

mary side, the number of nonle dams imtalled, naton, and numba d loop con ning nouk
"" "" U ""* IF ""' "and the behavior of noncondensables in the pres.

suriter are the most important f actors relatise to mvestigated the effects of whether steam only or
*

RCS pressure increases. Conversely, the deca) a Meanwatn ns enten k Meam gennator
tubes, and the dhtribuu,on of nonconden able pasheat level and nurnber ot. steam generate,rs (as
. to and out of the pressuri/crs.1,he conditionsmlong es nonle dams are not installed m. others)
studied are shown m. .l ble 12 f.or 11. IL Robinsonahas only a second. order effect.
and .l'able 13 for Oconee. A brief summary of the
results is given in Table 14. Detailed results are

Existing system code ( R EL A P5 and given in Appendix it
TRAC-PFI) capabilities in this area were thought

t

to be limited because noncondensable gases are To further refine the results and more
tracked with, and are in thermal equihbrium with, accurately calculate RCS pressures would requirei.

! the steam phase. They are therefore not capable of currently unavailable experimental data, at least
'

simulating separate migration behavior for steam in the area of pressurizer and surge line noncon.
L and noncondensable gas.The significance of this demable gas behavior it is questionable whether
i behavior to the overall simulation of reflusing further refinement is necessary because in a

under reduced inventory conditions might not be number of cases for U-tube plants, at least
as important as originally thought since calcu- instrument thimble seals would be, or are near
lations were performed for the it it Robinson heing, challenged. Since the once through steam
Plant using RELAP5/ MOD 3, and the global generator plants don't use nonle dams or thimble
results (reported in Appendix C) appear seals, their only areas of concern appear to be
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Renux Cooling

level measuring lygon tubing and,in some cases, potentially propose imprmed (higher preuute
primary coolant pump seals. Ilowever. since threshold) temporary closures. If that were the
pressures calculated are not too different from the case, improved calculational ability w ould be
various failure thresholds, vendors could desirable.

|
|
|

;
,

i

b

.

$

t

. .

,

|-
;

y

,

31 NUREG/CR-5855
.

'

- - - - _ - - . - u_-.. __m_ 'em.m._o#+-4e+% mW. _-ww.ae w w w -- ywg-y v.g--yy-- g wyg y - g-m yyy-r p-TPtwTWp'w d'3"wr+TP'WT"wvD f&yf-TF- T'' yTTS*' W*'7 TT T t' W 4 .sj-y yy- 5



:

,

W
i Z Table 12. Analysis for II. B. Robinson. - ac- -

; n a
x

j ] Number of ' Number of Secondary side

; 3 Run SGs used as a SGs with ' pressure Flow regime on SG @
_ ;c. number heat sink dams installed (psia) tube primary side RCS water level' Comments S.

b ,j@

$ 1 1 0 14.7* Two-phase annular Mid-loop operation -

u

2 1 2 14.7 - Two-phase annular Mid-loop operation -

3 3 0 14.7 Two-phase annular Mid-loop operation - |
|

4 1' O 29.46 Two-phase annular Mid-kep operation -

5 i 0 44.15 Two-phase annular Mid-loop operation -- ;

i
'

6 1 0 14.7 Two-phase annular Core outlet Shutdown for 48 h

|

7 1 0 14.7 Two-phase annular 25% of hot leg volume Shutdown for 48 h

4 ,,
w 8 1 0 14.7 Two-phase annular 75% of hot leg volume Shutdown for 4X h'

I 9 1 0 14.7 Two-phase Mid-loop operatitm -

nonannular*

!

10 1 0 14.7 Single-phase lig.O Mid-kep cperation -

,

Ii 1 2 14.7 Two-phase annular Mid-loop operation Pressuriier gas " partition-
ing " shutdown for 48 h

5

12 3 0 14.7 Two-phase annular Mid-kmp operation Pressuriier gas " purging.'
dutdown for 48 h

,

a. I atm = 14.7 psia.

- b. 2 atm = 29.4 psia.-

c. 3 atm = 44.I psir.

:

| *
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Table 14. Pressurizer and nozzle dam sensitivity Jata.

RCS pressure
(psia) ;

i

Oconeell. G. l< chin an

1 SO availat,le with 2

Condition of pressurizer dan. pairs 3 SGs available I SG available 2 SGs available

49 9 8.3 48.8 48.5
g Gas partition

#S.4 43.4 54.0 53._~
No gas exchange

90.4 52.6 71.4 70.6
Gu riurge

-_
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Appendix A

Plant Recovery Schemes Including Gravity Drain
Accumulator injection, and Environmental Heat Losses

A-1. GRAVITY DRAIN ANALYSIS

A-1.1 Introduction tain core at liquid saiaration conditions or to
match cote boiloff. Section A-1.3 surveys the
thre. alants in tenns of the potemial for refueling

This section presents an approach to culuate
water storage tank (RWST) gravity feed align-

gravity drain alignment schemes for plant recov- ment. Section A-l A uses plant specific data to
cry following the loss of RHR. Drain alignments calculate gravity drain response under differing
using both the RWST and accumulators are con.

conditions. Section A-l.5 examines the use ofsidered. For the analysis, it is assumed that the
accumulators or flood tanks for plant recovery.loss-of-RilR event occurs during mid-loop
Section A-1.6 pives conclusions.

operation.

The following two-step approach is presented A-1.2 Mass Flow Envelopes to
to deGne recomy schane" Maintain Core Cooling

Conduct a survey to identify possible gras- This section presents calculations for two*

ity drain paths that can be aligned in a enselopes. The first is aa estimate of the mini-
;imely manner

mum mass flow rate needed to maintain the core
bulk temperature at liquid saturation conditions,

Employ standard computational rnethods to.

The second is an estimate of the Dow needed toquantify gravity drainage flow rates needed match the core saturation boiloff rate. Envelopes
to maintain adequate core cooling,

of the first kind are anplicable in situations where

Plant specific data were used to illustrate how the liquid in00w is balanced with reactor coolant sys-

methodology is applied. Three plants were cho- tem (RCS) liquid out00w. These feed and bleed

sen as sample cases and are listed in Table A-1,
schemes are contingent on available drain paths
out of the RCS. Envelopes of the second kind are

The remainder et Section 1 is outlined as fol- applicable to feed and boil situations, which are

lows: Section A-l.2 gives required flow to main- contingent on available RCS steam venting paths.

Table A-1. Summary of plant examples.

Core power

Plant name Vendor (MW) Comments

Catawba Westinghouse 3All Four hot and cold legs with U-tube

Units I and 11 steam generators

Waterford Combustion Engineering 3,300 Two hot legs and four cold legs w hh
U-tube steam generators

Davis-Besse Babcock and Wilcox 2.772 Raised loop plant with two
candy-cane hot legs and four cold legs
with once-through steam generators

A-5 NUREG/CR-5855
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In practice, such flow envelopes inay not be wbere

directly usable by plant operators unless
mass flow rate f rom the drainappropriate instrumentation is in place and a % =

method of controlling flow is available Calculat. (lbm/s)

ing the envelopes was done in two steps:
Q(t) decay power (Bru/s)

coolant enthalpy change betweenAh =

A normalized core decay power curve was the vessel inlet and outlet in Blu/
*

generated using the 1979 American Nuclear Ibm
Sc.;icty (ANS) standard.12

Equation ( A-1) was applied to no-boiling and
boiling cases. In both cases, the vessel inlet

A steady state energy balance was done to enthalpy was based on an assumed RWST coolant*

estimate mass Gow envelopes required to temperature of 70$F. Figure A-1 shoves the

just prevent boiling and those required to no-boiling Gow envelope with an outlet liquM

just replace water boiled away at a given saturation temperature of 212 F for initial power

decay heat, levels of 3411 and 2772 MW, respectively. In the
second case, steady-state boiling is assumed with
makeup liquid being converted to saturated
var r. The conesponding Dows (Figure A-2) are"

For steady-sta;e conditicas with the core inlet at mu;h lower for the boiling case because of the
subcooled conditions, the n.crgy balance can be relatively large latent heat of vaporization. In

.

expressed as practice,it would hardly be prudent to try to con-
3trol the Dow to match the boiloff ate The values

shown are mainly useful in establishing a low

% = O(r)/Jh t A-1) Dow limit to maintain core cooling.
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Figure A-1. No-boiling core now envelope as a function of decay time.
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Figure A-2. Boding core flow envelope as a function of decay time.

A-1.3 RWST/RCS Drain Path 3. To maintain cooling, a drainage path out of
the RCS into the containment building is

Sur g required

A partial survey was conducted to identify .t . The RCS must be adequately vented (such

potential gravity drain paths for the three plants. as an open pressuriter manway) to allow for
Flow paths from the RWST through piping in the inflowing liquid to displace air or steam c ut
emergency core cooling (ECC) and residual heat of the RCS (sc . Section A-2).
removal (RHR) systems into the RCS are consid-
ered as plant specific examples. Charging and The first three criteria are discussed below.

high-pressure injection (11PI) flow paths are also
Depending on the particular plant configura-

possible but are generally constrained by high tion and vendor design, there is a wide range of
hydraulic resistances. In particular, flow restric.

p ssible elevation heads to drive gravity drainagetion orifices or control valves in these piping
through various paths.Wh Differential eleva-

trains can significantly limit drainage mass flow
ti n heads are dependent on the geometry of the

rates. Criteria for plausible gravity drain path.
RWST, plant operating conditions, and the RWST

ways to the RCS system include location relative to the RCS, Typically, the RWST

1. There must be a net positive differential is a large stainless steel tank located outside of the
containment building. These tanks are 9e

pressure between the RWST and RCS injec. order of 40 ft in elevation and at full power i .Ji-
tion point tions have nominal capacities that range from

2. It must be possible to alien the system to 300,000 to 580,000 gal. During refueling opera-

allo.v gravity drain for a particular path tions with the vessel head r: moved, the RWST

from the RWST to the RCS system inuntory is generally much lower. In this

|
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maimenance mode, much of the RWST inventory ponent. Such constraints may introduce
has been transfened to the refueling pool. unacceptabte delay times in making an

alignment. Some of the more significant
constraints include the following:Table A-2 shows a summary of the relative

elevation heads between the liquid level in the
Ciravity drain alignment could be difficulte

RWST and the cold leg centerline for the three
w a low f tal x p wer became W

plants. These heads were estimated using nomi-
""' " * " '# 4 " " * """" "E# " E ' ".nal RWST levels for normal operation and there-
they can h opened at aR

fore should be considered as " maximum"
estimates. The name given to the RWST dif fers Alignment strategies may result in configu-e
for each vendor,as md!cated in Table A-2. In gen ~ rations that conflict with existing plant
eral, there will be some variation in the actual

operational procedures.
level based on plant technical specifications and g

other operating conditions. For low power sub- Valves that require manual opening or clas- -=

critical conditions that occur during RilR cooling ing may be located in radiological areas that
modes, the RWST levels can be significantly are not easily accessed by plant personnel.
lower. This variability alone may prevent the pos-
sibility of gravi y draining. In particular, the level Depending on maintenance schedules, cer-e

in the RWST ta + for the Waterford plant can be tain vahes may be down for repairs.
below the emessency core cooling system
(ECCS) injection cold leg injection point by at If an intended gravity drain alignment.

least 1.5 ft- attempt is unsuccessful, core boiling and
signibcant RCS pressurization may ensue.

The second criterion is thet a viable drainate Under this circumstance,it would be impor- ,

path exists between the RWST and RCS. Virt$le tant to isolate any low-nressure systems

means that not only does the path exist, but that fmm the RCS.a

the proper alignments can be made to effectively
use the path. The latter is much more complex
and requires plant specific operational know- a. Failure to isolate low-pressure piping trains such
ledge. The possibility of accomplishing the as the RilR lines could lead to pipe ruptures and pos-
intended alignment is constrained by the opera- sible RCS ' coolant releases into the audliary

~

tional characteristics of each drain path com- building.7

Table A 2. Summary of RWSTdata,

Nominal initial.

' RWST/RCS
differential Tank cross- Nominal capacity at

elevation head sectional area power operations
2Plant t ft) (ft ) (gal', Storege tank description

_

Catawba 66 1,259 363,(XX) Refueling water storage
tank

Waterford 3 3,809 584,(XX) Refueling storage weter
pool

_ Davis-liesse 48 1.735 467,(X)0 llorated water storage tank

NUREG/CR-5855 A-8
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Trip signals could be gene,ated after a loss- pathway dso contains multiple check valves that*

of RilR esent that lock certain valves into a are not show n but w ould allow now in the desired

configuration that_ is incompatible with a direction.

potential gravity drain alignment. ;

One major constraint on this proposed align- |
iIn the following sample survey, it is shown that ment is that the hydraulic containment isolation

~

there are a number of possible pathways for grav' valse number 3 rcmains open if there is a loss of
!ity. drainage from the RWST to the RCS. vital ac pow er. Upon loss of vital power, the

Table A 3 is a summary of the survey findings, hydraulic gear drive loses power and the valve
'

With regard to Westinghouse plants, gravity drain icnds to drift shut. Once this valve has drifted
alignment schemes with and without vital power shut, it becomes extremely difficult to reopm it .

have been documented.M The Table A-3 sum- unless ac power is restored. Thus, timely manual
mary is not an exhaustive list of all possible grav- intersention by plant stalf is required.
ity drain path routes. Generally, the piping
pathways between the RWST and the RCS are ill nket conclusions cannot be denved from

.

long and complex. Many of these pathways have #" # # *"*E ' " * "* # " S # * * 7 ""
a relatively high hydraulic resistance, some in components have backup power systems that
part because of flow restriction orifices or control

aH w f r opaagn w%out utal pown in somevalves that limit ECCS pump rtm out. cases, a pneumatic system connected to an accu-
mal tor tank serves as a backup power supply.

Figure A-3 shows a genetic RWST/FCCS/
Trigger energy to remotely operate these systems

'

RCS alignment scheme for a four !oop is generally supplied from backup de battery
Westinghouse plant.' The Babecck & _Wilcox

P"* "(B&W) and Combustion Engineering (CE) plants
have similar configurations between the RWST

The third criterion mentioned earlier is that anand RCS) The HPI, RHR, and charging lines are
viable drain paths for the Catawba and Davis. adequate drain path out of the RCS must be estab-

lished for successful feed-and-bleed decay heatBesse plants because of the relatively high
RWST/RCS gravity heads. For Waterford, these removal. The approach for evaluating potential

pathways were judged to be less usable because
RCS outflow passageways is similar to that for

of the low RWST/RCS differential head. Ilow. innow pathwaysJlable A-5 is a partial survey of

ever, Waterford has a' low resistance /high mass potential RCS drainage path ways for the
Catawba, Davis-Besse, and Waterford plants.flow rate pathway from the RWST that connects

. directly to the RCS bot leg. Gravity drain ccpaci. There are also a host of potential drain paths

ties for some of the above listed pathways are through the ECCS system into the auxiliary

quantified in Section A-4. building. Because of radiological concerns out-
side of containment, these paths were not consid-

As a plant-specific example, consider the low ered. Depending on the RCS inventory and
. resistance Waterford RWST/RHR/ hot leg drain relati_ve liquid level, many of the openings listed

path. Table A-4 presents a component summary in Table A-5 could also be used for venting pur-

for this proposed pathway and Figure A-4 pres. poses in a core boiling mode. This is discussed in

ents a simplified drawing of the pathway. This Section A-2. The relative effectiveness of an
RCS drain path for plant recovery depends on its
location relative to the RWST injection location
and its size. Relatively large RCS system open-

b. ~ One major difference between B&W and
inSS Will rovide minimal hydraulic resistancePWestinghouse or CE ECCS configurations is the
and maximum cooling flows when injection andaccumulator /CFT connections. In Westinghouse and

CE plants, the accumulators generally connect to the drain locations cause flow through the core.
cold legs. In B&W plants, the CFT discharge lines are Sma!! Wain paths may result in flows too small to

connected to the vessel. meet core cooling needs (see Section A-1.2).

A-9 NUREG/CR-5855
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Table A 3. Summary of potential gravity drain paths,

Plant Gra,ity drain path Number of trains available Comments
m

Catawba RWST/RilR! cold leg 2 trains with each train Moderate resistance

splitting to 4 cold leg path with flow
injection points restriction orifices

RWST/IIPl/ cold leg 2 trains with each train liigh resistance path
splitting to 4 cold leg with now restriction
injection points orifices

RWST/ chemical and 2 trains into 2 cold legs liigh resistance path
volume control system with flow restriction
(CVCS)/ccid leg otifices

RWST/RHR suction / hot 1 path that splits to 2 hot legs Direct low resistance

leg path that bypasses
pump and heat
exchangers (is most
direct pathway to -
the RCS)

Davis-Besse RWST/RilR/ vessel 2 trains to 2 vnsel upper Moderate resistance

plenum injection points . path with now
I= restriction orifices

RWST/IIPI/ cold leg 2 trains with each train liigh resistuice path
splitting to 4 cold leg
injection points

. WST/CVCS/ cold leg 2 trains to 2 cold leg liigh resistance path
injection points

Waterford RWST/ hot leg i path to each hot leg This is a direct low
resistance path

L

RWST/ IIP!/ cold lec 2 trains with each train liigh resistance path
! splitting to 4 cold leg (system has I standby

injection points HPI pump)

|: RWST/RilR/ cold leg 2 trains connect with each Moderate resistance !

splitting to 4 cold leg path with now control !
'

j. - injection points valves

,

NUREG/CR-5855 A-10
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Table A 4. RWST/RCS component summary for Waterford.

Valve number Failure mode
identifier upon loss of ac

jom Figure A-4) Valve type power Comments

i Manual globe valve None During mid-k>op operation,
this valve is closed to prevent
inadvertent RWST drainage

Personnel may be able to
adjust the valve to throttle
RWST flow

2,4 Motor-operated globe . Fail in existing During mid loop operation,
valves position these valves are open

3 Hydraulic-opera;ed Fail in existing Loss of ac power will cause
globe valve position the valve drive mechanism to

drift shut

4

RWST

. .' * e
'-

I
M H M'

RCS
HL-X / (,N N/ N/

/N /\
1 2 3 4

. . m ..

Figure A-4. Waterford RWST/HL gravity drain path.
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i

~1
l- Table A 5 Summary of RCS outflow paths.
.

!

Number of paths
Plant Drain path available Comments

Catawba Primary steam generator 8 Steam generator nozzle dams may

manways (two per ste m block this pathway.
generator)

Pressurizer manway 1 Because of the small
RWST/ pressurizer manw ay
differential head, this pathway
will result in or!f partial drainage
of the RWST.

Pressurizer power-operated 3 Can be remotely opened with or
relief valve without loss of vital power. May

not drain to containment if quench
tank is closed. Because oflimited
quench tank volume, this will
inhibit long-tenu drainage. Its
high elevation will aiso limit
drainage.

Pressuri7er .afety lines 3 The spring-loaded safety valves
may be removed for maintenance.
These lines may be temporarily
opened to containment. liigh
:levation will also limit drainage
flow.

Letdown line to hold up 2 .Some valves on letdown line may
tanks fait shut if vital power is lost. It is

a time-consuming task to
L manually open valves or this line.

tiot leg to sump intake line 2 If loss of vital power occurs, a
snotor-operated valve located in an
encapsulation container must be
accessed and opened, which is a
time-consuming effort.

Ilot leg to sump bypass line 2 ~ There are 1-inch bypass lines
around the motor-operated valves
in the encapsulation containers.
These valves can be manually
opened. Drainage flow is
expected to be small.

A-13 NUREG/CR-5855
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Table A 5. (continued).

Number of paths
Plant Drain path available Comments

Cats 4ba llot leg /RHR drain and vent 2 These drain and vent lines are

lines to containment connected to the RilR lines
coming off of the hot legs. The
drain lines are 0.375 inch orificed
2-inch lines that drain directly into
containment. The vent lines are
0.375 orificed 3/4-inch lines.
These vents and drains can be
manually opened on loss of vital
ac powei.

Ilot leg resistance 20 The twelve 1-inch drain and eight

temperature detectors bypass 3/4-inch vent lines are 0.375
manifold vent and drain lines orificed and go directly into

containment. These lines could be
opened manually if vital ac power
is lost. Drainage mass now rates
are expected to be small.

Davis-Besse Prima;y steam generator 4 One at each inlet plenum and
manways (two per s'eam outlet plenum of each

'

generator) once-through steam generator. The
inlet plenum is too high to be a
practical drain opening. The outlet
plenum can drain through the cold
leg, which may cause core bypass
problems.

_

Pressurizer manway 1 Because of the low RWST/RCS
differential head liquid drainage
out, this entrance is not expected.

Hot leg RHR to containment 2 if loss of vital power occurs, a
sump motor-operated containment*

isolation valve located in an
encapsulation container must be
accessed and opened. This is a
time-consuming effort.

Imdown line to rad vaste 4 This is a high resistarice, low flow,
tank 2-1/2 inch line connected to each

cold leg. These may be difficult to
manually align if vital power is
lost.

NUREG/CR-5855 A-14
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Table A 5. (continued).

Number of paths

Plant Drain path available Comments

' Waterford Steam generator manways 4 Because of the low RWST/RCS

(two per steam generator) differential hea41 liquid drainage
out, this opening is not expected.

Pressurizer manway 1 Because of the low RWST/RCS
differential head liquid drainage
out, this opening is not possible.

Ilot leg to sump 2 Blocked by check valves.

Ilot leg to reactor drain tank 2 This 1-inch line connects to the
RilR piping and flows into the
reactor drain tank. llecause of the
small drain tank volume, this path
way is not expected icie
practical.

. Letdom line to hold-up 1 This high resistance path is not

tanks ' available if vital ac power is lost.

A-1.4 RWST/RCS Drain For a gravity feed train composed of piping of
v ri ble sizes and lengths and interconnected

Scoping Calculations valves and bends, the total frictional pressure
drop is given as

The principal parameters needed to estimate
gravity drain flow rates are the hydraulic line a

el P ,,u = m (K, + f/,/d,)/(288pgc A[)2
losses, the geometric features of the RWST and p
RCS, and the initial differential pressure head. 4-i

There is a wide plant-to-plant variation in these ,

| parameters and corresponding gravity drain rates. = m'R/(288pgc) (A 2)

whereAn approximation technique for estimating
RWST/RCS hydraulic line losses relies on direct * " 0 * i '# U* "

methods that draw from a known data base of
hydraulic information to calculate a total line loss Ki local form loss factor for a spe-=

resistance factor. This approach uses the follow ~ c fic valve, orifice, pipe bend,
ing data: etc.

fiiction factor for a particularPipe diameters, lengths, and friction factors fi =.-

IP Pc
Bends and elevation changes-.

correspanding component lengthli =

Valve and orifice form loss factors (ft).

corresponding hydraulic diame-Pump rotor resistances, locked or freely d, =e

spinning. ter (ft)

&l5 NUREG/CR-5855
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RWST liquid density (Ibm /fth shown lor comparison are the flow rates requirede =

to prevent boiling if feed-and-bleed commences
gravitational constant (32.21bm- two days after shutdow n. In all cases, thege =

2ft/lbf-s ) unthrottled flow rate exceeds the no-boiling mini-
mum now rate.

flow area for a particular compo-Ai =

2nent or piping length (ft ) The initial mass now rates into the RCS will
decrease if the RCS pressure rises above atmo-

lumped piping train resistance, spheric pressure. Figre A-5 shows unthrottledR =

which equals mass now rates for a single train as a function of
RCS back pressure for the Catawba, Davis-Besse,

S'(K, + f//d)/A[ (A-3) nd Waterford plants, respectively. For a given
i-1 decay power, the data in Figure A 5 can be used

in tandem with the ficw envelopes presented in -

Once a line resistance factor has been calculated, F gutes A-1 and A-2 to estimate maximum RCS
an estimated mass now drainage rate can be cal- back pressures ,ad still avoid core boiling or =

culated by equating the total frictional pressure uncovery. For instance, consider the Davis-Besse
drop, APaoss, with the totM differential pressure, plant with 40 days of decay power. From

'

AP irt, between the RWST and RCS. Using Equa- Figure A-2 we need on the order of 40 lbm/s tod

tion ( A-2) and solving for the initial drainage maintain subcooling. From Figure A-5, the RCS
mass flow rate gives back pressure can be as high as 20 psig and still

(28Sgc pJPsg/R)i/2 (A-4)#r ,j,, =
a

Although initial gravity drain mass flow rates
Equation (A-4) was used to estimate maximum can be more than adequate to cool the core, as
initial gravity drain cates with the elevation data time progresses these flow rares will decay as the
in Table A-2Ahe magnitudes of the initist drain. liquid level in the RWST drops. Knowing these
age flowr. (each case assumes one pipe train) are decay times is an important factor in predicting
summarized in fable A-6. In these calculations,i' times to core damage if recovery procedures can-
was assumed that the RCS was at mid-loop condi- not be implemented. RWST/RCS flow can be lost
tions, and that the RCS and RWST system pres- because (a) the RWST level has dropped to reach t

sures were at atmospheric conditions. Also hydrostatic balanec with the RCS,(b) the RWST
-

Table A 6. Summary of hydraulic line loss factors and RWST/RCS flow rates.

Minimum flow to
initial unthrottled prevent boiling aner

R flow 2 days
Plant Drain path (ftd) (ibm /s) (Ibm /s)

Catawba Single train RWST/ 327 230 97
RHR line/ cold legs

Davis-Besse Single train RWST/ 158 276 79

RHR line/vessci

Waterford RWST/RHR/to single 16 215 96
hot leg

NUREG/CR-5855 A- 16
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Figure A 5. Unthrottled RWST gravity drain flow rates as a function of RCS pressure,

2
has become empty, or (c) boiling begins coinci- scctional areas are on the order of 100-120 ft .
dent with a lack of RCS venting so that the RCS Thus, a small drop in the RWST has the potential

pressurizes above the RWST/RCS hydrostatic of significantly raising the level in the RCS if the

head sh_ut off point. In the following examples, initial RWST/RCS differential head is large.

the RCS system pressure was assumed to be
maintained ut atmospheric conditions (if ade- Estimating ~ times for volumetric displacement

quate RCS venting was available). Various differ- changes in thc RWST are calculated using the fol-

ential heads and assumed RCS spill-out points lowing approximation'013-

i were examined. In situations where RCS spill-out
1 ,y = JM/m ( A-5)points were not available, the time to loss of RCS/ 3 ay

RWST Cow is relatively short if spillover open-
ings are available or if the flow can be throttled, where

the flow time becomes significantly longer.
mass displaced from the RWSTAM =

Cross-sectional areas of the RWST are signifi. into the RCS between the initial

cantly larger than the average cross-sectional area and final RWST/RCS differen-

of the RCS. As a consequence, several feet of liq. tial head (!bmf
uid frorn the RWST can lead to significant refill

- of the RCS. Cross-sectional RWST data were
summarized in Table A-2 for the Catawba, Davis' c. Calculating the precise volumetric displatement
Besse, and Waterford plants. From the table, we from the RWST to the RCS is complicated by the fact

note these areas are on the order of that the RCS volume is not unifonn with respect to
2ft . In contrast, the RCS cross- RCS elevation changes.2000 4 000

- A-17 NUREG/CR-5855
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aserage mass flow rate between 4.4 and 10.4 hours respectivel). In the case ofm =y

the corresponding initial and DaviwBesse, using a postulated hot leg /RilR/
final differential RWST/RCS containment spillover path, the loss times for
differential heads (Ibm /s).d unthrottled and throttled flow conditions are 5.2

and 18.2 hours, respectively. In the above two
,

The above approximation was applied to es drain schemes, the final differential heads before
l mating RWST/RCS flew loss times with and the RWST has drained still yield flows large

without RCS spillover openings. The results are enough to sustain significant core cooling. This is
summarized in Table A-7. All throttled flows are because the bottom of the RWST is well above

; based on the minhnum cooling requirements for the corte'ponding RCS spillover k) cations,
two days after shutdown to imtially maintain the
core just below boiling conditions (see Fig- A-1.5 The Potential Use of

I ure A-2). Whether it is practical to throttle the Accumulator injectionRWST/RCS flow is an operational matter that
cannot be addressed here. Tiraes to con damace
may occur at signiGeantly earlier times than tile There are possible scenarios where accumula-

RWST/RCS flow loss times if the flow drops tors or core flood tanks (CITs) may be used as an

! below the minimum core cooling now rate for an auxiliary s urce f short-term core cochng. Dur-

extended time period, ing mid-loop operation the accumulators are gen-
| erally isolated from the RCS by closiny
! As an example, consider the Waterford plant motor-operated vah es on the discharge lines

that is initially in a well vented mid-loop cooling between the tanks and RCS. In general, it is pos-

conficuration at atmospheric pressure, with a dif- sible to manually open these isolation valves if
'

ferential RWST/RCS head of 3 ft. Followine a there is a loss of vital power. Depending on the

loss-of-RHR event coincident with a loss of vital plant, the isolated accumulator /Dood tanks can

power, how long will it take to reach a hydrostatic remain pressurized or be depressurized. Maxi.

balance between the RCS and RWST and termi- um pressures, depending on the plant, range

L nate gravity drain flow? Using the above fonnula, f m 2H50 psig. If the accumulators or CFTs
the time to lose complete gravity drain for are pressurized, it is not likely that an attempt

unthrottled Gow is about 12 minutes. In this cir- w uld be made to manually open the discharge

cutustance,it was assumed that there was no RCS line isolation valves. Therefore, this scenario will
n i be considered further.spill-out point available to help prolong RWST/

RCS gravity drain. If the drain flow is assumed to
be throttled to initially rnatch minimum subcool- Table A-8 shows a summary of the accumula-

ing requirements (this may be impractical), the tor / flood tank characteristics for the Catawba,

decay time is about 24 minutes. Waterford, and Davis-Besse plants. Table A-9
shows the estimated initial Dows and times to loss

If the initial RWST!RCS gravity head is large, f fl w f r each of the plants. The Dow rates and

the flow loss time for both throttled and times were calculated as previously described in

unthrottled flow conditions becomes significantly A-1.4, in which the RCS remains at atmospheric

longer. In the case of Cata.'/ba, using the steam - Pressure, an adequate spill path exists, and the

generator manway spillover path, the loss time now is unthrottled.

for unthrottled and throttled flow conditions are
Developing a strategy to throttle and rnonitor

flow from the accumulator or CFT lines is com-

d. If the RCS and RWST reach a hyirostatic bal- plicated by "everal operational issues, including

ance, the final drain now rate is zero. If the bottom of
C( ntrolled injection of accumulator or CFFthe RWST is well above the RCS drain-out point, the *

final flow rate at the instan. the RWST empties can liquid into the RCS is complicated by a lack
still be very large. of direct flow instrumentation.

NUREG/CR-5855 A-18
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Table A 7. Summary of times to lose RWST/RCS How.

Estimated time to lose Estimated time to
gravity head for lose gravity head

unthrottled flow for throttled now

Plant Drain path (h) (h)

Catawba Single train RWST/RilR/RCS. Fill 3.2 7.6

RCS to top of pressurizer manway and
spill out. Core boiling is likely to
develop before drain Gaw stops.

Single train RWST/RilR/RCS steam 4.4 10.4

generator manway. This manway is an
RCS spill over path. Core boiling is

'

not expected to develop before flow is
lost.

Waterford RWST/RilR/ single hot leg. Theie is 0.2 0.4

no RCS spill out path. Signi0eant core
boiloff is not expected to develop until
all now is lost.

Davis-Besse Single train RWST/RilR/RCS fill to 0.5 1.7

center of pressurizer. There is no RCS
spill over into containment. It is
possible that core boiling will develop
before flow is lost.

Single train RWST/RilR/RCS. 5.2 18.2

RCS spill out is through the hot leg to
containment sump. Core boiling is not
expected before flow is lost.

Table A-8. Summary of plant accumulator or CFT operational characteristics.
.,

Can accumulator or
<

CFT system be
pressurized during flow accumulator or Nominal set point

- mid-loop operation CIT is isolated - pressure at full Can isolathn MOV

with loss of vital during mid-loop power operation- be opened if there is

Plant power? operation (psig) loss of vital power?

Catawba Yes With MOV 400 Yes

Waterford No With MOV 600 Yes

Davis-Besse Yes With MOV 600 Yes

A-19 NUREG/CR-5855
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Table A 9. Summary of plant accumulator / flood tank characteristics.

Maximum initial
now rate for

Nominal liquid unpressurized Time to loss of
inventory per tank accumulator or CFT unthrottled flow

Plant Number of tanks (gal) (gpm) (min)

~ Cataw ba 4 7,480 2,273 6.6

Waterford 4 13,000 5,874 4.4

Davis-Besse 2 7,780 6,065 2.6

if vital power is not available, discharge line a loss of-RilR event, A limited analysis of threee

isolation valves must be operated manually. diDerent plants and gravity drain conGgurations
This entails entry into a potentially high were presented. Beginning two days after shut-

- radiation zone in containment. down under ideal conditions, core cooling could
be maintained for up to 0.4,10.4, and 18.2 hours

- In a manual operational mode, the motor- for the Waterford, Catawba, and Davis-Besse*

operated valve (MOV) stem positions may plants, respectively. The relatively short period
not easily translate into meaningful flow for Waterford is due to the initially low RWST/
rates unless some calibrations were made RCS differential head. It was assumed that the
beforehand.. RWST/RCS flows cou'd be throttled and that

spill-out paths were available for Davis-Besse

The use of the accumulator or CFT level instm. and Catawba. In practice, these assumptions may

mentation is one potential measurement. How- n t be realistic and core cooling times may be sig-

ever, the sensitivity for transient Dow conditions nificantly shorter.

may not give accurate readings.
An additional survey was made to see if accu-

mulator/Dood tank systems could be t ad as anA-1.6 Conclusions
anernate way of passively injecting liquid into the
RCS during a loss-of-RilR scenario. The use of

it has been shown !. at gravity drain of coolant this system is problematic for long term cooling i
from the RWST to the RCS is one potential because of the limited water volume and difficul-
option to temporarily maintain core cooling after ties in properly throttling the injection flow rate.

A-2. \/ENTING ANALYSIS,

A-2.1 Introduction boiloff may be the only way of removing core
decay heat from the RCS, Plant specific examples
from Table A-1 are used to demonstrate how this

This section presents a simplified approach to analysis was applied.W urvey methods used toS

evaluating RCS venting capabilities following a identify possible vent paths are similar to those
| loss of RHR event. Venting capu ilities play a key used to identify gravity drain paths in Section

role in any analysis to quantify RWST gravity A-l. In some situations, depending on the vari-
drain potential (see Section A-1) as well as lim- ability of the RCS inventory, a vent path has the|

! iting potentially damaging RCS pressure excur- dual potential of functioning as a RCS liquid
sions. In the event that no RCS drain path is drain path. This section addresses the following
available to maintain core subcooling, vented issues:

L - NUREG/CR-5855 A-20
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For a pisen system pressure and decay cowes secondary side relieving capacities and*

power what venting configurations are ade. Section A-2A contains conclusions relative to
quate to relieve boiloff! the results in the preceding sections.

Conversely, for a given venting configura- A-2.2 Steady-State Primary*

tion what envelope of steady-state pressures Venting Analysis
and decay powers can the configuration
operate in?

Ileat remosal through the steam generators or

For scenarios where boiling has not condensation on internal surfaces is not consid-*

been initiated w hat RCS vent sizes are cred. Both large and small RCS venting configu-

needed to sustain gravity drain without RCS rations are included in this section. In general,

pressurization? tteam discharge from relatively large RCS vents
produces relatively small RCS pressure changes.

The motivation for pctforming such vent analysis Hence, the RWST gravity drain is still a possible

includes eption for maintaining core cooling. Several sim-
plifying assumptions were made:

Developing a methodology to evaluate*

- whether large vent paths open to contain- Prior to reaching steady-state boiloff condi-*

ment during a loss-of-RHR cooling accident tions it is assumed any noncondensables
are adequate to minimize RCS pressuriza- initially in the primary system have been
tion and allow for RWST gravity drain- completely vented.

.

Developing a similar methodology to evalu- It is assumed that the RCS is initially at mid-. .

ate what small vent paths are appropriate to loop configuration, with the upper head on
relieve core boiloff at pressures above the and the core liquid in a state of saturated
RWST gravity head. boiling.

Obtaining estimates of RCS steady-state There is a continuous replacement of boiled
.

.

},. essure levels while venting through vari- off liquid. It is assumed that either the
. . .

ous RCS openings, using data from three ECCS, charg.ing system, or gravity drainage
.

representative plants. from the RWST is avadable. For those situa-
tions where RWST/RCS gravity feed

Obtaining rough estimates of steam genera-e
appears f easible, estimates are given f or the

for steady-state pressure levels while vent- am unt of ume before coolant a depleted.
ing through various openings, again for
three representative plants.

The containment pressure is maintained at*

it should be noted that this analysis makes no atmospheric conditions.

consideration of operational factors that might
prevent or make difficult or time-consuming the A partial listing of possible vent paths for the

implementation of venting arrangements consid- Catawba, Waterford, and Davis-Besse plants is

cred. Such factors include the effects of radiolog- presented in Tables A-9.hrough A-11. Some of

ical releases during venting, current technical these mentioned vents are mtermediate in size

specification requirements related to allowable and could result in either choked or unchoked

valve lineups, and human factor considerations. flow. There is also the possibility of venting from
the RCS through ECCS lines to the auxiliary

Section A-2,2 discusses steam venting capabil- building. Because of radiological concerns, these

ities for a range of vent sizes, Section A-2.3 dis- path ways were not considered.

A-21 NUREG/CR-5855
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Table A 10. Sununary of sent paths for the Catawba Four Loop Westinghouse plant.

Diameter
Vent type (in.) Comments

One pressuriter manway 19 Located near the top of the pressurizer
steam dome.

Eight primary steam generator 16 Venting possible if steam generator
manways, two per steam nonle dams are not installed.
generator

Three pressurizer code safety 5 The removal of safety valves for
relief salve discharge lines maintenance opens a possible vent

path to containment. Ilowever,
__

removal of the code safety valves is
an infrequent occurrence.

Two ECCS/ hot leg suction 8-12 These lines may be opened for
connections service. Ilowever, these openings to

the containment may be scaled

Vessel upper head vent valve 0.75-1 Found on most Westinghouse plants;
small flow restriction or'fices (0.375
inches) that limit possible
loss-of-coolant accident evem3. Can
be opened if vital power is lost.

Three pressurizer PORVs 1.25 Can be opened if vital power is lost
under normal circumstances.*

RilR hot leg suction line 3/4 inch lines with Depending on RCS inventory, these

containment vent valves Owo 0.375 flow restriction vah es may vent steam to
vents off of two hot legs) orifices containment. These are manual

valves. -

Hot and cold leg RTD bypass 3/4 inch lines with Depending on RCS inventory, these

manifold (at least 8 vents) 0.375 orifices vents may pass steam to containment.
These are manual valves.

Pressurizer vent line 1/2-1 inch Contain flow restriction orifices that
limit flow in a loss-of-coolant
accident event.

Ruptured Tygon hose 1 inch or less Depending on the location. this break
could vent either steam or liquid. b

a. Modes of activation vary from plant to phmt. Most Westinghouse plants have only 2 PORVs. Some PORVs are
solenoid oprated and need a differential pressure threshold of 25-50 psid to onen. It is assumed that if these valves are
used, they are either discharging into containment or,if the PORV lines are still connected to the quuch tank,the tank is
open to containmert. Such configurations would not normally be expected.

b. Tygon hose is used for level instrumentation readings during refueling and mamtenance. These hoses are usually
rated at 25 psig. One common connection is between the cold leg suction and top of the pressurizer.

NUREG/CR-5855 A-22
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Table A-11. Summary of vent paths for the Waterford 2 by 4 Combustion Engineering plant."

Diameter
Vent type (in.) Comments

One pressurizer manway . 16 Located near top of pressurizer steam
dome.

Four primary steam generator manways 16 There is potential for venting if steam
(two per steam generator) generator nozzle dams not installed.

Three pressurizer safety relief lines 6 The removal of safety valves for
maintenance opens a possible vent path to
containment. However, removal of the

code safety valves is an infrequent
occurrence.

Vessel upper head vent valve 3/4 Can be manually opened to containment.

Ruptured Tygon hose 3/4 Depending on the location, this break
could vent either steam or liquid.b

Pressurizer vent line i Can be manually opened to containment.

a, Waterford has no pressurizer PORVs.

b. Tygon hose connects from hot leg drain line to the top of the pressurizer differential pressure tap.

A-23 NUREG/CR-5855
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Table A 12. Summary of vent paths for the Davis-llesse 2 by 4 ilabcoeL& Wilcox plant.

Diameter
Vent type (in.) Comments

One pressuriier manway 16 Located near ton of pressurizer steam dome.

Four primary steam generator 16 One manway each at the inlet plenum and outlet
manways (two per steam generator) plenum. Steam must transit steam generator

tubing to reach bottom manway.

Two core flood tank lines to upper 14 Can be opened to containment for service. They
vessel downcomer are opened infrequently for maintenance, and if

opened, they may be sealed to containment.

Two pressurizer safety relief valve 4 The removal of safety valves for maintenance
discharge lines can open a vent path to containment. The

removal of the valves is an infrequent
occurrence.

. Vessel upper head vent line 3 This line connects to the top of steam generator
2. Unless this .~ne is opened to containment it is
not a usable vent path.

One pressurizer PORV 2.5 Can be opened without vital ac power *

Two Candy Cane high point vent lines 1 Contain flow restriction orifices that limit flew
in a loca event. Can be opened to cor.tainment if
ital power is lost.v

Ruptured Tygon hose 1 or less D pending on the location, this break could vent.
i

either steam or liquid.b
'

a. The long term use of the POSV requires that it vent to containment, which requires that either the quench tank be
open to containment or the line down stream of.the PORV be open containment. Such alignments are off normal
configurations,

b.- Tygon tubing connects from ine colo leg to the upper pressurizer differential pressure tap.

- NUREG/CR15855 A-24

, . . . . . - .



~~

l

Appendix A -

?Calculations were perfonned to detennine vent A geometric sent area (ft ).=

site ranges that are adequate to accommodate i

core boiloff without signi0 cant RCS pressurita. For choked Dow the steam discharge rate is given

tion! In this analysis, the steady-state Bemoulli by

equation was used for unchoked flow conditions,
and the homogeneous equilibrium model (IIEM) m,y, A,,Ga 4,(Pers) ( A-7)=

was uwd for choked conditions.12J3 Generally,if
choking occurs, the resultant RCS pressure is too where

high to allow significant RWST/RCS drainage;
RWST/RCS drainage will cease under most cir. Gehot, (pres) choked mass Oux tibm/=

2ft _s),cumstances. The HEM critical pressure ratio is
approximately 0,58 for saturated steam Dowing

The mass Hux function Gctmu(Pges) was gen-
into the containment at 14.7 psia. Derefore, for

erated using the HEM model. In the above for-
RCS pressures above about 25 psia the discharge

mula, C is a lumped parameter that is a functiondwill be choked.
of a number of different variables includinguas

For unchoked now the steam discharge rate is
Geometry ' - o ses and frictional losses

.

*

given by that inclu% < xpansion and contraction
losses

A,g{2g,144e(P,c3),d Pj'/, (A-6)m ,,,, =
e

Compressibility ettects, which are a fune-e

where tion of vent geometry, specific heat ratios,
and the ratio of down stream and upstream

2the effective flow area (ft )Aerr = pressures

3density of steam (Ibm /ft ) Whether or not the flow is choked ore = e

unchoked.
P cs = primary system saturation pres-R

sure upstream of the vent open- In a conservative analysis, C would be esti-d
ing (psla) mated to produce the worst case (i.e. the lowest

flow) and therefore the smallest possible dis.
AP P cs - Pcon charge coefficient.= R

i
| Pcon the containment pressure (psia) For steady-state venting conditions, the core=

~
and 'he effective Dow area is given as

G(t)/h (Puc3) (A-8)mg m,,,,,,,= =
h_

where
where

equivalent discharge coefficientCd =

latent heat of vaporizationh (P cs) =ig R

(Blu/lbm).

The RCS pressurization is defined as significant Given a specific venting configuration, thee.

if the vcat dhcharge chokes, RCS pressurization sig, steady-state RCS pressure that results from dis-

nificantly degrades gravity drain potential, or local. charging steam into containment can be readily

ized RCS pressurization generates differential hot / calculated as a function of decay time. If the fic,w
cold leg pressures that induce core lesel depression is found to be unchoked, the pressure is calculated
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from combining Equations ( A-6) an ( A-8), The venting results shown in Tables A-13
giving through A-16 indicate that open steam generator

manways are the most desirable vents because

l'ucs = P + Wy@jy$y a q, Oey cause very little RCS pressurization andc

(A-9) allow maximum use of RWST water. Indeed, for
the Waterford plant, these are the only viable

which must be solved iteratively for the primary wents for a feed and steam procedure. For
'

system pressure, since hg and e are functions of Catawba and Davis-Besse, the pressurizer man-

P cs;if Equation (A-9) produces a pressure and ways are also viable feed-and steam vents,
R

the critical pressure ratio is 0.58, or lower ahhough their use results in a reduction in drain

(Pwn/ Pacs s 0.58), Equations (A-7) and (A-8) time. None of the smaller. vent paths could be

are usediand the pressure is found from used in connection with feeding from the RWST
because the elevated RCS pressure precludes

Gu , (l'acd = @ W c/td W W) # W

This indicates the pressure needed to produce a As indicated earlier, these results are based on
mass Hux equal to the boiloff 'te divided by the assuming steady-state conditions. Prior to reach-
effective area. ing a quasi-steady feed-and-steam condition,

noncondensables in the RCS must be vented after
Using the above methodology, tables were boiling in the core begins. Because of the differ-

generated using steady-state RCS pressures for ence in density between air (or nitrogen) and
various venting configurations _and times after steam, the pressure drop through a vent path dif-
reactor shutdown for the Catawba, Waterford, fers for the two gases at a given volumetric flow
and Davis-Besse plants, respectively. rate. Since air is about twice a3 cense as steam for

the same volumetric flow rate, the pressure drop
Tables A-13, A-14, and A-15 show estimated for air is larger relative to the steam pressure

steady-state pressures for a number of both small drop. This will lead to a transient RCS pressure
and large vent configurations for these plants, behavior during the period when noncondens-
The decay times correspond to the times used in ables are being purged. This may temporarily
Appendix B. In general, sr 'll vent paths using cause the RCS pressure to rise above the values
the pressurizer PORVs, code safetics, or HpVVs shown in Tables A-13 through A-16,
are not viable for RWST/RCS gravity drain. Even
some large vent paths (such as in Waterford) are
not adequate because the initial RWST/RCS dif- A-2.3 Secondary Side Venting
ferential pressure head is too low. Analysis

! The tables also show gravity drain times for
| those venting configurations that do not " overt The steady-state methods for calculating
| pressurize" the RCS. These times were calculated relieving capacities are also applicable to second-

< ' assuming the drainage commences at 48 hours ary side systems. Numerical examples using
'

after reactor shutdown, the steaming rate remains representative plant data from the previous
at the 48 hour level, and the drain rate exactly section are presented in this section This is of
matches the stenming rate until the differential relevance to conditions whe.re one or more steam
head between the RWST and RCS is lost. It generators are functioning as heat sinks following
should be emphasized that these estimated drain a loss of RilR. As described in Appendix B, with

! times are theoretical limits, with no consideration a closed RCS, the primary pressure at steady-state
given to how the drainage procedure could be is directly dependent on the secondary side satu-
%plemented, controlled or monitored. ration state.

NUREG/CR-5855 A-26
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Table A 13. Estimated RCS venting conditions after a loss of RilR for Catawba.a

Giavity drain
time

Venting configuration liours af ter shutdown (h?

48 83 167

Corresponding RCS steady-state pressure
(psiaF

One SG manway opened 14.9 14.8 14.8 62.7

Four SG manways opened 14.7 14.7 14.7 63.6

Three code safety lines open to' 23.8 21.9 20.2 29.6

containment

Pressurizer manway through surge 18.6 17.7 16.9 49.0

. line open

Three PORVs open 753.1 623.0 507.6 None

Three PORVs, upper head vent and 489.7 410.6 337.2 Nonc

pressurizer vent (assume orifices are

!- removed) opened
.

. t A; 48 hours the saturated steaming rate is 13.21bm/s and initial gravity drain RCS shut off head is 43.5 psia.

- b. Drain times calculated by conservatively assuming maximum steam flow at 48 hours with maximum back pressure

at 48 hours.

c. All RCS steady-state pressures based on the assumption that tnere is no primary / secondary side heat sink, and that
containment pressure remains at atmospheric conditions.

A-27 NUREG/CR-5855
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Tablo A-14. Estiinated RCS vntir 3 condaions af ter a loss of RilR for U-rford."

Gravity drain
lifne

( Venting configuration llours af ter shutdown Ih)b
ja

48 83 167

'

Corresponding RCS steady o e pressure
(psio

One SG manway opened 15.1 15.0 14.9 10.0

Four SG manways opened 14.7 14.7 14.7 14,7
_

Pressurizer manway through surge 20.3 19.0 17.9 None

line open

.

One pressurizer safety line (assume 79.3 68.4 57.9 None

open to contamment) open

Trace pret Wrizer safe:y lines (asst:me 29.0 25.6 22.3 None

open to containment) opened

a. At 48 hours the saturated steaming rate is 13.2 lbmh and initial gravity drain RCS shut off bnd is 16.0 psia.

b. Drain times calculated by conser vatis ely assuming maximum steam flow at 48 hours with maximum back pressure
at 48 hours.

c. All RCS steady state pressures based on the assun.ption that there is no primar)hecondary side heat sink, and that
containment pressure rt mains at atmospheric conditions.

NUREG/CR-5855 A-28

_ ___ -_ . _ _ _ _ . _ _ - _ _ _ _ _ _ - _ - _ _ _ _ _ - _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ - -___ --_ -



_ _ _ . _ _ _ . _ _ _ . _ . _ _ _ _ . _ _ _ . - _ . . _ . _ _ _ _.._.______ _ _ -

t

Appendix A ;

;

.

,

i

I

i

I Table A 15. Estimated RCS venting evnditions after a loss of RilR for Davn Hesse.'
,

Gravity drain
time

llours af ter shutdown (h/'Venting configuration ,
,

48 83 167

Corresponding RCS steady state pressure
(psiar

One upper steam generator manway 16.7 l $.2 15.8 87.7

opened

Four upper steam generator manways 15.2 15.1 15.0 97.0

opened

One pressurizer manway through surge 21.7 20.2 18.9 55.7 !

line open

One PORV open 416.4 350.1 288.2 None

One PORV, high point vent valve (2) 303.8 256.4 212.0 None

(assume orifices are removed) opened
,

I a. At 43 hours the saturated steaming rate is 10.8 lbm/s and initia graWty drain RCS shut off head is 35.5 psia,

b. Drain times calculatM by conservatively assuming maximum steam now at 48 hours w ith maximum back prewure
.

at 48 hours.

c. All RCS steady state pressures based on the assumption that there is no primaryAecondary side heat sink, and that
containmerit pressure remains at atmospheric conditions.

A-29 NUREG/CR-5855

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



-- _ _ _ _ _ - _ _ _ _ _ _ _ _

,

| Appendix A

Table A 16. Summary of secondary steam discharge paths f or Catawba.

hire diameter
Vent description tin.) Comments

At least one sent line p r u:am 2 It is awun ed this line can be opened to

generator containment or atmospbere if sital power is
lost.

SG l'OR'/ one per steam ime 3M Can be opened if sital power h ' >

Fne spr og loaded safetics per steam 4.0b Ditlicult to open manually.

line

Secondary steam generator manways 16 There me two per steam penciatm.

. _-

a. This is an effecta diameter basco on a litiM (LLed flow .elienng capacity of 5% ton Ibm /h at a pressute of

1,150 psia,

b. This is i n elleethe diameter based on a litiM thoked How rebes ing capacity of N3.000 lbm/h at a preuure of

1.200 p4ia.

The principal difference between the primary because it was anumed that it becomes inoper-

and secondary s enting schemes are differing able upon low of vital ac power,
hardware configmations, in perfonning the sent-
ing analy sis for the secondary system the follow. Using the same methooology as for RCS sent-

ing awumptions were made: ing, tables were generated of steady-state SG
pressures for various venting configurations rad

The boiler region was filled with saturated times alter reactor shutdown for the Catawba,*

boiling liquid Waterford, and Davis-liesse plants. Tables A 19
through A 21 shew estimated steady-state pres-

There is some source of make-up feedwater.' sures for a number of both small and large vent
-

e

configurations for these plants. Again these decay
Tables A-16 threugh A-18 indicate some of the times correspond to the times used in Appenda

powible secondary vent paths for the Catawba, D. As in the primary venting analysis,large sent
Waterford, and Davis-Ilesse plants, respec'isely. paths >! eld relatively low steady-state SG pres-
Generally, the steam generator (SG) PORVs and sures, while small sents produce corresponding
safeties are effective discharge paths for remov- higher pressures. The data in Tables A-19 through
ing decay energy. These vent paths are designed A-21 indicate that close to atmospherie secondary
to handle decay power levels much higher than conc' Mons can be established, if a steam genera-
typical PilR decay levels, in most plants, the SG tor manw ay is open or all steam generators are
PORVs or atmospheric dunip valves tan be available with PORY or code safety vents. For
remotely opened without vital ac power. The low pressure boiling scenarios, possible soarces
steam dump system was not included in the tables of feedwater may include the fire protectic,n sys-

tem and possible gravity drain from the conden-

f. In general, turbine drisen feedwater is opera, sate storage tank. A positive differential head

tional only for SG preuures aim e 100 psia. Thus, at must exist between the ste' n generator inlet and

low er pressures, some other feed source must be used. condensate storage tant tar this approach to

NUREG/CR-5855 A-30
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Table A 17. Summary of secondary steam discharge paths for Wat. Jord.

Size diameter
Vent description (in.) Comments

At least one vent line per steam 2 It is assumed this line can be opened to
generator containment or atmosphere if vital

power is lost.

~ Six main steam safety valves per line 5.5" Cannot be easily opened manually. )
with variable settings

Atmospheric vent valves-one per line 3.0h Cannot be easily opened on loss of vital
power.

SG secondary manways 16 Two per steam generator.

a. This is an effective diameter bawd on a ll!!M choked fiow relicving capacity of 1,307,(KKill m/h at a prenure of
1.085 psia.

b. 'this is c.n effective diameter based on a llEM choked Dow relieving capacity of 378.tKK)lbm/h at a pressure of
1.065 psia.

Table A 18. SumnEy of secondary steam discharge piths for Davis-Iksse.

Site diameter
Vent description (in.) Comments

At least one vent line per steam 1.5 It is assumed this line can be opened to
'

generator containment or atmosphere if vital power
is lost.

h Power operated atmosphetic vent valves 3.2a Can be manually opened if vital power is
|- one per SG lost.

Nine spring loaded safeties per steam 4.5b Cannot be easily opened manually.
generator with variable settings

Secondary SG manway 16
- '

*

- a. lhis is an effective diameter based on a PORV llEM choked flow relieving capacity of 459,000 lbm/h of full now at
a pressu. f 1,040 psia.

' b. This is an effective diameter based on a PORY liEM choked flow relieving capacity 845,760 lbm/h at a pressure of
1.115 psia.

A 31 NUREG/CR-5855
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Table A 19. Estimated steadustate SG secondary pressures after a loss-of.RilR esent for Catawba.

Venting configuration llours after shutdown

48 83 167

Corresponding SG steady-state pressure
(psia)

I, One SG with one opened manway 15.1 15.0 14.9

l'our SGs with each w ith one opened manway 14.7 14.7 14.7

One SG with one opened code safety 88.1 75.8 64.1

1:our SGs each with one opened code safety 18.5 17.6 16.9

One SG with one opened PORY I12.7 96.6 81.3

Four SGs each with one opened IORV 20.4 19.1 18.0

One SG with one opened vent line 928.6 759 6 612.5

I our SGs each with one opened vent line 184.2 156.6 130.6

Table A 20. Estimated steady-statt SG venting pressures after a loss of-RilR esent for Waterford.
,

Venting configuration llours after shutdown

48 83 167

Corresponding SG steady-state [.ressure
(psia) -

One SG with one opened manway 15.1 15.0 14.9

Two SGs with each with one opened manway 14.8 14.8 14.7

One SG with one opened code safety 48.9 42.6 36.5

Tw o SGs each with one opened code safety 16.0 15.7 15.4

One SG with an opened atmospheric vent valve 164.9 140.4 117.4

Two SGs each with an opened atmospheric vent 24.5 22.6 20.7
valve s

One SG with one opened vent line 920.9 753.6 607.9

Two SGs each with one opened line 395.2 332.5 273.9

NUREG/CR-5855 A-32
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Table A 21. Estimated steady state SG senting pressures aber a lowof-Rilk esent for Davivilesse.

Venting configuration llours after shutdow n
,

48 83 167

Corresponding SG steady ^ tate pres' 're
(psia)

One SG with one opened manway 15.0 14.9 14.8

Two SGs with each with one opened manway 14.8 14.7 14.7

One SG with one opened code safety $8.4 50.6 43.2

Two SGs each with one opened code safety 20.6 19.3 18.2

One SG with an opened atmospheric dump valve (ADV) 114.8 98.3 82.7

Two SGs each with an opened ADV 30.7 27.7 24.8

One SG with one opened vent line 1,(M0d 1,040a 984.0

Two SGs each with one opened vent line 612.0 511.3 418.2

3 Dump valve will open at a set point at 1.040 psia.

work. Plant specine hardware modifications may ideal conditions, the theoretical time period
be required to make a tie in with the fire protec- during w hich feed and-steam could take
tion system. place ranges from 15 hours for Waterford to

97 h,urs for Davis-llesse.

A-2.4 Conclusions
Primary feed-and-steam decay heat removal*

| A simplified analysis has been performed to is generally only po sible when one or more
|' evaluate the potential for feed and-steam decay manways are used as vent paths. Smaller

heat removal of the RCS, and to evaluate steam vents cause system pressurization sufficient
generator secondary side venting when one or to preclude RWST/RCS gravity drainage.
more steam generators can be used as heat sinks.
Conclusions from this study are as follows: With respect to venting of the steam genera-*

tor secondary side, maintaining a pressure
Analysis of the three plant types shows the close to that of containment requires that*

wide variability in the potential for feed- either a secondary manway is open or all
and-steam decay heat removal. Assuming a steam generators are functioning with at
loss of RilR two days after shutdown under least one code safety open in each.
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A-3. ENVIRONMENTAL HEAT LOSS FOLLOWING LOSS OF RHR

A 3.1 Intioduction 100= F Of coune, any heat up of the centaimnent
degrades the wntainment's heat sink potential.

This section discusst s ens ironmental heat loss
5cuion Ad2 addrewes ambient heat losses atestimates for two powible plant configurations

following a loss of RilR accident. The assumed mid loop operation with the RCS system tlosed,
Section A43 shows heat low estimates with theheat Unk is the reactor containment. The motis a-

tion for making such estimates is to detennine if RCS open and with an assumed loss of RCS

environmental heat lowes are a significant frac. liquid inventory, and Section A 3.4 contains
wnclusions.tion of the total decay pow cr. The Cataw ba 4-loop

Westinghouse plant is used as a plant specific
A-3.2 RCS Heat Loss in aexample. Environmental losses were estimated

for the RCS closed at mid-loop conditions; and Closed Partially Filled
for the RCS open with the upper head remosed. COnligurallOn
An analpts of il&W and CE designs would be
expected to produce results similar to the The steam p:nerators are assumed to be
Westinghouse s stem. m ilable for de pm md M h

"* ''"' " '"'"'" "E ''"'''
Realistic decay power levels correspond to An ent ca owes nelu e lown a du' M

maintenance and refueling situations where the " " " ' " "E " # ""I" *not h coop
plant dow n times range from several days to """'"""'""'"'#" " ""' " #'"' "E '~

.

months. Decay heat loads before ref ueling range
"E "'. *".ptions are made in the heat loss'

from 0.5 to 0.I'4 of full power for the corre- " PP * """"""'
sponding range of I to 120 days. For a 3411 MW
plant such as Catawba, this translates into power .Ihe steam generators are isolated from the,

levels in the range of 3.4 to 17 MW. If refuehng RCS w ith nonle dams. This limits the RCS
has been ;ompleted, the above powers are saturation temperature to not more than
reduced by roughly 1/3. I or Catawba, the mim- 300 l;, because nonle dams will fail for
'mur elecay power could be as low as 2 MW. in h g of N O @

Radiation and free convection are tne only The presence of piping insulation is*

auumed mechanisms for energy removal m the ignored. Convective and radiation environ-
analysis. It is assumed that there is a loss of sital mental lowes from the RCS are approxi-
power and that the containment ventilation and inated by assuming the vessel and
spray systems are inoperative 3 The containment associated piping are air cooled bare metal
volume is large (on the order of a million cubic surfaces at isothermal conditions with the
teet or moren therefore, the containment heat up saturated primary liquid.
rate is relatively slow. In the initial ordei of mag
nitude analysis, the containment system tempera- Tim FCS system is actually heavily insulated -

tore is awumed to remain at a constant value of and some of the RCS outer regions are sur-
rounded by pockets of stagnant air.h Therefore,
the bare metal approximation will predict heat

g, in other scenarios, the instulated use of contain. loss rates thr t "re upper bounds on the actual

mont ventilation or sprays requires analysis outdde
the scope of this Appentht in particular, containment
computer codes like tilITR ase toplicable to help h. pockets of stagnant air in the sicinity of the RCS

prodde detailed RCSkontainmet i heat transfer piping are the consequence of biological shields, mis-

analy d s. * l 7'I" she barriers, etc
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amtiient low rates Flyure A-6 shows a schematic 'l , = the RCS esterior pipmg suiface .
'

'

view of a Westinghouw reactor and surtounding temperature (R n

contaitunent situcture.
the contamment temperature t R).Tc =

The outer boundary of the reactor vessel was For mila steel, r is about 0.3. The calculated
approximated as a venical c)hndrical sm face and

sadiatise loss for an assumed containtnent tem-the loop piping as horizontal cylindrical surfaces
that are exposed to free conve; tion air cooling. penture of 100*F is also shown in Figure A-7.

T he radiatin loss rater are again significantly
For turbulent convection the heat transfer correla.
tion is Co less than the expected minimum decay power.

A-3.3 RCS Environmental Heat
Nu = 0,13(l,iGr)to~ (A ll) Loss in an Open
where Configuration

average surface value of the Nus- It is of some interest to estimate the rate of heatNu =

seit Number transferred to the ccntainment from an uncovered
core. The awumption is made that the upper head

Prandtl number and internals have been removed for refueling,Pr =

and that tM core has boiled dry following a low-
Grashof number. of-RilR event. Under this circumstance, bothGr =

convection and radiation would be espected to
Figure A 7 is a plot of the estimateo convection transfer some decay heat to the containment.

heat loss rates as a function of surface tempera-
ture for the temperature range 200-3(KTE In the in this simplified analpis, several assumptions

analpis, the vewel and piping hare ruetal surface are made.
2arcas were 2.050 ft2 and 3,500 ft , respectively.

There are no other openings between theFrom these results, it is clear that the convective *

heat losses are a small fraction of the minimum RCS and containment.

decay power. The loops are blocked by nonle dams so*

The bare metal approximation was also used to
that air trapped in the loop regions is

! obtain an order of magnitude value for radiative _ stagnant.

| environmental heat loses. The same set of tal pow er is not available.e
assumptions were made in doing the radiative
energy loss approsima< ion. The containment is maintained at a constant*

. .
temperature of 1(XFE

l.he radiant heat loss nte is estimated as
follows Chl The presence of vapor in the containment<

atmosphere is neglected in the free convec-

A6r(d-- d) ( A-12)- tion and radiant heat transfer calculations.Or =

Fuel damage effects are not consideredw here *

during the process that resulted in core
2the RCS surface area (ft ) uncovery.A =

The cross-sectional top of the vessel upperStefandloltzmann constant 0.1714b *=

x 104 Bru/(h-ft -R ) head mating surface is assumed to act like a2 4

horizontal radiating and convecting heater

is the emiuivity of the surf ace plate.e =

A-35 NUREO/CR-5855
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Figare A 7. Ambient convection and radiation losses.

Fuel axial and radial temperature gradients RCS convection in a closed configuration, the*

are not considered. For convenience, it is above loss rates are well below the minimum
assumed that the fuel clad and surrounding decay power, Convective losses may be signifi-

air temperatures are unifonn. cantly enhanced if convective cells from the
upper vessel regions penetrate deep into the fuel

The cross-sectional area at the core upper ple- rod assembly regions. The analysis of such inter-

num/ upper head interface is approximately nal flow fields and corresponding heat transfer

190 ft . This is used as the characteristic heat characteristics analysis is outside the scope of this2

transfer area in the radiant and convective esti- appendix.

| mates. The surface temperature is set equal to the

outer clad fuel temperatures at the top of the core,
The free consection correlation for a horizontal The corresponding radiant heat loss rates were
flat surface ist9.21 : estimated using Equation (A-12). Only radiation

transport from the top of the core surface was

Nu = 0.54(PrGr)'M ( A-13) considered. Transport losses in other urections
are not significant because 9f intemal radiative

Using Equation (A-13) with air property data, reCections off internal vessel metal sn actures. A
Figure A S was generated. This figure presents more accurate calculation requires the use of
the estimated u,oper core / containment convective actual emissivities and view factors for structures
heat loss rate as a function of temperature for the in containment and the upper region of the vessel.

range 200-2200'F.3 As was the case with external Figure A 9 shows the radiant heat losses as a
function of the upper core surface temperature.

i. De upper limit of 2,20tFF corresponds to the The radiative losses were significantly larger than

peak clad temperature used in most standard safety the corresponding convective losses. At 2,20(FF

l OCA analysis. Above 2.2fxFF significant fuel dam- the radiant loses were large but still below the
age begins.22.23 minimum decay power level as discussed in

A-37 NUREG/CR-5855
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Section A-3.1. Relative to the upper core temper- radiant heat losses could not Acep core tempera-

atures, the low er regions of the core are much hot- tures below safe limits.
'

ter. If the top of the cose teacnes 2,20FF, lower
'

core regions w ould be much hotter)lt is clear that A-3.4 Conclusions

J. Clearly, for large enc >gh fuel clad temperatures, ' A sinipf' d analysis has shown that forcontainment radiant heat losses become significant.
floweser, such large losses desclop at ternperatuses acceptable f uel temperatures, environmental heat

a here unacceptable collateral damage to the fuel and losses to containment are a fraction of representa-

containment structures are h;ghly probaHe. tive shutdown decay powers.

. - -

i
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Appendix 13

1

SUMMARY

This appendix investigates the thermal-hydrauht response of a ruclear steam
supply system with a closed reactor coolan system (RCS) to less of residual heat
removal cooling capability. The specific pmcesses investigated include boiling of
the coolant in the core and reflux condensation in the steam generators, the corre-

sponding pressure increase on the primary side, the heat transfer mechanisms on
the primary and secondary sides of tne steam generators, the effects of air or other
noncondensable gas on the heat transfer processes, and void fraction distributions

'

on the prima <y side of the system. Mathematical models of these physical processes
are developed. The models are validated against available experimental data and
are applied to analyses of two typical NSSS plants to estimate the response of the
plant to a loss of residual heat removal incident.

Sensitivity studies show which thermal hydraulic parameters are the most
imponant relative to the critical aspects of the plant response, in the case of boiling
in the core and reflux condensation in the steam generators, sensitivity studies
show that the secondary side pressure / temperature, the heat transfer mode in the

primary side, the number of nozzle dams installed, and the behavior of noncon-
densables in the pressurizer are the most important factors relative to RCS pressure
increase, De decay heat level and number of active steam generators (as long as
nonle dams are not installed in others) has only a second-order effect. In addition,

the analysis shows that pure reflux condensation in the steam generaters provides
the lower limit on the pressure increase. That is, the other possible heat transfer

I regimes are expected to give lower heat fluxes and subsequently higher primary
,

side pressure than pure reflux condensation.The thermal-hydraulic models are val-
idated against experimental data from the Semiscale and PEL facilities. ne mod-
els predict the data with reasonable accuracy.

B-5 NUREG/CR-5855
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Appendix B
o

Analysis of Plant Equilibrium States in |

Loss-of-RHR Incidents |

|
B-1. STATEMENT OF PROBLEM i

B-1.1 Introduction
I

A study conducted at the Idaho National Engineering Laboratory (INEL) for the U.S. Nuclear Regulatory
Commission (NRC) identified vari _ natural circulation cooling modes that might be used in the removal
of decay heat following loss of residual heat removal (RilR) during maintenance or refueling shutdown of
U.S. pressuri/ed water reactors (PWRs).' The study also identified the important thermal hydraulic
phenomena that could occur during such an event. One of the modes identified that required further
investigation is reflux cooling, initiated during reduced inventory conditions with the upper regions of the
reactor coolant sptem (RCS) filled with nitrogen or air. Of particular conern was the RCS pressure reached
in establishing stable reflusing. If this pressure approached approsimately 50 psig,it might be sulficient to
cause failure of temporary closures, such as noule dams, and pressmes as low as about 25 psig could
threaten thimble tube seals.

A review of the various integral system thermal hydraulic codes such as RELAP5 and TRAC-PFI
suggested that there are significant uncertainties with respect to treating the noncondensable phase. These
uncertainties cast doubt on the codes' currem ability to adequately medel this situation. Accordingly, a new

model was developed for calculating RCS pressure as a function of steam generator conditions, core power,
and RCS water inventory.

The model makes some assumptions concerning the process leading to and during refinx condensation.
Some of the assumptions are derived from the scenario itself on how the noncondensable gases are
transported during the process of establishing steam generator heat removal. Others come from the physicai
processes occurring in the vessel, coolant system, and steam generators. Each assumption is discussed in the
following two sections.

1

Section Ib2 presents the model developed for all the dominant phenomena that would be expected to
occur for a loss-of-RilR event in a closed system with reflux condensation cooling. The model is assessed
against theoretical and experimental work related to natural circulation with norwon.lensable gases in
Section B.3, Section Ib4 discusses the results obtained using the model and Secuon B-5 shows the
sensitivity of model calculations to changes in key parameters. The final section, Ib6, discusses the
conclusions that can be drawn from the analysis and what further work might be necessary to improse our
understanding of the system responses to the assumed scenario.

B-1.2 Loss-of-RHR Scenario

The operating condition and configuration of the system assumed at the time ofloss of RilR is mid-loop
operation with all RCS openings secured (i.e., primary coolant system is closed from the containment). One
or more of the steam generators is in wet layup, and nonle dams may or may not be in place in one, but riot
all loops. Air or nitrogen fills all reactor coolant system internal space above the coolant level. Such a
configuration can exist shortly after shutdown before refueling operations begin (within tw o or more days),
or after refueling has been completed and preparations are underway to start up.

Ib7 NUREG/CR-5855
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i

Ibliow mg loss of RilR, care deca) heat causes a rise in reactor coolant temperature until twhng begins,
During this first phase,it is awumed that buoy ancy-dtn en natural circulation causes all of the w ater abos e the
bonom of the core to heat to the boihng peint. A second phase begins alter the wre coolant begins to boil.
during w hich the resulting steam espands into the primary coolant sptem and esentually rea;hes the sicam
generators. This might be referred to as the air comprewion phase,

in the third phase, steam inside the steam generator tubes condenses with the condensate draining back
into the hot legs for U-tube steam generatms or into the cold legs for once-through steam generatms, and
eventually to the reactor vessel. One or more steam generators may be as allable to condense the steam. The
transfer of heat into the secondary coolant causes its temperature to gradually increase. Therefore, the
prim try vapor temperature and pressure also increase with time.

The fourth and final phase begins when the secondary wolant starts to bod. licre it is awumed that a
secondary s ent path can be established to relies e the steam. A pseudo,teady condition then prevails in w hich
the primary pressu e remains stable as long as sufficient secondary coolant exists to cmer the condeming
length of the tubes. liventually,if the secondary coolant is not replenished,it w ould be boiled of f. Ilow es er, for
most cases examined in this study, it is awumed that the steam generator tubes remained covered.

B-1.3 Physical Phenomena

There are several important phpical phenomena that must be accounted for to perform an analysis of
reflux cooling . The first is the heating of the water and metal mass in the reactor vessel and hot legs. Since
the main concern is the final RCS pressure reached, the heatup is considered to have already been
completed. Therefore, all of the decay heat goes to boiling the w ater in the vessel. The steam generated will
eventually mde its way to the steam generators. If the core decay heat levelis high enough, and/or the initial
water level is elevatel above mid h>op, a two. phase mixture is produced, with the steam voids cau3ing a
swelling of the coolant volume. If the swelling is great enough, a tw o-phase nonannular mixture could enter
the steam generator tubes.Thus.the heat transfer on the primary side of the steam generator tubes might take ,

2 2 2on a potentially wide range of values ifrom as low as 200 W/m K to 15,0W W/m K (35 Blu/h-ft -T to
22650 Blu/h-ft *F)).

"
Because of the high decay heat, the potential for a countercurreat flow limitation in the U-tube steam

generators exists. This could flood the upper sections of the U tubes with the condensate. On the secondary
side of the steam generators, two pouibilities emt: boiling or natural com ection. Finally, the movement of
noncondemable gases that fills the RCS above the water level is subject to some uncertainty. It is presumed
that most of the gas will be sw ept out of the reactor vessel as the steam and/or steam and water mixture expands
within the vessel. Some proportion of the gas may enter the pressurizer, which is already filled with
noncondensable gas. The remainder will be compressed into the steam generator tubes and downstream
spaces (i.e., the steam generator outlet plenum and cold legs) to a suf ficient degree to create enough steam
generato tube surface area to condeme the steam.

B-2. MODEL DEVELOPMENT
,

B-2.1 Piston Model

A simplified, steady-cate model w as des eloped to calculate the state of the reactor coolant system for a
long duration loss of RilR (long enough for boiling in the core to occur). It is well established that a balanced,
pseudo-steady heat transfer condition can be reached after the loss of RilR it certain plant conditions exist.23
The conditions necessary and the phases, or steps, to reach this pseudo-steady condition were described in

I
1
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Section 15-1. In this section, the models and associated awumptions used to calculate the conditions of the

primary system are presented.

The principal awumption of the so-called Piston Modelis that the noncondensaNe gas from ahnost es ery
section of the RCS is transported into a noncondensing section (a" passive" segionlof the steam generator (s)
by the boiling of water in the core. This movement, or transpon. of the noncondensaNe pas into a reduced
volume by the steam is similar to the effect of a pistonecompressing a pas in a cylinder. Only two basic
principles with a few simple assumptions, are needed to determine the system conditions that will be
reached. These principles are the Gibbs Dalton Law of Partial Pressure and an energy balance across the
steam generator tubes. The assumptions are

I

The noncondensable gas originally occupying the upper plenum. upper head, and the hot legs is com-*

pressed by the steam into the steam generator tubes and cold legs.*

An active steam generator is defined as one in a wet-layup condition without nonle dams installed,*

allowing it to be a heat sink for the loss-of-RilR analysis. An inacth e steam generator is one with the
secondary side dry (filled with air or nitrogen) with or without installed nonle dams.

Noncondensable gas is compressed into any inactive steam generator without nonle dams. The vol-*
ume that the noncondensable pas occupies in the mactive sicam generator (s)is the same as the volume
the noncondensable gas occupies in the active steam generator (s). Therefore, the total amount of non-
condensable gas to be compressed is equally spht tetween the active and inactive steam generators.

.

The temperature of the steam above the core, in the hot legs, and entering the steam generator equals*

the saturation temperature conesponding to the primary pressure.

Condensation of the vapor entering the steam generator tubes begins at the top of the tube sheet and*

extends a distance through the tube bundle referred to as the condensing length. ,

In the noncondensing region of the steam generator, steam and rioncondensable gas are mixed together*

and have the same temperature as the econdary side of the steam generator.

The steam generator tubes all behase identically.*

l
For condensation on the piimary side of the steam generator tubes, a modified Nusselt-based thin filmL *

condensation model, a two-phase annular condensation correlation, or a two-phase nonannular con-
densation correlation may be applied.

The heat transfer across the tube walls and at the outside surface of the tubes is calculated using a sim;*

pie conduction calculation ac ' .atural convection correlations (boiling and non boiling conditions),
respectively

No credit is taken for heat transferred to the structure of the reactor coolant system.*

The assumed behavior of the pressurizer during the pressurization of the RCS has s significant effect on

the calculated end state. Three different cases were examined:

Gas partitioning: The noncondensable pas originally occupying the upper plenum, upper head, and hot*

legs (up to the surge line connection) is compressed into all of the nonliquid filled downstream spaces.

The beh.wior of the pressurizer is treated as a variable and i subsequently discussed,a.

Ib9 NUREG/CR-5855
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This mcludes the hot legs downstream of the suspe hne connection, prewurver, steam generator, and
cold legs, dtter the steam / pas "trornt" pawes the surge line collnel(10:1. oril) stean) enters the pre %ul-
i/cl as the collipreuion coritinues. Tliis awomption tises tlie relatise tirnourits of rioneoiiderisable pas
in the prewuriter and downstream areas.i

I

|
No gas eschange in the pressurifer: The amount of noncondensable pas initially in the pressuruer*

remains at its initial s alue f or the w hole duration of the comprewion proccu. Fuentially, no noncon
densable pas enters or leaves ille pre %uri/cr,

Purging of gas in the preuunier: Since heated steam is lighter than the noncondensable gas, sicame

rises to the top of the preuurifer, gradually fdis the pressuriier, and forces all of the noncondensable
pas in the pressuriter out into the rest of the RCS The amount of the nonconden able pas added into
the hot leg is known and can be added to the pauis e section of the steam generator tubes.

'I he imponant dif ference betw een each of these nssumptions is the amount of noncondensable gaunat ends -

up compressed into the steam generator and cold legs. As will become es ident, the steady-state RCS prenure
is sery sensitive to this variable.

Application of the Gibbs Dalton 1.aw of Panial Pressures to the pawise section of the steam generator
gises the total RCS pcessure

Fw Tm) + psc (B 1)fP n,u =

where

water vapor panial prewurepsm =

secondary side fluid temperatureTsec =

pressure of the comprewed noncendensable gas s olume anJ ps,c is detennined hom thepsc =

ideal Gas Law

= --m ,R T wc
tB-2)

_

Fxc ysc

where

maw of air / nitrogenm =
a

universal gas constantR =

Vsc volume of the passive section=

Now V c can be calculated from the relationshipN

- ,

F'"*(I]""
- /")

Uc (N , - Nog,,J) V + Une + P + (BO)=
f ois ig

_
'lu%

_

where

N, number of primary loops=t

N UREG/CR-5855 H-10
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N um number of steam generators with a pair of nonle dams irntalled=i

Vols volume of the tteam generator outlet tube sheet=

volume of the steam generatt AenumVop =

Vt3 r noncondensable gas solume in the cold leg loop seal=

V us volume of the stearn gene ator tubes1 =

L uie, length of the steam generator tubesi
=

;

ly condensing length -=

and 1 is the only unknown. liy ec..ibining Equations (11 1) through (11-3). one fonns an equation for the5

pressure necessary to compress the noncondensable Fas into the steam generator -

. .-i

mfT* I I \
Pr;. ras *' Pur(Tm) + Vois + V y - + Y s,,, + V ,w(1 - (w",y .

g 7 1 (ll 4)o-(Nt - No,,,,,)
.

The heat transfer across the steam generator tubes can be expressed in each of three separate sections:
primary, tube wall, and secondary. Thus,

0, 55 . Op Ow 0, ( 11 5 )
= ==

where -

Qo power=

Qp primary side heat transfer=

EgrDm;L#7N a (T,,, -- T.q,) ( 11 6 )a
o

where

E,, average heat transfer coefficient on primary side -=

Dso = steam generator tube inner diameteri

NT = number of steam generator tubes per steam generator

Na number of active steam generators=

Tm saturation temperature=

primary side wall temperature -Twp =

11- 1 1 NUREG/CR-5855
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stetun genciator tube heat transteQ. a

4,2nl,N,N.,(7 - 7,J (11-7 )g
= , . , .

In(l),y,/Ilan)

w here

thennal conductivity of the steam generator tube wallkw =

De o = steam generator tube outer diameters

secondary side wall temperatureTu =

secondaiy side heat translerQs =

(11-8)li;:I),u,l..N,Nya(T,,, - Tm)=

where

average heat transfer coctficient on secondaiy side.li, =

These equations can be combined and rearranged to yield an equation with only Tsa andis as unknow ns

-
-

7 +
- 4 _In(l),.sa/I)nn) - (15-9)

,
O,. ,

4
.I. 2:rI.,N %, it,J),; i ,, li,1),a .

c
"" "

7
-

This gives tw o equations (Equations (11-4) and (11-9)I and tw o unknow ns (Ts.u and is). A mathematical
expression can easily be found for relating saturation temperature to saturation pressure (e.g., the Antoine
equation of a similar correlationt This pair of equations and unknowns is easily solved by readily available
numerical solution schemes. The Newton Raphson method was selected because of its relative case of use.

In ik uation (114), the only variables that are not given by a propeny table or set constant are the primary
l

and secondary heat transfer coef ficients. Thus, correlations for these Iw o variables must be develolvd for the
panicular flow regimes occurring inside and outside the steam generator tubes. These correlations are
presented in the next section.

B-2.2 Heat Transfer Coefficient Correlations

lleat transfer coefticient correlations are needed for both the primary and secondary sides of the steam

generator tubes. On the primary side, two types of heat transfer processes may occur: falling film
condensation when only the vapor phase (and possibly noncondensable pas) enters, and condensa'. ion of a
two-phase mixture when the froth level, because of mixture-level swelling, enters the steam pencrator. On
the secondary . ide, heat transfer coefficient correlations for natural convection under both nonboiling ands

boiling conditions are needed. The heat tramfer coefficient correlations used in the present analyses are
given in the following subsections.

B 2.2.1 Falling Film Condensation. The heat transfer coefficient for condensation of a pure vapor
onto the inner surface of a steam generator tube is obtained from the classical N sselt analysis of this

process.4 In the Nusselt analysis, a boundary layer of liquid forms on a cooled solid surface and flows
|
1
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downward because of gravity. The liquid boundary layer thicknew inewa es in the direcuon ol llow dow n
the tube as the vapor condenses onto the liquid at the liquid 6apor interface. Conduction acrow the him
resists heat transfer, and as the film thickness increases down the tube, the heat transler coefficient
decreases. The classical Nuwell analysis is based on the assumption of laminar flow in the liquid film.
Although this seems to be a anservatis e auumption, it is quite applicable to the present case and iuenfied
by calculation of the liquid-film Reynolds number

(II'IUIHer " 4W /(l''iF >l/ /

where

mau now rate of liquid condensateWt =

P, perimeter of the tutws
-

viscosity of the saturated liquid.ps =

The liquid condensa: mass now rate is given by

W = G,,/h (ibil)
f 3

where

decay powerQo =

latent heat of vaporization at the pressure of interest.hrg =

The perimeter of the tubes is expressed as

(11- 1 2 )NaaN, crD,soP. =

where

number of active steam generatorsNaa =
-

number of tubes per generatorNg =

Dso = inside diameter of the tubes.i

Ar 9 example, for the 11. II. Robinson plant with one active steam generator, with N r = 3,214 and D,so =
0.01968 m (0.775 in), at a pressure of 0.40 MPa (about 60.0 psia), and decay power of 20.0 MW, the liquid
film Reynolds number is approximately 250 (below the transition-to-turbulence value of about 500).d The

Reynolds number increases with diameter, pressure, and power and decreases with the number of active
steam generators. The value of 20 MW is larger than is ever expected for reduced inventory conditions, and
using one active steam genera'or results in the largest Reynolds number that will be encountered. The

'

Nusselt analysis also assumes a constant thermodynamic state (density and latent heat), transport properties
(viscosity and thermal conductivity), and steady state conditions. With these assumptions, the local heat
transfer coefficient is obtained as a function of distance, r, downward from the top of the liquid condensa'e

film to be

.et,(ej, - Vekh,Q
p.i

f (B-13)h =
! :4pf,(Tu, - T,7)

. .

B-13 NUREG|CR-5855
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,. ere

heat transfer coefficient on primary sideh =
p

.

density of saturated liquid, =

My '-

y[I ' density al saturated vapar2

v 3.,
acceleration due io gravity, de r ' =

themial condutivity of saturated liquid=

clevation or direction of Equid condeusate flow.=
.

f The average heat coefficient over the total condensate length. Lc, is
-

'

.A
(B- 14)

E h (:)d:r= pp

which gis es

np.

6' - 1. 9/.3
~ '

,Jgh ff,;h. '

p (B-15)
Lcy;_ (Tu, - T,p)

.

"

The average heat transfer coefficient on the primary side is therefore a functien of the condensing length,
Lc, whici, is one of the unknowns of the problem. The thermodynamic. state and tr9nsport proputies are

-

functions cf the pressure, which is also one of t:ie unknowns of the problem.

' ie total er :rgy transfer between the primary thid and the inner wa'l surface is given by Equation (B 5).
Putting Equation (B-15) into that e-:,aation for the heat transfer coefficient gives

ip

Ojkot,-og,)ghfff (Tw - T p) (B-16)LQ, = 0. 943(N c,Nr :rD,sc J m, - T p)Lc4 f,(.I.o

. .

B-2.2.2 Two-Phase Mi.tsure Heat Transfer. Un Ier some conditions of power and initialliquid level, a
two-phase mixture may enter the steam generator tutx :. The now pattern in the tubes for this case is very
complex. The mixture is entering the tubes, the vapor is conderaing on the tube suiface and flowing
downward under the action of gravity, and .he overall mixture flow rate is generally low. The flow may look
somewhat like countercurrent, annular flow at low flow rates. There are no heat transfer coefficient
correlations in the literature for these conditions. The correlation from Carpenter and Colbum as reported by

Collied is t.wa as a preliminary estimate of the heat transfer coefficient under these conditions. For laminar
flow of the vapor alone in the tubes, the heat transfer coefficient is

1/2
IkfNfsC,d G3

(B-17)p "'

h_. 1. 62.' |=p Ps es#xsAfp\ t
,

i

NUREG/CR-5855 B-14 )
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where

liquid specific heat at constant pressure at saturation- C f, =p

mass flux in the steam generator tubesGm =

viscosity of saturated vapor=p

cross-sectional flow area for all the active steam generator tubes.Arp =
!

For turbulent flow of the vapor alone, the heat transfer coef ficient is
i
I

-n2
Ik pf,C ) t/2G2 I p u,A ,, \ |

t g j (B-18) '

lip P, - 1 -10 . 002|=
en g . 58G,,,,o1z , 4

The total energy transfer between the primary fluid and the inner wall surface is obtained by pui'ing the

eppropriate heat transfer coefficient into Equation (B-5).

B 2.2.3 Secondary Side Natural Convection Heat Transfer. The heat transfer on the secondary
side of the steam generator can be either single-phase natural convection or boiling two-phase heat 'ransfer.
The heat transfer coefficient for single-phase natural convection is obtained from a correlation base.' heat

transfer from heated vertical surfaces. On the steam generator secondary side, the natural convection heat
transfer occurs on the outside of an array of tubes. The correhttions available in the literature are primarily
for nataral convection adjacent to vertical flat plates and single cylinders. These correlations are assumed to

be applicable to the process on the secondary side of the steam generator.

For natural convection adjacent to vertical plates and cylinders, the heat transfer coeflicient is obtained
sfrom the Nusselt number given by

Nil = 0. 0210(GrPr)R* (B-19)

- where

Grashef numberGr =

Prandtl number.Pr =

The avetage Nusselt number over the condensing length is

'b (B-20)Rii =
k;

where

thermal conductivity of subcooled liquid.k =
r

The product of the Grashoi and Prandtl numbers is

cgOp.dTL) (B 21)'.

GrPr = ,

rAf_

B-15 NUREG/CR-5855
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where

cpr ;iquid specific Seat at constant pressure=

coefficient of liquid thermal expansionfr =

change in temperatureAT =

kinematic viscosityv =

and the tmperature difference between the outer wall surface and the bulk liquid is

(B 22)AT = T., - Tm

The total energy transfer between the outer surface and the bulk fluid is

(B-23)E,A, A TGo r=

where

wall heat transfer ar"A. =

or

. 0 40

-c fpATL)g (T,,, - Tm) (B-24)
Q,, = 0. 0210(N,,Ngr/&cMf ,,q/

4
For boiling conditions on 9e secondar" side, the energy transfer is given by the Thom correlation for

fully developed subcooled boiling of water. The correlation gives the wall superheat required for the heat
flux, q., as

,

(T., - T,J = 22 . 65qS5e ' /* (B-25)-

where qw is measured in MW/m and p = pressere (bar). In terms of the decay power, Qo, and the heat2

transfer area on the secondary side of the steam generators, Equation (B-25) is

o.5

(T s - T, ) = 22 . 65 e I'/* (B-26)~

L
% \f,ac,NprDgac,
e

B 2.3 Level Swell from Bolling in the Core

Once boiling begins in the core, stes.m bubbles will rise into the upper plenum. Since the steam bubbles
occupy more volume than a like quantity of liquid, the , ater level in the reactor vessel will swell into upward
voids. The vapor will move by buoyancy upward through the core-outlet regioti, upp:r plenum, and into the
hot leg pipes. lf the rise in mixture level reaches the top of the hotlegs, steam will begin collecting in the upper
head. His will cause the upper head pressure to increase. fo ne the mixture level in the reactor vessel
downward until enough of a hot leg flow area is established to reb ve the uoper head pressure buildup. Under
these conditions, a two-phase mixture will flow down the hot leg and into the steam generatoi. If this
steam-Uter mixtitre reaches the steam generator tubes, the simplified Nusselt film condensation model for

NUREG/CR--5855 B-16
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1

i
heat transfer applied to the primary side of the steam generators is inappropriate and a heat transfer model
appropriate for two-phase condensation must be used.

The drift flux model may be used to estimate the degree of level swell _n the reactor vessel. The drift flux
model uses continu!!y equations to describe the distribution of the liquid and vapor phases in a two-phase
mixture. The continuity equations for the vapor and liquid are, respectively,

fj, = (B-27)

and

fjf = - (B-28)

w here

'
superficial vapor velocityjg =

superficial liquid velocityjr =

vapor generation rate due to heat transfer in the coreF =g

density of vapor.eg =

At any axiallocation, the contlituity equation for the mixture is

j = je + jf (B-29)

4The void fraction from the drift flux model is

(B-30)a" =

C,,(jg + jp + \ 'y

where

distribution coefficientCo =

vapor drift velocity.Vj =
g

Correlations are available for Co and V j, and they are functions of the flow channel geometry and theg

two-phase ficw regime. The local vapor generation rate is

(B-31)"

I'# =
hOx fj\p

i

where

flow area in 'he core.Arc =

B-17 NIJREG/CR-5855
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For the case of saturated liquid at the inlet to the heated section, substituting Equation (B 31) into
Equation (B-27) and performing the integration gives the vapor flux,j , asg

Q,.:|L ,s (B-32),

=j,

0 E ffif

w here

heated i:ngth of the core.Lg =

Putt;ag Equation (B-32) into Equation (B-30) gives the local void fraction. The average void fraction is
obtained by integrating the local fraction over the heated length of the fuel rods in the core

>Ls

a ,, = [hc a (:)d: (B-33)yn

*O

and performing the integration gives

1- In(1 + G|) (B-34)Ja,r, =

where

G; nondimensional power=

C,,0,,
(B-35)

- V pd'tg fcAr

The vapor drift velocity, V,j,is obtained from correlations of experimental data appropriate to the
flow-channel geometry, two-phase flow regime, and operating conditions of interest. The situation of
interest is the case of boiling in a stagnant pool of liquid. Kataoka and Ish;,6 have sunirorized the
application of the drift flux model of two-phase now to these situations. The vapor drift velocity for the
chum-turbulent bubbly flow regime is

-
.

tp

og(p,' - p,,)
1.41 (B-36)V =g 2

O
.

ls
.

and for the slug flow regime

- 1/2
-gDa(p,, - py,)

Vg = 0.35 (B-37)p
. .

where

Dhy hydraulic diameter=

density of saturated liquid.p3 =

NUREG/CR-5855 B-18
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For the pressure range of interest in analyses of the loss-of-RilR incidents (0.1 to DA MPa), these
correlations give a drift vehicity of about 0.2 mis (0.6 ft/s).

4The distribution coefficient; Co. is given as a femetion of pressure by

C,, = .1. 2 - 0. 2(en/p3)'/2 (B-38)

which gives a value of about 1.2 for the conditions of the loss-of-RilR incident. With V j fromg

Equation (B 36) or (B-37), and Co from Equation tB-38), the average void fracticn of Equation (B-34) can
be evaluated.

The voids generated in the core move upward by buoyancy into the core outlet and upper plenum. The
void fraction in these regions can be evaluated by use of Equation (B 30) above with appropiiate values of
V j and Co.r

Veid correlations give a wide range of void distributions in the core and the regions above the core, in
m' . ,es, a particular correlation combined with the initial hquid level and decay power will predict that

.. the wiure will rise into the steam generator tubes and in some cases esen go over the U-bend in U-tube
steam generators. Some experimental confirmation of this possibility hat been provided by experiments in -

_

th'e PKL system.20These tests, however, were conducted at power levels that aie greater than those expected
for loss-of-RilR incidents. This aspect of the response of PWR systems to loss of-RHR incidents requires
additional investigation.

Ilf the froth level does enter the U-tubes, then a nonannular two-phase heat transfer coefficient tr.ust be
calculated; From Reference 7, the following equation is used to determine the heat iransfer coefficientw

. during this situation; i

Ti = _: 4y+40 - y) (Ib39)p 3 _ 9

3 s determined from either Equatien (B-17) or (11-18), hg is calculated u. sing the Dittus-lloclterwhere h i

correlation for forced convection inside tubes * -

k, Rey 8Pr*3p h, = 0.023 _ B-40i(i g sai|

andj is calculated from the relationship
,

1_ " g
"

(B-41)-y =
-

where -

v void fraction of the upper plenum-a p; =

6 liquid flini thickness.=-

Correlations have been presented to determine the void fraction in the core and upper plenum and the -
effect on the primary heat transfer coefficient if a two-phase " froth" enters the steam generator U-tubes.
Void fractions were calculated in the core region using the drift flux correlations and the results are shown as
a function of decay power level in Figure B-1.

B-19 NUREG/CR-5855

y- - - - ,4--w r , e. Wi _ _ + - _ _ _ - . - _ _ _ _ _ _ _ _ _ _ _ _ . _ _ . _ _ - - - _ _ _ - - - - - - . _ _ _ _ _ . . - - _ _ ---



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

_ Appendix B

l' '-~ m | ~-! "---| "~
' ' r0.6 ~

.

~ ~

0.5 ~~
C

'

'

% - ~

a 0.4 --

3?

O - -

0.3 ~g
*

e
$ Pressure = 0.4 MPa.

8 0.2 ~- /
--

/ Pressure = 0.2 MPa@ /

b *

o.1 -
--

,.

e i e i

0.0 i i :

0.c 2.0 4.0 6.0 8.0 10.0

Decay power (MW)

Figure B-1. Core average void fraction as a function of decay power for H. B. Robinson.

Because of the differences between drift flux correlations and the lack of experimental data for a froth
and V j to be used. level in the steam generator U-tubes, a large uncertainty exists for the proper values of Co g

in Equauon (B-33). Because of this uncertainty,it is important that a sensitivity study examines the effect of
the primary heat transfer coefficient o 1 RCS nressure. This study was performed arid the results are reported

in Section B-4.1.

B-2.4 Flooding of the Steam G,nerator U-Tubes j
1

If the core decay heat power level is sufficiently high and only one steam generator is available for heat
removal, the potential for Dooding in the steam generator tubes ex: <s Under such a condition, the upward
flow of steam into the tubes prevents a sufficient countercurrent flow of condensate to establish a mass flow
balance, A liquid plug may then form in the tubes, leading to an unstable hydrostatic imbalance around the

loop.

8To evaluate the conditions under which flooding would occur, the Wallis correlation was applied. The

Wallis correlation is given by

[+mh=C (B-42)

where

nondimensional superficial vapor velocityjj =

le5 (B-43)
~

=

.,[gD sa(pf - eg)j

|

NUREG/CR-5855 B-20
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- where

0" (B 41.)ja =

V x ,,A (;N, ,h 5

wheic

cross-sectional flow area per steam generator lebeAsa =

jj nondimensional superficial liquid velocity=

5 511 (B-45)=

|gD y;(of - pa)t

where

density of liquid.of =

9For turl>ulent flow, m = 1, and for steam generator U-tubes, C = OA

Equations (B-42) through (B-45) can be used to determine jJ versus a reactuc's power to obtain a curve of
countercurrent flow limit (CCFL) for the desired system. Then, by using the mass balance between the

liquid and vapor, a second curve can be obtained for the steady-state <alue of jj versus reactor power.
Therefore, the point where these two curves intersect is the n.aximum reactor power possible without
exceeding a countercurrent limitation in the steam generator U-tubes. Experiments have also shown that

- CCFL occurs when jj is greater than 0.5.10 lblaillA15 Figure B-2 shov s this 1:chnique as applied to the
H. B. Robinson Piant. For CCFL not to be a problem or area of concern v/ith II. B Robinson, the decay heat

levcis must be below 11 MW (shutdown for greater than 27 hours). Note that this point also hrs a j| value

just below 0.5.
,

l'
B-2.5 Thermodynamic and Transport Properties

The model equatans for the physical processes discussed in this appendix require thermodynamic
equation-of-state properties and transport properties for water. Propenies are needed for subcooled liquid,
saturated liquid, and vapor states. For analysis of loss-of.RIIR incidents, the properties are needed over a
limited range of pressure.

Ifigh accuracy, high-order polynomials were fitted to tabulated thermodynamic and transport properties
over the ranges of pressure and temperature required for the analyses.The resulting polynomials,of water 16

while accurate over the range of data from which they were obtained, cannot be extrapolated beyond the
' range of fitted data. For analyses ofloscof RiiR *ncidents in actual power plants, properties are needed over
only very limited ranges of pressure. The experimental data from the Semiscale facility used to validate the
models, however, required thermodynamic state and transport properties at a higher pressure and
temperature. Additional pdynomials were fitted for the pressure and temperature range of the Semiscale
experiments.

B-21 NUREG/CR-5855
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Figure B 2. Wallis flooding correlation for II. B. Robinson with one steam generator available as a heat

sink (jJ from mass balance is calculated assuming all steam is condensed and Dows downward as hquid).

B-2.6 Code Package Description

The appropriate equations from the previous sections were written into a FORTRAN 77 computer
program to solve for the RCS pressure and temperature, and the condensing length in the steam generator
tubes. The program is broken into approximately 29 subroutines with each one perfomung a specific task.
Table B 1 lists . hem by name with a description of each subroutine's computational task. Code compiling,
debugging, and running are perfomied on a Macintosh Iici using Absoft's MacFortran/020 software
package in conjunction with the file editor QUED/M* by Paragon Concepts.

A computational now chart is given in Figure B-3 that shows the general order in which subroutines are
executed Four subroutines form the " Read input deck" section (RIIRin, Build, ReadI and Read 2). A good
portion of the code is involved with the calculation of the equation constants, property values, size of the
level swell, and in determining sp^cial volume sizes (Declit, SubEOS, SatEOS. GasEOS, IntVoi, HBRVoi,'

OcoVol, Const, ConstO, Void, Root, and SysPro). Each flow chart block inside the iteration loop represents
- a single su' routne (from top to bottom: WalTem, WalThC, Hsys, Solver, intout) and all are called from the
LIITC subroutine,

Two different methods exist to input the data needed for the calculations. reading two files or interacting -

L on the terminal. The two input files are a control input file and a plant data file. An example of the control

| input file is given in Figure B4 with appropriate c >mments on each input variable listed below the actual

! input data lines. The plant data files for 11. B. Robin. son ar~1 Oconee are given in Figures B-5 and B-6,
respoively.

NUREG/CR-5855 B 22
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|
l Table B-1. Subroutine listing.

_

Subroutine name Description
_

RilRMain Program driver

Zerout Sets to zero all array and common block variables

RilRin Reads the plant data file and control file or screen inpu:

lluild fluilds a plant data file

Readi or 2 Reads the plant data file inside of RilRin

Decilt Calculates the decay heat based on a shutdown time

SubEOS Cakulates subcooled water properties used by the code

SatEOS Calculates saturated water properties used by the code

GasEOS Calculates vapor and gas properties used by the code
.

Table Prints the property values in a tabular fonn

Intvol Detennines water and gas volumes and dependent variables

liflRVol 11 D Robinson's water and gas volumes

OcoVol Oconee's water and gas volumes

IITC Driver subroutine that contains the iteration loop

Const Calculates parameters that do not change with each iteration

ConstO Same as Const except especially applied to Oconee

SysPro Calculates system wide parameters

Root Calculates the angle between vertical and the water level in the hot leg
during stratified now

Void Calcule'es the level swell

Psat Calculates the saturs%n pressure and temperature

lisys- Calculates the heat transfer coefficients

'?alTem Calculates the temperatures across the steam generator tubes

WalThC Calculates the steam generator's wall thennal conductivity

Solver The Newton-Raphson numerical solver subroutine

D~rSd Calculates the results if the coadensmg length exceeds the steam.

generator tube length

intout Prints the intermediate results at the end of each iteration

Conver Checks to see if the iteration scheme has converged

RilRout Prints the final results

B-23 NUREG/CR-5855
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( Start]
V

Initialize arrays and constants

V

Read input Jeck

V

Calculate constants, level swell,
physical properties, and volumes

'

-> V
Calculate temperatures actoss

steam generator tube wall

V

Calculate steam generator tube
wall thermal conductivity -

V
1=1+1 Calculate primary and secondary

heat transfer coefficients -

+
Hun Newton-Raphson solver

+
Print intermediate results .

_ _ . _ .

V I

No erge
limit?

Yesy

Print final results

V

( Stop

i- Figure B 3. Computational now chart for the Piston Model code package.
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3 1 2 0 2

48.0 0.101325 333.15 75.

374.15 0?0!325 1 0

The above input is for the following variables
First Line: lelev0, ledhs, hiodel, Irel, ! air J.1

Second Line: TimeSD, Pres 0, Temp 0, Pu i
' third Line: TSGSO, PSGSO, ISGact, ISGdam 4

Wriable Description:
~

lelev0 Water level in the RCS
1. Top of core
2. Core outlet
3. N1id-loop operation.

ledhs Ileat Transfer Coefficient (llTC) inpet control:
1. Calculate the Primary llTC.
2. Input the Primary MTC as a constant.
3. Input .he Secor.dary llTC as a constant.

Model 'iypc of plant conditions to use: $

1. No level swell in the RCS, no boiling in the SGs.
2, No level swell in the RCS, boi!ing in the SGs.
3. Level swell in the RCS, no boiling in the SGs.
4. Level swell in the RCS, boiling in the SGs.

'

Irel Type of correlation for the void fraction of the RCS coolant if level swell is taken into
account:

O. Average of Sterman & Dimentiev and Wilson et al. correlations.
1. Sterman & Dimentiev correlation.
2. Wilson et al. correlotion.

Iair Type of noncondensable gas displacement to be : sed:
1. Displace or mix everywhere.
2. Displace m mix only where steam flows + upper head.

TimeSD Time after shutdown in hours.
Pres 0 Initial RCS pressure .n h1Pa.
Temp 0 Initial RCS temperature in degrees K.
Peta Perced of air in the hot leg (ie 50.0 for 507c;.
TSGSG Finst temperature of the steam generator in degrees K.
PSGSO Final pressure in the steam generator in N1Pa
ISGact The number of steam generators available as a heat sink.
ISGdam The number of loops with installed nonle dams.

Figue B-4. An example of a control input file.
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llBR Data (Section name, volume (m^3), and ref. height (m))

Steady-State 10(F/c Power 2300.iXXP

Number of RCS Loops 3

Lower Plenum 20.4068 2.9962

Core Region 20.4813 3.8606

Core Out Region 6.3747 0.7440

Upper Plenum (Lower) 0.9065 0.1227

Upper Plenum (Middle) 5.4407 0.7366

Upper Plenuni w3,.,:r) 14.9461 1.7257

Upper liead Region 14.8539 5.3777

Ilot Outlet Pipe 3.0120 0.7370
-

SG Inlet Plenum 3.2600 1.0000
-

Inlet Tube Sheet 0.5420 0.5540

liot Straight Section 9.3434 9,5512

U Bend Region 0.0000 0.0000

Cold Straight Section 9.3434 9.5512

Outlet Tube Sheet 0.5420 0.5540 }
SG Outlet Plenum 3.2/ ~0 1.0000

RCP Suction Leg Pipe 3.9190 2.1388

Reactor Coolant Pump 5.2(M6 1.2217

RCP Discharge / Cold Leg 2.4806 0.0000 .

Downcomer (Lower) 9.9392 5.1084

Downcomer (Low Middle) i.6304 0.7440

Downcomer (Middle) 0.2640 0.1227

Downcomer (Up Middle) 1.5848 0.0084 =

Downcomer (Upper) 3.0334 1.7257

Pressurizer 36.8160 11.0060

Przt Surge Line 0.9960 2.7920

SG Secondary Side 93.6890 15.2590 =

Other Plant Data

U-Tubes in a SG 3214

U-Tubes Inner Diameter 0.019684

U-Tubes Wall Thickness 0.01,368

)Total SG Flow Area 0.9780

llot Leg Pipe Diameter 0.736601

1.oop Seal Volume 3.688300

Core X-Section Flow Area 3.871270

Core SubChannd Ilyd. Dia. 0.01l'78

Figure B-5. Plant data file for the 11. B. Robinsen plant.
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Appendix H

L, < nee. Data (Section name, volume (m'3), ano ref, height (ml)

Steady-State 1(XWe Power 2568.

Number of RCS Loops 2

Lower Plenum 0.1623E+02 0.2398E F01

Core Region . 0.9709E+01 0.3658E+01

/ Core Out Region 0.3705E+0! 0.6320E+00

- Upper Plenum (Lower) 0.3463E+ 01 0.3493E+00
.

~

Upper Plenum (Middle) 0.9050E+01 0.9144E+00

Upper Plenum (Upper) 0.4907E+01 0.4967E+00

Upper llead Region 0.136uE+02 0.1748E+0 i

ilot Outlet Pipe 0.1501E+02 0.1127E+02

- SG Inlet Plenum 0.6733E+01 0.1192ii+0i

Inlet Tube Sheet : 0.1310E+01 0.6830E+00

liot Straight Section 0.1939E+02 0.7942E+01

1' Bend Region 0.0000E+00 0.(XXX)E+00

Cold Straight Section 0.1939E+02 0.7942E+0'

Outlet Tube Sheet 0.1489E+01 0.6100E+00

SG Outlet Plenum 0.7171E+01 0.1066E+01

.

RCP Suction Leg Pipe 0.8998E+01 0.9897E+0 !

Reacter Coolant Pump 0.3171E+01 0.1321 E+01

RCP Discharge / Cold Leg 0.25 67E+01 0.1036E F01

Downcomer (Lower) 0.1702E+02 OA871E+01

Downcomer (Low Middle) 0.2206E+01 0.6314E+00

|. Downcomer (Middle) 0.6270E+00 0.3036E+00

Downcome:r (Up Middle) 0.2095E+01 0,1006E+01

Downcomer (Upper) 0.3658E+01 0 '91E+0! -

Pressurizer 0.4306E+02 0 SE+02

Przr Surge Line 0.5970E+00 0 / _8E+01

SG Secondary Side 0.97NE+02 0.1589E+02

Steam Generator Data - ,

U-Tubes in the SG 15531
~

U-Tine Inner Diameter 01408E-01

U-Tube Wall Thickness 0.8M0E-03

Total SG Flow Area 0.2442E+01

Ilot Leg Pipe Diameter 0.9144E+00 -

Leop Scal Volume 03998E+0i

Core Flow Area 0.4434E+01

Figure B-6. Plant data file for Oconee.
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} ?ree types of output files are poduceu by the code. One is an output We uith salues of the major vari-
ables only, such as saturation temperature and pressure. A second type is a diagnostic file that virtually prints
all variables that are calculated or used in each subroutine to aid in any ty pe of code or run debugging. The
last output file is one containing variable values pnxluced in the iteration loop to evaluate the perfonnance
of the Newton-Raphson numerical method. This output file can be transferred easily to a Macintosh graph-
ics package such as CrickelGraph or KaleidaGrcph for plotting.

B-3. MODEL ASSESSMENT

B-3.1 Theoretical E.nd Experimental Support for the Piston Model

in the early 1980's, the effects of smail break loss-of coolant accidents (LOCAs) were the center of much
attention in the nuclear industry. As part of the overall study of small break LOCAs, the limits of natural
circulation heat removal were investigated; this included the reflux condensation mode. Several full-scale
and individual component experiments were perfonned to characterice the reflux condensation heat transfer
moJe and to verify those thennabhydraulic codes then in use by the industry. Appropriate experimeraal test
data were obtained for assessment of the Piston Model to determine its accuracy in calculating system
conditions.

The distribution of the noncondensable gases in the steam generator tubes n :he crucial assumption in the
Paton Model presented in this appendix. Reference 17 gives experimental results showing where tne
noncondensable gases go once they enter the steam generator tubes, and an analytical calculation to
compare with these experimental results. It was determined, for the case w hen only steam enters the steam
generator tubes, that thice regions were established in an inverted U-tube along the length of the U-tube: an
" active" zone, a very short transition zone, and a " passive" rone. The active zone contains only condensing
water vapor at the temperature corresponding to the primary side saturation pressure, The passive zone

,

contains a mixture of water vapor and noncondensable gases with no condensation occurring and a'

temperature equal to the secondary side temperature. The experiment idso showed that the mixture of the

|' steam-noncor.Jensable gas in this passive zone is given by Dalton's Law so that th( secondary temperature
i determines the parti d pressure of the water vapor in the passive zone.

Reference 18, in part, exam ned the effect of noncondensable gases on the condensing length in an

|
inserted U-tube. The Nusselt filmwise condensation theory and an energy balance across the U-tube was

j used to predict the condensing length. This analytical length was compared to experimentally measured

| condensing lengths. Their resnits showed the Nusselt theory to overpredict the true condensing length with
I the deviation becoming greater for higher steam flows. That is, a smaller length was measur:d than the
l condensing length detennined using Nusscit's film condensation theory. The difference was auributed to

two factors. The first is that Nusselt theory is for stagnant steam condensing on a vertical plate and rot
flowing steam condensing inside a vertical tube The second factor is that dropwise condensation occurred
locall) in the upper portion of the condensing section. This was deemed to be the more dominant factor
because of its much larger heat transfer rate.

|

| The above experimer rs only examined the effects occurring in the steam generator's tubes. The code
'

. developed to evaluate the eh'ects of loss of RilR murt be applied to a complete RCS system. Tims, to truly
validate the model, scaled system experiments needed to be found that examined the specific natural
circulation regimes of concem to this report. Various clored system U-tube and thennosyphou experiments
were examined and discarded because of a lack of infonnation needed to accurately model or evaluate
results with the Piston Model. Two scaled reactor system experimenb were identified to have all of the
necessary system information ami experimental results. These are the Semiscale natural circulati<m
experiment NC-619 and the PKL lilB 4.5 test results for a loss-of-RilR event under reduced inventory
conditions.M

NUREG/CR-5855 B 28
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B 3.2 Semiscale Natural Circulation Test NC-6

A series of natura; circulation experiments was conducted in the Semiscale Mod-2A test facility to help
verify codes thzt analyze the reactor system response to small break 1.OCAs. In one of thest tests, NC-6, the
test facility was pbced in a reflux condenswn mode t:nder reduced coolant conditions. Then a series of
nitrogea gas injections into the steam genert ir inlet plenum was performed to determine its effect on the
condensation phenomena. This test was conducted at an orrating system pressure of approximately

. 900 psia and at a decay heat level expected af ter a reactor scram. Reference 19 was used to provide an
analytical method as a simple verification of the experiment results.

He Piston Model(using the Nusselt laminar film model) was esaluated for the conditions present during
the NC-6 test run.The results from the model and the test runs are presented in Table B-2 and in Figure B 7.
It is apparent that the code predicts the resul:a from NC-6 reasonably well but tends to overpredict the
pressure. This is consistent with the observation that the Nusselt laminar film condensing model will
underpredict the aserage heat transfer coefficient, leading to a larger condensing length and greater
noncondensable compression.

B-3.3 PKL Experiment Simulating a Failure-of-RHR Event Under
Mid-loop Conditions

20This experiment closely approximates the reactor system conduions for a loss-of-PilR event during
mid-loop operation. It was the only experiment found to specincally examitic the system response during
the low Pressure, temperature, and power conditions existing when a plant is in cold shutdown with RilR
cooling lost. Thus, this experiment should seemingly provide a good assessment of the Piston Model.

The systeni condition was shut down, at 323 K (122*F) and atmospheric pressure, with the RCS water
level at mid-loop and nitrogen gas filiing all RCS space above the water leeel. One steam generator was in
wer-layup and the other three had their secondary rides drained but no dams installed. The reactor decay
heat level was set to a value corresponding io 1% (0.25 MW) of full power and later lowered to 0.7%
(0.175 MW). This power level is about ttvice as high as one would realistically expect because of the
minimum of twc : lays needed after shutdown to place the system in mid-loop operation.

This relatively high power level resulted in a large froth level being generated in the core, spread down the
! hot legs, and into the steara generator U. tubes. The resulting steam generation rate was high enough to be

at ove a countercurrent Cow limitation (Figure B 8), resulting in Dooding of the steam generator U-tut,es.
The experimental results showed that a watcr slug formed on top of the condensing lengthShe water slug
was at the temperature of the secondary side and remained for the duration of the experiment, even after the
power was reduced to 0.7% (0.173 MW).

Table B-2. Semiscale analysis and experimental results.
,

Mass of N injected Predicted pressure Experimental pressure Error2

Rg) (MPa) (MPa) (%)

0.05614 6.410 6.1 5.08

0.19454 6.920 6.5 6.46

0.32641 7.415 7.I 4.44

OAI389 7.745 7.7 0.5_8

B-29 NUREG/CR-5855
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The frothing phencmenon is an important effect with respect to the steady-state system conditions.11 the
Piston Model, as was verified by the Semiscale test, is used on this PKL experiment, the steady-state
pressure is calculated to be significantly low er than the experiment's system pressure (4.3 be (62 i sia) vs.
6.6 bar (96 psia) at 19 power (0.25 MW) and 4.2 bar '61 psia) vs. 5.8 bar (84 psia) at 0.7G power
(0.175 MW)). This is not unexpected because the laminai Sim condensation model is no longer applicable
w hca a two-phase mixture enters the steam genciator tubes Clearly, the s oid aad volume growth in the core
as a result of boiling impacts the final system conditions and needs to be taken into account in the model
when such conditions occur.

The level swell model, as applied to the PKL Experiment IllB 4.5 case at 19 power (0.25 MW),
indicates that a froth level reaches the steam generators. When the tv o-phase nonannular heat transfer
coefficient is used and compared to the analysis with the Nusselt heat transfer coefficient, the pnmary heat

2 2transfer coefficient decreases from 5329 to 3062 W/m -K (939 to 539 Btu /h-ft - F) and the calculated RCS
pressure increases only slightly from 4.3 to 4.8 bar (62 to 70 psia)[1.8 bar (26 psia) below the
experiment's pressure at 19 power). The results improve but clearly do not predict the conditions that occur
during the experiment.

As a sensitivity study, the single-phase heat transfer correlation (Dittus-Boelter) was used in the Piston
Model, and the PKL experiment analysis was repeated. The new results overpredict the RCS pressure by
0.9 bar (13 psia) (7.5 bar (109 psia) vs 6.6 bar (96 psia)]. The Dittus Boelter correlation yields a

2 2primary heat transfer coefficient of about 250 W/m -K (44 Btu /h-ft - F).

Therefore, the actual heat trai,sfer coefficient for PKL Experiment lilB 4.5 was between 250 and
2 2 5

3062 W/m -K (44 to 539 Btu /h-ft - F). A back calculation of the experimental results yields a value of
2 2approximately 360 W/m .K (63 Bru!h-ft >F). which falls between the previous two values.

o
3One phenomenon not taken into account in one above analysis is the additional pressure needed to

maintain a water slug above the condensing region in the steam generator U-tubes. If all of the up portions of
the steam generator U-tubes were full of water from CCFL, the differential pressure across the water column
would on'y be approximately 0.9 bar (13 psia). This means that in the situation of the PKL experiment, with
two-phase nonannular flow and CCFL , the fluid entering the U-tube is mostly liquid (heat transfer

2coefficients around or below 500 W/m -K) and must support a water slug of 2 or more meters in height.
.

While neither of the correlations (two-pham nonannular or Dittus-Boelter) predict results within 10W of
the experiment, the combination does set upper and lower limits that the RCS pressure should fall between.
This means that one can determine a limit to the possible RCS pressure that could result from a loss-of-RilR
event. Therefore, if one knows that the plant can withstand the upper limit, then it will also withstand the
realistic situation with its lower RCS pressures, giving a conservative result,

B-4. PLANT CALCULATIONS

The Piston Model was applied to two classes of PWRs based on the type of steam generators used. The
two classes are the inverted U-tube steam generator (UTSG) and the once-through steam generator (OTSG).
The UTSGs are built by Westinghouse and Combustion Engineering and the OTSGs are built by Babcock
and Wilcox. A representative plant of each type was studied based on the availability of the necessary plant
data requimd by the model.The sources used for this infomiation were existing RELAP5 input decks for the
11. B. Robinson plant, a Westinghouse system, and the Oconee plant, a Babcock and Wilcox system. General
system data are given for each of the plants in Table B-3.
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Table B-3. System data.

Power Number of
Plant (MW(Th)) RCS Loops Comments

11. B. Robinson 2,300 3 -

Oconee 2,568 2 Lowered-loop plant,2 reactor coolant
pumps and cold legs per loop<

Before the loss of RilR, each plant is assumed to be in its respective mid-loop operating condition. The
system temperature is kept at or below 140"E(333 K) by the RHR system. A nitrogen purgc blanket is also
maintained above the water at atmospheric pressure. No manways are open, however, steatn generator
nonic dams may have been installed in the case of the 11. B. Robinson plant. The reactor vessel top head is
in place and bolted down so the RCS can be considered a closed system.

B-4.1 Variations in Key Parameters

The time after shutdown is one of the key parameters that must he specified, since the decay heat level is
dependent on time after shutdown. The decay heat level is calculated from the following relationship h2

.

P = 0.095P,,(36000)-o.26 (B-46)

where

100% steady-state power level (MW)P = %o

0 time after shutdown (h).=

It is known that certain operational procedures must be peifonned for a plant to be in the necessary cold
shutdown condition and in a reduced inventory state.22.23Thrs. there exists a given time period from reactor
shutdown to reaching reduced inventory, during which the decay heat level is decreasing. liowever, how -

quickly a plaat can be cooled down and lined up for reduced inventory operation seems to depend on the
type of plant shutdown maintenance to be parformed. Three times were selected as being representative of
the minimum time period to reach the cond, ons for mid-loop operations. Tab!c D-4 lists these times with
corresponding decay heat levels. In addition to these times,30 days (720 hours) was also selected to give
results for the long term.

Table B-4, Length of time to place RCS into mid-loop operation.

Time toi sid-loop
operation Decay heat

(h) (%) Reference Comments

48 0.413 23 Maximam cooldown and degas rates employed

83 0.3.i8 22 No refueling

167 0.299 22 Shutdos 1 for refueling

NUREG/CR-5855 B-32
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4 Appendix B

From Fquation (B-4t the steam ge rator secondary side plays an important part in the RCS pressure.
Basically one would expect the RCS pressure to change in the same manner as a (tiange in the secon:lary
side temperature. Once boihng occurs on the secondary side, the saturation conditions that exist there will
depend very heavily on adequately rebes ing steam from the secondary to the atmosphere. This capabihty to
dump steam is determined by the size of the turbine by pass s alve, the size of the secondary side relief vah es.
and the abihty of these vahes to be opened by the plant opera * ors at the time RilR is lost. Because of the
uncertainty in all three of these factors, one cannot complete,y be ensured that a steam dumping capacity
w ill exist Mr all plant conditions to keep the secondary side at atmospheric pressure. Foi these ic isons, three
secondary side presvares (1,2, and 3 atm) w cre selected to : .iow the trend in RCS pressure s ersus a change
in secondary side saturation conditions.

The mass of noncondensable gas is also in Equation (B-4). This s alee changes when the initial coolant
levelin the RCS varies. HeEies the mid loop operation lesel(509 of the hot leg occupien by coolant), three |

other coolant levels are selected to determine the trend of RCS pressure as a function of the quantity of
noncondensable gas. The values selected are 75% of the hot leg with coolant 254 of the hot leg with
coolant, and at the core outlet level [hught abose the core is 0.774 m (2.54 ft) for 11. B. Robinson and
0.807 m (2.65 ft) for Oconee]. These three s alues have no special significance with respect to plpt
operation, but do represent a range of vahrs that are within the ; scope of the model.

From previous discussion (Sections B-2.3 and B-2.4), the value of decay heat has a large impact on water
level swell in the reactor vosel and whether or not CCFL. might occur in the steam generator U tubes. If the
level swell does enter the steam generator tubes, then a two phase nonannular flow regime exists and the
appropriate ka, aansfer coefficient must ne used. Howeser, as discussed in Sections B-2.3 and B-3.3, the
heat transfer coefficient cannot be accurately detennined when this condition exists. Thus, a single. phase
and a best estimate two-phase nonannular heat transler coefficient was used to analyze the response by
11. B. Robinson. It was shown in Section B-2.4 (U-tube flooding) that after 11. B, Robinson has been shut
down for more than ovo days, a CCFL condition cannot occur, even if caly one steam generato is available.
For the Oconee plant with two OTSGs, lesel swell and CCFL are not a concern Secause there is a large
volume of the candy-cane hot legs and no countercurrent flow ch (i.e., the steam flow and condensate
flow is in the same direction). Therefore, the heat transfer coefficient w as varied omy for the H. B. Robinson

plant.

Lastly, the assumed interaction of the pressunzer with the RCS during the noncondensable compression
phase can have a significant impact. Three cases aie eumined invohing different assumptions reganiing
pressuriier gas content, two of which are tvaunding cases.

These conditions set the scope of the analysis performed to bound the f!CS pressure as a result of a
loss-of-RIIR event. The following two vions present these results, the first for H. B. Robinson and the
second for Oconee.

B-4.2 H'. 8. Robinson Plani Results

Table B-5 lists the Piston Model calculations performed for H. B. Robinson. Eaca condition is analyzed
for the four times after shutdown previously identified unless otherwise noted.

The calculated results for RCS pressure are shown in Figures B-9 throuch B-12 and Table B-6. The first
figure shows the results for the three different steam generator availability cases (runs I,2, and 3).
Figure B-10 groups the results when the steam generator reliefs er bypass valves cannot reduce the
secondary side pressure to atmospheric pressure. Figure B-1I shows ihe effect of initial prin.ary water rnass
inventory on RCS pressure. The last two figures for II. B. Robinson show how extremes in the flow legimes
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Figure B-9. H. B. Robinson's RCS pressure for vanous system configurations with the secondary at one
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- Table B 6. - 11. B. Robinson pressuriier sensitivity cases.

RCS pressure
(psia)

i

One SG available

_

Pressurizer case with 2 dam pairs 3 SGs available
i

Gt panition 45.9 38.3 j

No gas exchange 60 4 43.4

Gas purge 90.4 52.6

from level swell could affect the RCS pressure (as exemplified in the PKL data). Finally, Table B-6 shows
- the effect of differing assumptions regarding pie.ssurizer behavior. !

.i
Figures B-9 through B-13 show how little effect decay heat has on the final system pressure as long as

only steam enters the steam generator tubes (at most, a 3 psia change os er 30 days). Ihamining the physi-
cal processes occurring from the time core boiling begins to a steady-state pressure explains this relative

'

insensitivity to decay heat. Regardless of decay heat level, a fixed amount of compression of the noncon-
densable gas is necessary to sweep the gas into the steam generator, in the case of 11. B. Robinson, the vol- g

- ume of noncondensable gas must decrease by approximately 42% of its original volume. This equates to a
pressure change of atuut 25 psia, raising RCS pressure from 14.7 to about 40 psia. The remaining rise in
RCS pressure is that needed to uncover enough surface area to transfer the decay heat across the steam gen-
erator tubes.

Figure B-9 clearly shows how much the presence of noule dams can affect the system pressure. This is.

because the calculated primary system pressure is dominated by factors influencing the degree of compres-
sion of the noncondensable gas. In both the one (without dams) and three steam generator cases, the amount
of noncondensable gas compression needed to introduce steam into the steam generators is vinually the
same. The small difference in final pressure results from the marginal difference in the condensing length

- between the two cases needed to remove the decay heat from the primary system. In the case of two steam
P generators with noule dam 3, the removal of the r. team generator and cold leg volumes as a final location for

the noncondensable gas means that a larger mass of the gas must be compressed into the one active steam
generator. Thus, the partial pressure of the gas is larger than the no dam case and the final total pressure

- clearly reflects the increase.

Figute B-10 shows the effect of a steam generator's steam relief system that cannot maintain secondary
pressure at atmospheric pressure. The end result is to elevate the saturated steam and gas temperature in the
passive section of the ptimary side steam generator tubes. Thus, the RCS pressure will be higher under this
situation as compared to the case when the relief path can maintain atmospheric pressure in the steam
generator.

Figure B-1I shows the change in 11. B. Robinson's RCS pressure as a function of the initial water mass
inventory (directly related to coolant lesel). Clearly, the figure shows a marked difference in changing the

,

coolant level in the reactor vessel versus in the hot legs. The relative noncondensable gas and water mass
' inventories are directly related becane of the initial conditions that exist before the loss of RilR. Thus, a
change in the noncondensable gas inventory gives an accompanying change in water inventory. Using
Equation (B-4), one can infer tha; an increase in noncondensable gas inventory (and therefore a decrease in
water mass inventory) mer.ns .n increase in RCS pressure. This can be seen in Figue H-11.

.

*
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Figure B-13. RCS pressure as a function of the primary heat transfer coefficient for H. B. Robinson
48 hours after shutdown, one steam generator available, cecondary pressure at atmospheric, and no installed
nozzle dams.

' As shown in Section B-3.3, the model could only bound the RCS pressure for PKL Experiment IllB 4.5 -
when froth (or a two-phase nonannular flow) enters the steam generator tubes. To eurnine this effect for
H. B. Robinson, the results from the two heat transfer correlations (two-phase nonannular and single-phase
flow) are shown in Figure B-12. Along with the upper and lower bounds is the curve for Run 1 as a
reference. The void fraction variatien throughout the primary system can clearly cause a wide range in RCS
pressure [a difference of over 0.138 MPa (20 psia)).

To examine the sensitivity to the primary side heat transfer coefficie_nt in a more general way, Figure B-13
shows the calculated RCS pressure for H. B. Robinson as a function of the heat transfer coefficient. (In this
set of calculations the shutdown time is assumed to be 48 hours, with one available steam generator and no
nozzle dams.) Calculations were run for eight ditTerent values of the coefficient, ranging from 10,000 to

2 2100 W/m -K (1760 to 17.6 Bru/h-ft ?F), corresponding to reflux condensation and single phase liquid .,

2 2
'

_ heat transfer, respectively. Only lest transfer coefficient values lower than 500 W/m -K (89 Btu /h ft pp)
2have a significant effect on pressure. Above 500 W/m -K. the change in condensing length is not great

enough to have a significant effect on the passive length containing the noncondensable gas. Herefore, it is
,

!- only with low heat transfer coefficients that the volume needed to remove all of the decay heat from the
primary compresses the noncondensable gas enough to yield a significant pressure increase.

Finally, there is a sensitivity in the results relating to the assumed behavior of the pressurizer during the,

! noncordensable compression phase. The " base case" Piston Model assumes that the original niass of

| noncondensable in the pressurizer remains constant. This might be referred to as the "no gas exchange
| case " Two other bounding assumptions can be made. The first, referred to as the " gas partition" case,

assumes tha: the noncondensable gas originally in the reactor vessel above the core, plus that in the hot legs

NUREG/CR-5855 B-38
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betw een the s essel and the pressurizer surge line, is compressed into the steam generator and the pressurifer ,

This case assumes that only noncondensable pas enters the pressuri/er unul a steam / gas front pawes the I
surge line. The second case, called the " purge" case, has all of the original pressun7er noncondensable gas
empty into the hot leg and then be compressed into the steam generator, in this bounding case, steam is
assumed te replace all the noncon6ensable in the pressuriter.

These three variations in the assumed movement of noncondensable gas in the pressurizer
produce significantly different final RCS pressures. Table B-6 shows the calculated RCS pressures for
11. B. Robinson for the three cases. including the effects of the number of steam generators available. The
differences in pressure aw as one might expect, with the lowest value occurring when the pressuriter
" absorbs" some of the noncondensable from the s essel and hot legs, and the highest when the pressuriier is

emptied of all noncandensable gas (which must be compressed it'to the steam generator). The intermediate
pressure is produced by the "no gas exchange" case.

The cases that represent a scenario closest to reality might be arruable. On the one hand, it seems likely
that some additional noncondensable gas would be comprewed into the pressunzer (as in the gas partition
case). On the other hand, since steam entenng the surge line is considerably lighter than the noncondensahle

gas in the pressurizer, it is conecivable some gas might be expelled. The "no gas exchange" case is thern v
an intermediate scenario between the two extremes.

B-4.3 Oconee Plant Results

Since Oconee has one less RCS loop and hot leg nozzle dams are not used, the number and type of
analyses necessary are fewer in number thzn Tw 11. B. Ro5inson. T he runs performed for Oconee are shown
in Table B-7. The first seven runs are similar in nature to runs I thmugh 8 for 11. B. Robinson, with the
nozzle dam case omittedflhe results are shown in Figures D-14, B 15, and B 16, and in Table B-8, Oconee
exhibits the same trends as H. B. Robinson (a slight drop in prassure with low er decay heat levels or hasing
all steam generators available as the heat sink; and a pressure increase if the secondary side vent path is
restricted). However, there are noticeable differences between the plants for the steady-state pressures
obtained.

The same phenomena that affect the shape of the curses of Figures B 9 and B-10 for H. B. Robinson
also occur for the Oconee plant as shown in Figure B-14. The difference between the H. B. Robinson and
Oconee results stems from the differences between the UTSG and OTSG, and the differences in their hot leg

volumes. The drop in RCS pressure as decay heat decreases i3 still fairly small. Ilowever, there is a more
noticeable drop in RCS pressure for Oconee because of the greater compression of the " passive" tube length
per available condensing length. For Oconee, w ith its larger hot leg, the drop in noncondensable volume to
compress the gas into the steam generator is at most 't7G of the original solume, as compared to 589 for
H. B. Robinson.

Figure B-15 shows the change in Oconce's RCS pressure as a function of the initial water mass inventory.
Oconee's results differ from II. B. Robinson in that the slope of the data points is lower. This is due to the
smaller change in nonandensable gas mass for a given change in coolant level in Oconee.

For wet layup conditions in OTSGs, the secondary side is nearly water full. Therefore, once boiling
begins on the secondary side with no rnake-up feedwater available, the secondary side water level will begin
to decrease. Hence, the tube length available for heat rejection begins to decrease. As the possible
condensing length and tube volume decreases, the volume available for the passive length containing
noncondensable gas also decreases. The result of this is that the system pressure increases Run 8
investigated this phenomena and the results are show n in Figure B-16. Note the rapid rise in sy stem pressure
once the steam generator has been allowed to boil for three hours without make-up feedwater. This behasior

Bd9 NUREG/CR-5855
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~ '>Z Table B-7. Analysis for Oconce. vC
X '

3
$ ; Number of Secondary Secondary g.

3 Run SGs used as ~ side pressure twiling time :7

y number a heat sink (psia) RCS water level (h) Comments CD

$
g 1 .I 14.7a Mid.ioep operation . O Make-up feedwater available

2 2 14.7 Mid.h>op operation 0 Make-up feedwater available -

3 1 29.4b Mid-loop cperation .O Make-up feedwater avaii.able

4 1 44. lc .Mid-kmp operation 0 Make-up feedwater available

5 1 14.7 Core outlet 0 Sliutdcwn for 48 h

6 1 14.7 25% of hot leg 0 Shutdown for 48 h
volume

a
L

7 1 14.7 75% of hot leg 0 Shutdown for 48 h
*

volume

8-12 1 14.7 Mid-loop operation 1, 2. 2.5, 3. Shutdown for 48 h no make-up
and 3.25 feedwater available

13 1 14.7 Mid-loop operation 0 Pressurizer gas " partitioning,"
shutdown for 48 h

14 2 '14.7 Mid-kmp operation 0 Pressurizer gas " purging," shutdown
for 48 h

a. I atm = 14.7 psia.

b. 2 atm = 29.4 psia.

c. 3 atm = 44.1 psia.

I

I

--__ .
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Figure B 16. Oconee's RCS pressure as a function of the secondary boiling time without water resupply
for one steam generator available with secondary pressure at atmospheric.

Table 84. Oconee pressurizer sensitivity cases.

RCS pressure
-

(psia)

Pressurizer case One SG available Two SGs available

Gas panition 48.8 48.5

No gas exchange 54.0 53.3

Gas purge 71.4 70.6

NUREG/CR-5855 B-42
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differs from what would occur in 11. B. Robinson because condensation 18 es place sery low in the tube
bundle in the UTSG design, relatise to the secondary w ater les el. Moreover. in the UTSG design, buoyancy
forces will keep the secondary coolant well-mised, whereas in the OTSG design, buoyancy forces work
against mixing (i. e., secondary water heats near the top of the steam generator)_

Table B 8 shows the Oconce results for sensitisity to pressurizer gas tvhavior, analogous to those for
11. IL Robinson in Table B-6. The trends are the same as for 11. LL Robinson. but the differences in pressure
lesels are not as pronounced.

B-5. CONCLUSIONS

A model has been developed to determine the s'eady-state RCS pressure after a loss of-RilR during
mid-loop operations, with cooling by one or more steam generators. The model was assessed agamsi two
experiments and then applied to two types of PWRs (11. H. Robinson and Oconce). The sigrificant results
from the analysis are -

The final RCS pressure is relatively insensitive to the number of steam generators available (when*

nonle dams are not installed), the time af ter shutdow n w hen the loss-of-RilR begins, and a wide range
2 2of heat transfer coefficients [above about 500 W/m -K (88 Blu/h ft 'F)] assumed for the condensing

region of the steam generator tubes.

The pressur- is strongly affected by the number of steam generator nonle dams present, the veming*

and feedwater supply capacities available to the steam generators, and the behavior of the pressurizer
during the noncondensable compression phase.

It is apparent that for a closed RCS, condensation will provide adequate heat removal at some RCS
pressure level indefinitely, as long as feedwater is available. Depending on the situational and
phenomenological assumptions made, the Piston Model predicted pressures rangmg from 0.262 to
0.620 MPa (38 to 90 psia) for 11. B. Robmson and 0.338 to 0.489 MPa (49 to 71 psia) for Oconee, using
decay heat at 48 hours after shutdown and assuming the secondary pressure remains at atmospheric
pressure. For it B. Robinson, the greatest impact on pressure is the presence or absence of noule dams. The
pressures calculated for Oconee wcre relatively unaffected by either of the situational variables examined
(i. e., time after shutdown or number of steam genenuors available). For both plants, pressuriier behavior

~

produced the g eatest impact on RC5 pressure of all the variables examined.

Although a wide range of effects has been examined, the results should not be interpreted as being all
encompassing. Care must be exercised w hen interpreting the calculations presented m this study. There are
potential conditions that could have a significant effect on RCS pressure (c. g., water level above the top of
the hot legs or a cold pressurizer) that were not covered m this study. If the consequences of pressures higher
than those calculatea warrant, further analysis and/or experimentation could be undertaken to predict the
effects of such conditions.
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Appendix C
|

RELAP5/ MOD 3 Analysis of Reflux Condensation Behavior in
a Steam Generator During Reduced Inventory Operation ,

This appendix presents the results of the steam generator designs. Preparation of the
RELAP5/ MOD 3 analyses of the consequences of RELAP5! MOD 3 model and the results of four
a loss of the residual heat removal (RilR)in pres- analyses performed using this model are dis-
surized water reactor (PWR) systems with U-tube cussed in this section.

C-1. BACKGROUND

Transient thermal-hydraulic analyses of the generators are used as an alternate means of
consequences of the loss of RilR were performed decay heat removal. The principal heat removal

using the RELAP5/ MOD 3 code. The analyses mechanism in the steam generator is expected to

assessed (a) the primary and secondary system be re0us condensation. During reflux condensa-

thermal and hydraulic performance following a tion, steam enters the steam generator tubes
failure of RilR and (b) the capability of the w here it condenses and drains back to the hot leg.

RELAPS/ MOD 3 program to perform transient Renux condensation is of interest because the
analysis under near atmospheric pressure RCS may contain air above the liquid level
conditions with noncondensable gas in the reactor hxated at the midplane of the hot and cold legs.

coolant system. The air would probably prevent natural circula-
tion through the steam generator tubes to the cold

The analyses presented in this appendix focus leg. An a result, RCS temperature and pressure
on assessing the reactor coolant system (RCS) will be determined by the efficiency of the reGux

pressure and temperature response if the steam condensation process.

C-2. METHOD OF ANALYSIS

|. C-2.1 RELAPS/ MOD 3 main steam and feed systems. Comersion of the
riginal llBR-2 model to RELAI 5/ MOD 3 wasComputer Program completed in December 1990.* Th|a model is the

basis for the RELAP models used in this appendix.
. Transient thennal hydraulic analyses of the loss

of RllR were performed using the RELAP5/ The HBR-2 plant has three primary coolant
MOD 3 (Version 5m5) computer program loops that are explicitly represented in the base
executed on a DECstation 5000/Model 200 RISC RELAP5 model.These loops are designated as A.

Workstation. The RELAP5 code was used to B, and C. Each loop consists of a hot leg, U-tube
assess the performance of the II. B. Robinsor plant steam generator, reactor coolant pump suction
(HBR-2), which is a three loop Westinghouse leg, reactor coolant pump, and a discharge leg.
PWR _with a- thermal power rating of The pressurizer is attached to Loop C. If cat
2,300 MW(Th). The initial llBR-2 model was structures were included to represent the metal
first developed in 1983 for pressurized thermal mass of the reactor coolant system piping, steam

2shock analyses using previous versions of
RELAP5 (RELaP5/ MODI and RELAP5/ a. Fwte communicatiar. from Paul koth, EG&G

MOD 2). This initial model consisted of a detailed Idaho, Inc.. Idaho Falls. Idaho, to Leonard Ward,

representation of the IIBR-2 plant describing the EG&G Idaho, Inc., Idaho Falb , Idaho,

primary and secondary systems, including the Amuary 4.1991.

C-3 NURE"/CR-5835
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generator tubes, reactor vessel and the (Component i16) is eliminated. The loss
pressurizer. coefficients in the junction between these

components is also high (21.169 in the
Modifications were made to the RELAP5/ forward direction and 3.164 in the resene

MOD 3 HBR-2 plant model for use in PWR diiectionh implying minimal Dow.
analyses during loss-of-RilR es ents. These modi-
Geations consisted of removing the control sys- The n'acmr amlant pump o, icplaced by a*

tems, secondary side components, and emergency branch component using two junctions
core coding (ECC) components that do not has e a amponang to the inunp inlet and outlet.

role in the loss-of-RIIR event. The RELAPS ^ I '" "Id ""d ''*C''' I"" '"#f fi'iC"I "I I U
nodalization of the reactor pressure vessel is assumed, w hich represents a locked rotor

includes the downcomer, down:omer bypass, condition. The length, volume vertical
'

lower plenum, core. upper plenuia and upper angle, elevation, amj junson now area an-
the same as the on.ginal ne[mnent.

_head. Figure C-1 shows this nodah mtion. The
nodalization of the primary coolant loops is

The number of volumes in the pressuriier*
shown in Figure C-2. Loop C, which includes the

body is reduced ftom seven to two. The main
pressurizer and hot leg, is also shown. The nadali-

txxly of the piessuriier is lumped into one
zation of the primary side of the steam generator

volume. The bottom volume is not changed,
is shown as Component 408 in Figure C-2 while
the secondary side of the steam generator is The component connecting the upper ple-.

shown in Figure C-3. num with the upper head (Component 129)
is eliminated from the model. The solume

A one-loop model was developed from the of this component (10.922 ft') is judged to
llBR-2 three-loop model by eliminating two of be negligible.
the three loops to simulate isolation of these com-

A vent path was adJed to the steam pencratorponents through the use of nozzle dams in the hot *

and cold leg piping. The pressurizer and surge to allow venting of the steam when tviling
line are retained in this one loop model. These develops on the secondary side.

changes are made on the premise that only one
steam generator is asailable for decay heat The one-h>op model was initiah. zed at an initial

removal and the other two steam generators are water tempmun' oN and a initial w ater level

effectively removed from the system by nonle at the hot leg centerline elevation. Air at 90' F and
_

dams. 100% relative humidity is present in all volumes
above the centerline of the hot and cold legs. To

Further changes were made to the vessel nodal- check the ahiiity of the model to hold steady-state
. . . . . conditions, a null transient was executed. Review
tzation to improve computer execution ame and

of the results of the null transient showed thatcharactenstics. T he changes are summarized
be~!oW~

oscillations occurred in the predicted void fraction
and mass now rates in the hot and cold legs that did
not damp out over a period of time. The cause of

The flow connstion betweenihe down-.

these oscillatmns was never estahlished and thecomer (Component 102) and the upper
RELAP5/ MOD 3 development group has been

plenum (Component 120) is elininated. The
apprised of the problem.

loss coefficient in the junction connecting
these components is high (l.37 < IM) Several analyses were executed with the nodal-
because of the minimal flow area for this ization shown in Figures C-1 to C-3 using the
leakage path. decay heat power level corresponding to one day

af ter shutdown (0.59 power or 11.5 MW). The
The flow connection between the down- results of these calculations showed continued*

comer (Component 104) and the core by pass pressurization of the RCS in excess of 100 psia,
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which is fat higher than the pressure expected if the lower and upper portions of the hot leg to the
reflux condensation in the steam generator is steam genecahn mlet plenum, respectiiety.

removing heat from the RCS. The principal rea-
son for the high-pressure prediction is the calcu. The split hot leg nodalvation allows steam to

latea accumulation of water in the steam exit the vessel along the upper hot leg segment

generator active tube region, The water was w hile condensed and deentrained liquid can
entrained by the steam penetrating the hot leg retum to the vessel along the lower ponion of the

frota the reactor vessel. With the accumulatien of pipe. Tnis type of flow behavior is upected
water at the inlet to the steam generator active during reflux condensation,

tube region, the two-phase flow rates at the
entrance to the tubes w ere calculated to be too C-2.2 Analysis Results
low to provide sufficiunt condensation heat trans-
fer to enablish a steady-state heat removal capa- The feur cases analyzed are listed below.
bility that matched decay heat generation. The

Case I-The RCS is at mid loop operationhigh interfacial drag between steam and water *

predicted by RELAPS in the hot leg expelled with an initial water temperature of 90"F and

unrealistically high amounts of water from the- a initial water les el at the hot leg centerline

hot leg piping in the intact loop whde also limit- elevation. Air at 90'F and 100% relatise
ing the drainage of condensed and deentrained humidity are present in all volumes above
water towmd the vessel from the steam generator the centerline of the hot and cold legs. The

tubes and inlet plenum. decay heat power level assumed corresponds
:o one day after shutdown (0.5% power or
11.5 MWt

To circumvent t! is problem, the hot leg and inict
pienum to the steam generator were divided into Case 2-This case is the same as Case I.

two parallel components to allow drainage cf the except that the decay heat power level
liquid from the steam generator and inlet plenum assumed corresponds to one week after
to .he vessel upper plenum in the lower half of the shutdown (0.34 power or 7.13 MW).
hot leg. At the same time, steam can exit the vessel

Case 3-This case is the sarae as Case 1toward the steam generator along the upper half, *

The volume of the original hot leg components except that the initial RCS liquid level is at
(pipe and steam generater inlet plenum)is divided the top clevation of the hot and cold legs.
equally between the upper and low er portion of the

* Case 4-This case is the same as Case 1 )divided hot leg components. In addition, the
E option to not use the choking model in the one- except the initial RCS level is at the elevation )

kop model was selected for all junctions on the of the reactor vessel flange.'

primary side of the reactor coolant system. This
option was selected because RELAP5/ MOD 3 was - For all cases, the secondary side of the steam gen-

| predicting unrealistically low sound velacities erator was initialized with water at a temperature
! (10 ft/s or less), which would result in the predic- of 90"F. When secondary boiling started, a vent

- tion of choking under conditions where choking path was assumed to be available to maintain sec-

| . should not occur. ondary pressure and temperature near atmospheric
conditions Also, after secondary boiling began,
the addition of au J1iary or emergency feedwater

Figure C-4 presents the revised nodalization of was necessary to prevent loss of the secondary as
the bot !eg and inlet plenum. The hot leg is split a heat sinL
equally into two parallel sectnms w ith an clevation

| difference of 1.611 feet. The inlet pLmum is also in comparing Cases 1 and 2, the sensitisity of
moaelled as two separare companents designmed RCS peak pressure to the time of loss of RllR
as 406 and 506. Com;wnents 406 and 506 connect follow ing shutdown is illustrated.
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Cases 1,3, and 4 reflect the sensitivity of peak coefficients for these wlumes are prs 2nted in

RCS pressure to the initial RCS water level. The Figures C-12 and C 13.

results of the four cases are discussed below.
Because of the low decay heat fraction and the

C 2.2.1 Case 1-Loss of RHR at One Day, hmited mixing of the air and steam in these first

Figure C 5 show s the pressure transient in the pri- two stearn generator active tube velumes above

mary side of the steam generator when the RilR is the tube sheet, primary pressure stabdires. The
2' ondensation coefficient of about 3,(KO W/M -K

lost one day after shutdow n. The peak pressure of c'

4 or $28 Blu/h ftbi: after 7JKO seconds is suffi-about 41 psia (28.5 x 10 Pa) was achieved about
7J00 seconds after the loss of kHR. The peat eient to remose decay heat at the primary to sec-

pressure is reached at the time that the water in the ondary temperature ddference of about 35'F,

steam penerator secondary teac hes saturation (sat. which develops during the later portion of the

temph which is reflected in the behas ior ei the pri. transient (see Figure C-12). The primary to 'ec-

mary and secondary water temperatures (tempf) ondary temperature difference is illustrated in

and the vapor void fraction on the steam generator Figure C-14. After 7,000 seconds. the mass How

secondary side (see Figures C-6 and C-7). towa.rd the steam generator in the uppet portion of
the hot leg pipe is balanced by an equal amount of

Table C-1 presents the Case 1 distributian of dow'nnow from the steam generator toward the

air in the RCS as a function of time. These results vessel in the lower part of the hot leg. Fig-

show that the air is preaicted to be remosed from ute C-15 illustrates the establishment of this

the sessel, hot leg piping, and steam generator quasisteady-state mass now in the upper and

mlet plenum and accumulated in the steam gener- lower portions of the hot leg. The high mass flow

ator active tubes and outlet plenum volumes, rates are due to the high hot leg steam vehicities

pressurizer, and suction leg piping. Boiling in the that entrain the water in the upper ponion of the

core region is initiated about 1,250 seconds after pipe. Deentrained and condensed water accumu-

loss of RHR as shown in Figure C-8, or when the lated in the steam generator hiet plenuni and

liauid in the vessel above the core reaches saiura- tubes flows back toward the sessel in the lower
sceuon.tion. Saturation is indicated by the water tempera.

ture in the uppermost core volume (114 06).
Figure C 16 shows the noncondensable mass

After the initiation of bull tuling in the vessel fraction _in the U-bend of the steam generator'

and once the steam has compre ssed the air in the active tubes. Figure C.17 presents the vapor

RCS to a volume lest than that of the steam ger,- temperature for this case. The secondary side-

eratur active tube region, a condensing surface is temperature is also shown in Figure C-17. The j
!

Conned. As a resultcthe primary heat transfer rue decreasing mass fraction in the tir region

t increases and seconflary side boding is soon indicates that some steam has entered the cold

achieved Once secondary side boiling occurs and side of the steam generator active tube region.

the secondary temperature stabilizes, the primary
system pressure then achieves a maximum. At it is also of particular importance to note that the

this time, condensation in the generator occurs RELAPS transient pressure response displays an -

primarily in the first tube solume abose the tube oscillatory behavior once the peak pressure of

sheet, with some condensation also occu ring in about 4 I psia is achieved after about 7/00 seconds

- the r. ext active tub: volume. Figure C-9 shows (Figure C-5L These oscillrions are a resuh of the

the vapor void fraction in the first two volumes of changes in steam veh>eity at the entrance to the

.the steam generator primary tubes (408 01 and stea*n generator tubes, and affect the condensation

408-02) while Figures C-10 and C+lI show the coefBcient and void fraction in the first tube region

! heat Oux in the steam generator primary tubes in above the tube sheet. The transi' ion from counter-,

f- these regions. The primary tide heat transfer current two-phase flow to slug flow as liquid

I
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Appendix C

Table 1. Distribution of air in the RCS for RELAPS/AIOD3 Case I (use of steam generators tbr decay
heat removal).

hlass of air
(ib)

.

Component (component number) Initial 3/A)s 7,200 s 91100 s

Downcomer (100) 7.7 12.4 10.7 10.3

Downeomer (102) 2.6 8.5 13.7 13.4

Downcomer (104) 0.0 6.6 10.5 10.4

Downcomer (106) 0.0 4.8 12.4 14.7

Upper plenum (120) 8.8 <10 2 <104 <10-2

Upper plenum (122) 34.0 1.9 <10-2 < 10- 2

Upper head (126) 35.2 44.2 0.05 0.03

|= Hot leg (404,405,504,505) 6.0 0.03 <102 <10-2

Steam generator inlet plenum (406,506) 7.8 <10-2 <lv2 <10'2

Steam generator tubes (408-01) 5.6 1.1 <10 2 <10-2

Steam generator tubes (408-02) 5.6 7.7 5.9 6.7

Steam generator tubes (408-03 to 408-08) 33.9 50.4 61.4 62.5

Steam generator outlet plenum (410) 7.9 13.0 7.1 6.7

|
' Pressurizer / surge line (340, 341, 343) 91.4 87.9 85.5 63.9

Cold leg (412,414,416,418,420) 16.8 25.5 58.4 56.9

.
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Appendix C

builds up and irains affects the pressure drop at mary tubes (40001 and 405 02) and again show s

the tube entrance. The subsequent cffeet on the that condensation in this portion of the steam gen-

steam s elocities in the active tubes causes the crator deselops suf ficically to remose decay heat
heat transfer coefficient und soid fraction to vary, when primary pressure reaches 38 psia. Fig-

producing the oscillations in RCS preuure ures C 22 and C-23 are plots of the heat flus
(Figure C 5). through the steam generator primary tubes in the

first two solumes. 'the heat transfer coefficients

These results may be particularly important, for these volumes are shown in Figures C-24 and

The results suggest that w hile RCS peak prewure C-25, w hile the primary to secondary temperatum

for the abose ref|us boiling conditions may not dif ference in the s olume just abm e the tube sheet j

exceed nozzle dam failure conditions,if the oscil. is gis en in Figure C 26. !
flatory preuure behavior persists, in time it alone

may be sufficient to dishicate a dam. If such condi-'

tiorh are realistic, the success of reflus boiling in Thew usuhs am very UnWar m those for Case
I ahm except the niagnitude of the heat flus is

initigating the consequences of a lon of RilR
lower for this case because of the low er decay heat

depends not only on the peak RCS pmssure but
powcr. Ila ed on the Case I and 2 results, the peak iaho the amplitude and period of the peak pressure
prenure achieved after the low of RilR is rela- ]oscillatior s that result later in the event.
tively insensitis c to decay 1xm er since the bulk of )

'h'N N * ""'I'"'I""I'"d"##''#'"I'*I'h#"##d '

C 2.2.2 Case 2-Loss of RHR at Seven * #"*P"" N"' " * " ' " " * * " "# ' h"' " " "" '
Days. Figure C-18 show s the pressure response in

unw creadng a mnden4 surface;I'"
'""* '# "' "#"* E#"#'" #

the RCS when the RilR is lost seven days efter W pwnum
shutdown. The peak pressure of abeat 38 psia required to comprew the air to this condnion is
(26.5 x 104 P" is reached aprirosimately 12 000

mdependent of pm er because the bulk of the pres--

seconds after in, loss of RilR occurs. The peak .

a nee o cmnpmu tk an
,

sur atmn
pressure for this case is also reached at the time to the volume of the steam generator and outlet
tiuit the steam generator secondary reaches satura-

P "" * ' " """ b"" # ' ##"F "I I"* # ' '#'# "k
tion us indicated by the behavior of the secondary ' *Pb " " "" "I " E "" #"" *
water temperature (tempf)(Figure C-19). quenth ay the time the peak prenure ,

(38-41 psia) is achieved. The maw flow charac-
TableC 2presentstheCase 2distributionof air teristics in the upper and lower ponions of the hot

i-- in the RCS as a function of time. These results leg ute similarto Case 1.as shownin Figure C-27.
again show that most of the air is predicted to be The noncondensable man fraction and vapor tem-
purged from the vessel, hot leg piping, and steam perature characteristics are also similar to Case I
generator inlet plenum once core boiling begins. as shown in Figures C 28 and C 29, respectiveh.
hi general, the steam carries the air into the high The analyses using the alternate niethods 5f
points of the RCS or steam generator and pressur- Appendis B also confirm these Rl!LAF5 results.
irer regions. Unlike Case 1, some air remains in
the uppe r head because of the lower steam velocity
in this region. The lower steam vehicity ix caused C 2.2.3 Case 3-Loss of RHR at One Day
by the much lower decay heat level. Iloiling in the with the Liquid Level at the Top of the Hot
core region begins about 2,600 seconds after loss Leg. Figure C 30 shows the transient pressure in
of Rl!R as shown in Figure C 20. Boiling occurs the RCS when decay heat is lost one day after
when the water temperature in the uppermost shutdown. Unlike Case I with the initial lesel at
core volume (l14-06) reaches the saturation the hot leg centerline, the initial RCS water level

'

*emperature. for Case 3 is increased to the top elevation of the
hot leg piping. Follow ing the loss of RilR and mi-

Figure C-21 illustrates the vapor void fraction tiation of bulk boiling in the RCS, the peak pres,
in the first two volumes of the steam generator pri- sure of about 40 psia (28.5 x 1(r' Fa) is reached

C-25 NUREG/CR-5855
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Appendix C

Table 2. Distribution of air in the RCS for RELAP5/ MOD 3 Case 2 (use of steam generators for decay
neat remosalt

Maw of air
(Ib)

Component (component numtvr) initial 3,No s 7,200 s 10,800 s 12,6(X) s

Dow ncomer (100) 7.7 11.5 13.2 17.2 16.6

lbw ncomer (102) 2.6 7.7 8.7 11.2 12.3

Downeomer (l04) 0,0 5.9 6.4 8.4 9.2
. - -

Downcomer (106; 0.0 3.1 3.1 8.9 9.4

Upper plenum (120) 8.8 <10 2 < 10 2 <10 2 (10 2

'

Upper plenum (122) 34.0 2.9 4.4 <.10 ' 2 0.02

Upper head (126) 35.2 37.6 33.2 16.0 8.7

*
Ilot leg (4(M 405,5(M. 505) 6.0 0.03 < 10-2 < 10- 2 < 10-2

Team generator inlet plenurn (406,506) 7.8 0.06 0.05 <10 2 0.01

Steam generator tubes (40S-01) 5.6 4.9 3.8 0.03 0.2

5 team pencrator tubes (408-02) 5.6 8.1 7.7 5.7 6.7

Steam generator tubes (40S-03 to 408-0S) 33.9 49,7 49.9 49.9 48.9

7
Steam penerator outlet plenum (410) 7.9 11.7 13.5 17.2 18.2

Pressurizer / surge line (340,341, 343) 91.4 89.7 87.6 88.6 88.9

Cold leg (412. 414,416. 418. 420) 16.8 22.2 25.5 32.7 37.7

NUREG/CR-58SS C-28
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at approdmately 7,500 sesonds, as show n in about 25N1 seconds after the low of RilR (see
Figure C-30. The peak prewure again it reached Figure C 39).The peak preuure again is scached

af%r the time the water in the steam generator well after the v.ater in the steam generator sec-

secondary reaches saturation, as shown by the ondary reaches saturation, as show' b,, the

secondary behavior of the water temperature behas ior of the water temperature in Figure C-40

(tempf) in Figure C41, Comparison with and the secondary void fraction in Figure C-41. .

Case 1, w here the initial w ater level was at mid- lloiling in the RCS initiates at about
loop operation, demonstrates that the peak pres- 2,0fK) seconds, as shown in Figure C 42 when

sure is not sensitive to initial water les els betw een the water temperature reaches saturation in the

the hot leg midplane and top eles ationt nis is not uppetmost core volume.

surprising because with this initial water les el,
. Duld expansion and the entrainment of water fmm Comparison with Cases I and 3, w here the ini-
the hot le gs is still insulficient to plug the ent: a.nce tial water leuls wete at mid loop and the top of

,

into the steam generators to pn vent the develop- the hot leg, demonstrates that for water lesels
~

ment of a condensing surface. abose the top of the hot leg, the peak pressure
could result in pressures well above the nozzle

Table C 3 presents the Case 3 distribution of dam and other temporary boundary design condi-

air in the RCS as a function of time.These results tions. With the much higher initial wat-r !cvel,

show that most of the air is predicted to be swept fluid expansion and level swell during the tran-

by the steam irsto the steam generator from the sient is sufficient alone to iill the entrance to the
'

reactor vessel, hot leg, and inlet plenum once core steam generator active tube region w ell above the

boiling begins. Boiling in the core region begins tube sheet eles ation.

about 1.500 seconds after loss of RilR as shown+

in Figure C-32. based on the water temperature in Figures C-43 and C-44 display the void frac-
the uppermost core volume (114 06). tions in the steam generator active tube region

and show that all of the tube volume escluding>

Figure C-33 shows the vapor void fraction in the U bend volumes bolumes 4 and 5) accumu.
the first two volumes of the steam geterator pri- lates liquid after about 17,000 seconds into the

mary tulo (408-01 and 408 02) w here condensa- event. In fact, as the RCS liquid heats up aod

tion of the steam occurs. Figures C-34 and C-35 expands, the now rates through the hot leg to the

show the heat flux through the steam generator entrance to the steam generator tube region ini-

primary tubes in the first two volumes. The heat tially is too low for steam generatoi heat removal

transfer coef0cients for these volumes are pres- to develop sufficiently to match decay heat gen-

ented in Figures C-36 and C-37, while the pri- eration. As a consequence, the RCS continues to

mary and secondary water temperatures for the pressurize untii sufficient RCS pressure (and
first tube volume above the tube sheet are pres- hence primary to secondary temperature differ-

ented in Figure C 38. ence) and now in the steam generator establish a

heat removal rate that can accommodate the core -

:C4,2.4 Case 4--Loss of RHR at One Day decay heat generation. As shown in Figure C-45,

with the Liquid Level at the Vessel Flange, with the expanded time scale during the latter

Figure C-39 shows the transient pressure in the portion of this transient, the RCS has nearly

RCS when R11R is lost one day after shutdown ceased pressurizing. Also, sufficient primary to

with an initial RCS water level at the elevation of . secondary temperature difference and flow into

the reactor vessel Gange. The Case I initial water . the active tube region develops to match decay

level was assumed to be at the elevation of the
heat and to slowly stabdire pressure near 95 psia.

centerline of the hot leg, while Case 3 assumed
the level war located at the top of the hot leg. The results of these analyses suggest that
With the level at the vessel Gange, a peak preuure increasing the RCS liquid level abose the top

of about 95 psia (28,5 x 10 Pa) was achiesed elevation of the hot legs Oo ensure that sottices4

C-40NUREG/CR-5855
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Table 3. Distribution of air in the RCS for RiiLAPS/ MOD 3 Case 3 (use ol' steam generatots for decay

heat remei al).

h1 ass 01 air

(lb)
_

Component (component number) Initial 3.6(O s 'i,lRK) s 9.(KO s a

.

Dow ncomer (100) 7.7 12.3 5.9 12.7

Dow ncomer (102) 0.0 8.7 12.6 12.1

Dow ncomer (l(M) 00 6.7 10.3 9.5
.-

Downcomer (106) 0.0 2.4 9.3 17.6

Upper plenum (120) 0.0 0.0 <10-2 0.01 -

Upper plenum (122) 34.0 4.4 <10 2 0.6

Upper head (126) 35.2 23.3 0.01 1.6

Ilot leg (4(H,405,504,505) 4.8 0.0 < 10 2 <jo4 ,

Steam generator in!ct plenum (406,506) 7.M 0.0 < 10-2 cio-2

Steam generator tubes (408-01) 5.6 0.9 <10-2 0.05 .

,

Steam gererator tubes (408-02) 5.6 8.3 5.5 6.4

Steam generator tubes (408-03 to 408-OS) 33.9 5.'.7 60.5 50 6
..

.

Steam generator outlet plenum (410) 7.9 9.4 4.7 18.5

surizer/ surge line (340,341,343) 91.4 83.4 63.2 63.9
.

Cold leg (412,414. 416. 418,420) 0.6 21.2 41.9 21.6

i
,
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Appendis C

are _not created in _the hot leg that could cause ~ and C 49. Alter about 20M)0 seconds into the ,

pump cavitation and failure) could inhibit reflus event with the flow rate and resulting primary
boiling at pressures below the failure limits of the heat transfer coefficient established, the slowly
temporary RCS Niundaries. increasing primary to secondary temperature dif- .

__ __ _

ference gradually establishes a primary heat ;

_ Table C-4 presents the Case 4 diptribution of removal rate that can match the core decay heat
. air in the RCS as a function of time, For the ear- generation rate. The primary and secontlary tem.
lier cases with the lower initial water leveis, the peratures are illustrated in Figure CASO. The inlet
higher air inventory in the RCS did not inhibit and outlet mass flow to the inlet plenum are
reflux boiling, and peak RCS pressures remained shown in Figure C-51. Figures C-52 :and C-53 -

- from 38 to 41 psia. For Case 4, where the initial display the steam generator noncondernable mass
water level is at the ' reactor vessel flange (well fraction and temperature, respectively.

~

above the hot leg elevation), peak RCS pressures
of 95 psia er more are predicted. The higher pres- Although a natural circulation flow through the
sures are caused by the large inventory of sub- . steam generators U-bend region to the cold side is

,

cooled liquid, which results in sufficient fluid not established during this esent, the primary to
expansion following a loss of the RllRS to plug secondary temperature difference. ilow, and hence

the steam generators with liquid. heat transfer coefficient in the first volume ef the
steam genc ator active tube region develops suffi-

"

. Figures C-46 and C-47 are plots of the heat flux ciently to nearly stabilite RCS pressure at about
; through the steam generator primary tubes in the . - 95 psia. Note that RCS pressure has not yet stabi;
first two vo'umes. The heat transfer coeflicients lized completely and displays about a i psi
for these volumes are presented in Fipmes C-48 increase over the last 5,000 seconds of the event.-

,

L
L
;
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Table 4. Distribution of air in the RCS for REl,AP5/ MOD 3 Case 4 (use of steam generators for decay
heat removal).-

a

Mass of air
(Ib)

Camponent (component number) Initial lO,8JO s 18.000 s 30J100 s

Downcomer (l00) 0.0 1.3 c l 0-2 2.2

Downcomer(102) 0.0 9.3 3.6 5.7
,

Downcomer (lN) 0.0 5.3 7.2 5.6

Downcomer (106) 00 0.0 8.1 5.0

Upper plenum (120) 0.0 <10~2 <10-2 0.01

Upper plenum (l22) 00 0.03 <10-2 0.9

Upper head (126) 35.2 0.2 0.01 1.6

Ilot leg (4(M,405,5(M,505) 0.0 <10-2 <10-2 <10-2

Stearn generator inlet plenum (406,5%) 0.0 <10-2 <10~2 < 10-2

Steam generator tubes (408-01) 5.3 <10-2 < hr2 ' O.01

Steam generator tubes (408-02) 5.6 0.I <10-2 0 02

Steam generator tubes (-108-03 to 408-08) 33.5 46.7 46.3 $0.5

Steam generator outlet plenum (410) 0.0 0.0 0.0 0.03

Pressurizer / surge line (340, 341, 343) 89.6 19.4 15.4 14.9-

Cold leg (412. 414,416. 418 420) 0.0 33.4 39.9 45.8

,

-
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Appendix D

Low-Pressure Reflux Boiling Condensation with
Noncondensables in Pressurized Water Reactors

,

D-1. INTRODUCTION

The Vogtle Electric Generating Plant experi- studies the feasibility of reflux cooling in the
enced a loss of the tesidual heat remosal (RllR) situation mentioned above. The reflux cooling

system on March 20,19WL The incident occurred option is desirable w hen boiling cannot he
with Unit 1 shutdown during a refueling outage. prevented by gravity-feed coohng, and when the

The water level in the reactor vessel had been reactor coolant system (RCS) is closed (ie., the
~

lowered to the mid-loop level, and consequently a steam generator and pressuriier manways and the

significant amount of air occupied the upper reactor vessel head are sealedt

elevations of the primary system The emergency
diesel generator was manually restarted in the Reference I identified the need for additional
emergency mode 36 minutes after the loss of anal) sis of the RCS following the loss of the RiiR
power. It was able to provide sustained power to system.18 was noted that the plant thern.o.
the RilR system, eliminating the necessity for dynamic behavior associated with iellux cooling
nontoutine actions to maintain adequate core is not well understood during a plant shutdown
cooling, situation. Little work has been done to provide

guidance with regard to preventing core boiling,

This appendix is concemed with the situation reasonably setting up for reflux cooling, and ,

w here res: oration of power to the RilR system is minimizing risk if electrical power is lost. The

not possible, and an alternative method of core incident investigation Team envisioned the

cooling is necessary. The primary interest is the following problems with reflux condensation:

effectiveness of reflux /bciling condensation as an
If the hot leg water level is too high, thealternative cooling mechanism. The goal of this a*

appendix is to synthesize the results of relevant steam flow is impeded and reflux condensa-

experiments and analysis so improve the under- tion may be disrupted

standing of the plant thermodynamic behaviot
If the steam generator tubes are full ofassociated with reflux / boiling condensation cool- a

ing during reduced inventory operation with liquid, drainage of ' tubes must occur
significant amounts of noncondensable gases before steam can reaa he tube surfaces and

present. This appendix gives a general, overall condense

discussion of the reflux boiling process. Detailed
Air may prevent steam from entering thecalculations were performed and the results are *

reported in Appendices B and C, steam generator tubes.

On March 23,1990 an 1.icident Investigation The calculations performed by the Incident inves-

Team was sent to Vogtle by the U.S. Nuclear tigation Team indicated that reflux cooling is
Regulatory Commission Executive Director for effective regardless of the initial reactor system

Operations. The results of the team's investiga- water level as long as the following requirements

tion are documented in Reference 1. Of particu- are satisfied:

lar interest to this discussion is Section 8.3 of that
The initial vessel liquid level is above thedocument, entitled " Reflux Cooling and Ef fect of a

Reactor Coolant System Water Level," which top of the core

D-5 NUREG/CR-5855
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Steam genenaors are operable ducted by FLECHT-SEASET, PKL, EPRl/SRL*

and the Unisersity of Califoinia at Santa Harbara

Uncontrolled loss of reactor coolant does considered the effects of noncondensables on*

not occur. renux ccoting at low prosure.Thus,these tests are j
considered more relevant to the Vogtle incident j

lt was also noted that stable modes of reflux 'han the high prewure (=1000 pso experiments |

cooling can be reached with operator adjustments performed in SEMISCALE, LOFT, LSTF, ar.d ]
to the RCS inventory. Thus, the need for accurate H ETilS Y, or ibe work by MIT and liein, wnic h did i

water level indication was identified.1 This need not examine the effects of significant amounts of !
was apparent after the Diablo Canyon incident in noncondensable gases on boding condensatian.

J

April of 1987.2 Considerable uncertainty was
associated with the Reactor Vessel Refueling Experiments in integral test facih. .ues such as
Level Instrumentation System. MIST,22 OTIS,23and those at EPRl/SR124and the

University of Maryland at College Park
I, periments in integral test facih. . ties such as M,12 have demonstrated ihe ef fectis enew ofn

SEMISCALE,32 LOFF,7PRK910 FLFCHT-
" E "" # " " " " ' " #"' '#"*"

SEASET N2 EPRl/S RI,13 LSTF,105 and
*# " *"I " * ""# " #"*

BETilSY16has e demonstrated that reflu x cooling
generators (OTSGst MIST and EPRl/ SRI experi-

is an effective means of decay heat remoul in ments mvesucated the effects of noncondensable
. .

plants with U-tube steam generators (UTSGs.).
-

nases. but the MIS.F experiments were conducted
Local or separate efr ets experiments, such as g gg g g
those performed a'ihe University of Califomia at the primary system m not closed. OTIS and

-

Santa Barbara,n a the Massachusetts Institute of
U ML,P experiments md act consider the el.lects of

- ..
.

Technolosv (MIT)i'l the University of Califomia
"* " # " '#

at Berkle.AE0and one by Hein et al)I have discov.
ered unstable U-tube now characteristics during-

the reflux condensation mode of natural circula- The results of these experiments were
tion. Several of the above references addreas examined to determine the effects of noncondens-

potenthi adverse effects associated with flooding able gaacs, flooding, loop seal formation and
and steam generator liquid hold up, and loop lig- clearing, degraded secondary conditions, and low

uid seal for nation that may occur during renux pressure. This anpendit describes the phenomena

cooling. The situation during the Vogtle incident awociated with reflux condemation coohng in ,

was further complicated by the low system pres- plants with a UTSG-type design, and addresses i

sure and the presence oflarge amounts of air in the the phenomena associated with boiling condensa-

steam generator U-tubes. The experiments con- tion in plants with OTSGs.

D-2. REFLUX CONDENSATION PHENOMENA IN PLANTS WITH
U-TUBE STEAM GENERATORS

In the reflux condensation mode of natural flow of vapor and condensate is established.

circulation, single-phase vapor generated in the Condensate drains back to the core through the hot

core flows through the hot leg piping,is condensed leg w hile vapor continues to flow osei the U-tube

in the steam generators, and flows back to the core upper bend. In the downflow sides of the steam

; as a liquid Experiments have demonsuated that generator U-tubes, vapor and condensate flow
,

co-currently into the cold leg suction piping.
|

in the absence of ' noncondensables, an
approximately equal condensation split exists Figute D-1 illustrates this phenomena in a single

I- Fetween the upflow and downRow sides of the U-tube. Since the primary- heat t rans fer
steam generator U-tubes.3A: In the upflow sides mechanism during reflux cooling is conden-6l

of the steam generator U-tubes, a countercunent sation, small primary-to-secondary temperature

D-6NUREG/CR-5855
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r( $ )'
s,t,e s

s s
sg in the piessuriier throu ;b the powe>

's/ ^ eperated re!ief valve,s

,s ' The hot leg and into the steam generator
'

s *
, ,

/ Rtubes. No vent path is nailable unless a4

s

(# steam generator remway is open,
s

s
r a

Note that the steam-pas mieure will most hkely
., ,,

follow the first two path > until the pressures s
,

increases sufficiently to espose a condensation< s s
,

[\ surface in the ster.m generator U tubes.*

\0Y >'Ie D-2.1 Flooding Effects
', (Nonuniform U-tube,

L Flow)-

h. L,:
,

h During reflux condensation, flooding is pos-*

, ';
sible in the counter-conent flow regions in thei.

:| up0ow sides of the steam generator U tubes, and'*

,,

.

I ] | the strati 0ed ccimter-current now regions in the:

,
,
ig hot legs, The tendency for flooding may be,

,,

),e }( enhanced by a low system pressure and the
presence of noncondensable gases. Low system
pressure results in lower steam densities and
hence, higher steam veh>citiet NoncondensableF!gure D-1. Liquid distribution in a sirigle
gases in the steam generator U-tubes cause aU-rube during reflux condensation.
greater fraction of the condensation to occur in the
up0ow > ides of the U-tubes. As a result,more con-

differences and mass now rates are characteristic densate mtut drain from these tubes and the likeli-
of this mode of natural circulation.3224 hood of liquid holdup is increased. Flooding has J

been observed in a number of reflur condet.sation

Reference 2, which explains the loss of RiiR at expetiments.W IllblElk 19

Diablo Canyon in April of 1987 durmg reduced
inventory operation with noncondensables, h describe the Gooding effects on the reflux

_

describes the following three possible directions flow behavior, the tuminology of Nguyen et al.

the steain-gas mixture can flow from the vessel.: will be adopted.37 They identi0ed three distinct
U-tube Dow modes associated with reflux con-
densation. At low vapor vehicities. the classical

The vessel upper head. As the ptessure gg,1x condensation phenomena was observed. At*

increases, the steam-gas mixture may be the onset of flooding at the steam generator inlet,
vented throuph the reactor vessel upper there is a transition from the classical reflux mode -

head vent or through the vessel bypass to what Nguyen et al. labeled the oscillatory |
''paths. Ilowever, the vent flow is much mode.17This mode is characterized by the fonna.

smaller than the steam generation rate s tion of liquid columns in the riser sections of the
this path will not relieve the reactor coolant steam generator U-tubes. The transition to the ,

system pressure. osc llatory mode begins when portions of the I

liquid condensate are carried upward by the vapor .;

The hot leg and into the pressurizer through flow. His phenomenon can be quantified with a I*

the pressurizer surge line. A vent path exists Wallis-type flooding correlation. Liquid hold up

D-7 NUREG/CR-5855
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i

0.9.i? w hile I.STF esperiment !
'

w as obselved whCn Ibe nondimensiona! super * j; a

|ficial sapor schicity._ j| was 0.50. This result l' obw rved thh How niode when f. n 0.8 t109
|'

supported by high pressure large-n ale test facility une newc L
(LSTF) d.ita in w hich liquid hold up occ urred for |

,

0.4 and j| = 0.56 corresponding to Flow modo sinnlar to thow de.cnh d ahnejg 2
.

I core pow crs of 5% and 79, respectively? Fhul- h.oc ako tven obsersed by Calia and GrilGth.W i

- ing aho occurred in the F1.FCllT SEASE1 facil- HETilSY.16 llein et al.)' Semiscale.' and in
'

|_, ity for j| a 0.50, which conesponds to core PKl.." The three modes of U-tube behavio
power leveh of about 2.59 at a prewure of 140 described ubuse are illustrated in Figure D.2.
psiaJaus, m the Fl.EClIT SilASET facility there

'
i= S cre no stable reflus mo!cs for decay heat levek Of panicular concern with regard to nuclear

greater than 2.39 core power. reactor s:;fe:y analpis is the owillatory U tuty '

flow mode. A posithe hydrostatic head in the ;

The carr over rnode occurs uhen sufficiently steam generator U tubes esens a back prewure on ;
,

high vapor veloc.ities ar able to carry tbc conden- the core liquid lesel and, w hile core cooling
,

sate over the upper U bends of the U tubes. In remains effective, core liquid level depression h
! this situalion, a co current flow of liquid and pouible.lh This eifect w as fitsi obsers ed m Semie
'

sopo. exi;is in both the upflow and downflow scale, where it was dhrmered that core coolant
sidet cabe steam generator U-tubes. and a transi- lesci depression duting pump suction loop seat

l: tion *o two phaw natural circulation may o<. cur fonnation can be aggravated by the eshtence of a
The 'ransition to the carry.oser mode was positive hydrostatic head in the s. cam generator

.

!

obt rved by Nguyeu et al. to occur when U-tubes.6 |
>
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The o rillatory male was so named because of res[vnse than it would in an actual PWR steam
the obsers ed periodic fill and dump behas ior in the generator with a mm h lasper number of U-tubes
U tubes. Astheliquidcolumn m a U tube reached (thousands of tubeO) in adthlion. the tube <to
the top of the U tobe bend, spillmer occurred. tube intetuctions that may occur throngh the
After spillmer, a siphoning effect would pu4 the steam generato inlet and exit plena are not unde;-

Quid column over the U-tube bend, Steam now stood Finally, the Unisersity of Cuhforma at
in this cleared tube would then increase signifi- Santa Harbara research indicated that ie i

'

cantly, allowing the remaining tubes to partially common adn.nced thetmal. hydraulic analysis

drain until the preuure drops in all tubes were systems emies IWLAP5 and 1 R AC-Pl% hase
equal. A liquid column would again form in the difficulty predicting the onsei of the mcihatory
cleared tube and the pattern would repeat. The U. tube now mmic and the growth of the liquid

- spillover event appeared to occur randomly in any column?
one of the U-tubes, it is believed that the random
nature of the 00ctuatiom of the liquid cohnns is D 2.2 Loop Seal Formation and
the cause of the randomneu in the spillover Clearing Phenomena
event? In the pesence of noncondemable pasc%
spillover es ents may redimib_ute the noncondem. During mid loop operation, a liquid seal exists
ables to other noncleared U tubes or to other hica- n the hiop coh' leg suction piping. During tenus
tiom in the primary h>op. The distribution of the cooling.the liquid sealimpedes the now of vapor
noncondensables m the primary loop is very through the loop piping. An experiment conducted
important in determinitig the thermal hydraube in the Semiwak bcility demonstrated that the ,

'

behavior of the system. A redistribution of gases efka of de knop sealis more comphcated than a
caused by U tube spillover events should be simple manometric balance between the reactor
considered when detennining the system thermal .euel ud do nnow leg of the hmp sols!' The
hydraulic respm. impmmt parnters were idenb0ed as the con-

vapor generation rate, the core coolant bypass
it should be pointed out that calculations of Dow, the U tube condensation rate, anJ Dooding.

steam vekicities in the %gtle steam pencrafors as
a function of decay heat, when compared with if the core vapor generation rate is sulficiently
criteria for the onset of flooding, indicate that high, a differential pressure may develop betw een
00mling would be unlikely to occur under condi- the reactor vessel that leg) and the downcomer

[ tiom during reduced inventory operation. Ai (cold leg)) Comequently, the v essel coolant les el
decay heat lev'.s as high as 30 MW. flooding may be depressed relathe to the downcomer. In

'

would not occur as long as two or more steam addition, this core liquid level deprewion may be
generators are active. With only one steam gener- niemified by liquid hold.np in the steam pencra-
ator available, nooding would not be expected at tor U tubes resulting from 00miing at the steam
decay heats below 15 MW, Decay heat levels generator inlet.
would be below this value two days after shut-
down. The results of the ikxxiing calculations are There are of ten Iwo sets of bypass paths in
shown in Figure D-3. plants with UTSGs capable of removing steam

from the upper venel plenum to the dow nenmer.
Several additional comments shoukt be made One set is the downcomer inlet annulueto-opper

with regard to U-tube flow phenomena during head flow path, and the occond set is leakages
re0urcooling. First, it is noted that the esper- through the gaps at each hot leg penetration by the

- imental r sults cited above are based on a limited - slip fit between the core barrel assembly and the
nember of U-tubes in the steam generators. In this reactor vessel? The flow behavior through these

sitnation, individual tube behavior has a greater rore bypass paths during this type of tramient is
effect on the system thermal hydraulic not well understood. j

D* NUREO/CR-5855
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Days after shutdown

Figure D 3. 1,* iciative to decay heat leve!s and the number of active steam generators at atmospherie

prenure.

~lhe Semiscale experiment, mentioned abme, liquid in those locations. The vapor depressed the

demonstrated that core voiding was possible liquid levelin the dow nside of the cold leg suction

before the blowout of the pump suction liquid piping unt'.I steam eventually vented through the

seals.h Figure D-4 demonstrates the hydrostatic kop seal, The differential pressure between the

heads in the primary system that lead to the core loop hot and cold leg nenles was temporarily ;

liquid level depression phenomena) relieved, and the liquid seal re formed. This pro.
cess is illustrated in Figure D 5. The following

Loop seal blowout during the high-pressure effects resulted from venting steam through the

Semiscale experiments was observed to be a loopseal.H'2
steady process, llowever, in experiments con-
ducted in the low prem FLECllT-SEASET

Fluid from the downcomer was forced intofacility, the clearing of the loop seal was not *

steady, it was observed that sicady-state renux the rod bundle by the vented steam. This

; condensation was periodically interrupted by hquid replaced the two-phase mixture in the

venting steam through the intact loop seal.H The lower elevations of the vessel and tem;

core vapor generation rate was greater than the pararily stopped vapor generation in the -

steam generator condensation rate and conse- lower vessel elevations. The liquid from the --

quently, uncon_densed vapor flowed into steam downcomer also forced the two-phase froth

generator exit plenum and cold leg, displacing the level well above the hot leg noule elevation.

D-10NUREG/CR-5855 .
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Figure D-4. Demonstrations of hydrostatic heads in the primary system that can lead to core level
depression.3
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if steam is unable to reach the steam gen-A two phase misture was forced into the ee

steam generator inlet plenum. crator U-tubes because of noncondensable
gas blockages, the system pressure will i

increase until the noncondensable pas
The flow in the steam generator U tubes*

mlume has been sufficiemly compressed to
changed from countercurrent to co-current allow condensalmn in the lower p<mions of
two-phase flow, the upflow sides of the steam pencrato.

U tubes.
It is beliesed that the periodic ventmp of steam

An increase in the primary to-secondarythrough the kop seal during renux condensation *

is a low-pressure effect.1his phenomena has also temperature dif ference is neceuary to
been observed in the low prewure PKL facility.12 temose the core deca) heat because of the

reduced heat transfer area. An increase in

' h" P " * " 'Y P " " " "' " ' "" * ' " " ' 'D-2.3 Effect of Noncond-
ensable Gas on Reflux Tests conducied by EPRi/sni conciuded that

cooling the amount of noncondensable gases that could be
accomnnfated by the primary system is limited
only by the design pressure of the sy tem as long

Calia and Griffithl9 noted that at low pressure. as secondary cooling is available 13 in this low
a small man fraction of noncondensable pas may pressure (<75 psi) experiment, helium gas was
become a significant volume fraction in the injected into the primary system in increments that
primary system. At low pressures, the influence of amounted to 60'Tc of the total system volume. It
noncondensable gases on reflux cooling is more was obsened that reflux condensation is highly
pronounced than at high pressures. Tne primaly tolerant of significam amounts of noncondensable
concern regarding noncondensable gases during gases. When noncondensable gases prevented
reflux cooling is that they will accumulate in the steam condensation, the system preuure would
steam generator U tubes and disrupt the condensa- increase to cempress the noncondensable p.ss vol-
tion of steam from the core. The following general ume, thereby exposing a condensing surf ace in the

effects of noncondensables on reflus condensa- lower portions of the steam generator U-tubes. In

tion have been observed in Semiscale 33 this e periment, adequate core cooling was pos-
P K L,82 FLECllT-S EA S ET,32 and EPRl/ sible with renux cooling even with significant

! SR133: amounts of noncondensable gases, llowever, this
experiment was conducted at approximately 1%

. core pow er and problems awo-iated w ith flooding
e The condensation of vapor from the core is

did not occur.
shifted to the upflow side of the steam gener-
ator U tubes while noncnndensable gas is Experiments in the low-preuure (approu
deposited in the downnow sides of the stear.: imately 140 psi)I;LECilT-SEASET facility
generator U-tubes, the steam generator exit indicated that flooding is a potential problem dur-
plenum, and above the loop seal liquid vapor ing reflux cooling Low system pressures yield12

interface. higher steam velocities and consequently, the
Dooding characteristics differ from those of high-

The steam generator is divided into active pressure systemt Flooding problems are alsoe

and passive zones thereby reducing the tetal complicated by the presence of noncondensable
condensing surface area. In the case of large gues, w hich tend to shift the condensation to the
amounts of noncondensable pases in the pri- upflow sides of the steam generator U-tubesflhis
mary system, the condensing surface will be resuhs in more condensate trying to drain from the
confined to a short distance above the tube upilow sides of the U-tubes. llence, the noncon-
sheet along the upflow sides of the steam densables increase the probability for liquid col-
generator U-tubes. umn formation in the steam generator U tubes.

D- 13 NUREG/CR-5855
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1he combined ettects of low pressure, nom on- Reletem e I uated ihai at a t ore powei ot
densable gases thehum) and thoding m esperb 15 MW,5 dap would be requned :o boil-of f the
ments perfortned in the 1;l.l!CHT.Sli ASM wcondary hquid. Iloweser, a was also stated that
facility are discuwed below. if the Vogtle inadent had oumred earlier in the

'

reluchng proccu. lhe core pow er could h.o e been
Noncondensable gas would collect above the as high as 17.1 MW and the time to secondary toil.

liquid-gas interface above the leop scal and e s tend oil uculd be signifhantly reduced.
upward into the steam generator esit plenum and
the steam generator U tubes This noncondens- The presente of ugnihcant amaunts ol noncon.

able pas eserted a back prew.re on the s enel Uq. detmble paso in the steam generator U-tubes

uid, forcing core liquid les el depreuion, periodic educes nmch of the heat transter area in the higher

venting of the noncondensable pas through the cle'" lion' "Ilhe 'tcam penerator tobes Ther efm e,

loop scal temporarily rehes ed this preuure differ- one would espect that the ef fects of reduced

ence llow ever.ihe flooding tendency of the ophill wrondary imentory would be significant only

sides of the steam generator U-tubes added to the w hen the wcondary Uquid level drops to the low er

prewurc e sened on the s ewel liquid level. The hq. elesahom of the steam penerator U. tubes where

uid level in the vessel was deprewed to approsi- the nqiority of the heat tramfer occurt

mately two feet below the bottom of the loop seal
D 2.5 Vent OperationelevationM Hy comparmg the tests with and w ith.

- out noncondensable gases,it was discovered that
the frequency that steam sents through the loop Many plants with UTSGs base reactor vewel

seal w as greater than the hequency of the noncon. upper head sent valves and pressurizer power

densable pas vents. Core uncm cring did not occur operated relief valvedent operation may be used

in the test where noncondensable gases were not to control the primary preuute or to remove non.

presentM The longer venting period in the non. condensable gaws Plants equipped with these

condensable pas test may be due in the fact that hF' tem vents have backup systems to ensure

helium is lighter than steam. Recall that air is Divration if a lowof imwer event occurs, llow-

heas ier than steam, so similar behavior might not CVef if these backup systems fail,it is unclear
,

| occur when eir is the noncondensable pas pr'sent whether the enutonhie d in containment would

in the dow nflow side of the loop suctian. Note aiso allow for manual operation of the vent valset in'

that the s elocity of the vapor generated in the core addition, ef f ectiseness of vent operation is not
w ell under stood.exceeded the steant generator U-tube flooding

J
limit in both these tes:s '

D-2.6 Summary
D 2.4 Secondary Side Effects

Rellus condensation enn be an effectis e means
of heat removalin PWRs w ith UTSus,even in the

Experiments pntformed at the low-paesstne presence of significant amounts of noncondens-
PKL test facility investigated the cf fccts of able pases Numerous experiments have demon-
reduced secundary inventory on the effectis eness strated this fact.W M Problems would ariw if
of reflux cooling m The retuhs indicated that the the decay heat lesel was high enough to cause
primary-to-secondary temperature diffeience flooding and/or to generate steam faster than it cani

j. increased because of the reduced heat exchanger be conhused in the steam generators. Ilowever,
I area. A halving of the primaipto-secondary he; t calculanons indicate this is unhkely at decay heat

transfer area occurred when the wcondacy level les els typical during reduced im entory operation.;
'

was lowered to uncover half of the U-tubes, and
this resulted in a doubling of the temperature dif. Under shutdown conditions, special equipment
ference w hen no noncondemable gases w ere pres- such as ternporary thimble tube seals, nonic
ent. When noncondensable gases were present, dams, and liquid level instruments may be in
this temperature difference inc reased by a inctor of place. These devices are vulnerable to failure at

four (from 2K to 8K). elevated pressures.32This equipment may inymse
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pressme limitationwn the primary sy stem. lhew
tion upon the bu of the RilR sptem.2An order al

liinitations Could subsequently remove the magnitude estimate f or the preware inucase nec-

capabi.ity of the s) stem to compre% the noncon- eMary to initiate retlus was gis en m NelelencC 2'

densable gas volumes to ensure a condeasation as lh 5 psig. Note that this preuuie is <.apable

surface in the steam generators. of causing Ty gun tube rupture (fadute at

The Diablo Canyon incident demonstrated that
2.55 psigh and in h.ct Typon tube ruptme did

2occur in the Oiablo Canyon incident
reilus cooling can occur during nnd h>op opera-

D-3. BOILING CONDENSATION PHENOMEN A IN PLA.NTS WITH
ONCE-THROUGH STEAM GENER ATORS

In the case of plants with once through Meam D-3.1 Etfact of Noncon-
generators tOTSGsn the natural circulation densable Gas on Boiling
behav:or w ith a partially filled RCS is quite ditfer- Condensation
en! trom the behavior encountered in plants with

UTSGs in the OTSG type plant design, the hot The primary queuion regarding boiling con-
densation in an 01 SG w ith noncondensables pres-

lep consist of long sertical sections that lead to ent h the abihty of the steara generated in the co.c
im erled U bends (" candy cane" regions) and then to reach a condensing surface in the deam genera-
diop into the top of the steam generators. The tors. Esperimental data reparding this iuue in ery
steam genesators themselves consist of a scry bmited liigh pressure tests w cre perf ormed at the
large number of vertical tubes connecting the Multih>op integral S3 stem Test (MIST) tacility to
candy cane regions and steam generator outlet ple- dactmine t.ne ef f ects of. noncondensahle pases

.

num. Steam f. rom the core flows through the hot but these tests also included a cold leg break.22

leg to the steam generator, w here it is condensed. Consequently, MIST data may not be directly
The condensate then drains to the liquid level in related to the situation discusEed in this repoit.

the cold tide of the primary bop. This mode of Additionallow preuure noncondensable pas

cooling is normally called hsling condensation. esperiments were conducted by EPRl/ SRI in a
facility modeled atter 'ihtee Mile Island Unit-2.24

The EPRl/ SRI results are discu%ed below.

Figure D-6 demonstrates the liquid distribution It was discovered in the EPRl/ SRI experiment

in the primary kiop during boiling condensation. that the noncondensable gas m the steam genera-

Boiler condensation operation requires the pri- tors dictated the elevation of the condensation

mary level to be lower than the se ondary liquid
region in OTSGt liigh concentrations of noncon-
densable pas (nitrogen) accumulated abose the

pool. Consequently, this panicular heat trarr,fer primary steam generator Uguid lesel because of
proce% is commonly termed pool boiling con. the removal of steam from the gas misture by con-
densation. A second ty pe of boiling condensation,

pm tion. Mnce We prewnee M nom'on&nsah
called emergency feedw ater (EFW) boiling con- "" P"' """'"I""' "" #" "E " " "
demation occurs when the primary liquid levelis be iorced to a higher elevation in the steam genera-
above the secondary pool within the steam genera- tot. If this elevation is aime the wcondary pool
tor, but a primary condensing surf ace exists below level and EIM is te e ailable, the heat removal

the EFW injection elevation. Figute D 'l presents abihty of the steam generator may be lost. A lo%

the loop liquid distribution during this mode of of the heat sink results in increases in both primary

natural circulation. Experiments have demon- prewure and temperature. Pressure increases com-

strated that both types of boiling condensation are pressed the noncondensabic gas volume suf fi-

ef fective me.ms of heat removal.22 2L24
ciently to expose a condensing surface. These

D 15 NUREG/CR-5855
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Figure D 6. OTSG liqu!d levels during pool boiling condensation.

,

observations led to the conclushn that the pres- steam generator. Otherw ise, boiling condensation
sure limits of the facility detemiine the amount of is not passible.
noncondensable gas that may be .iccommodated
by the syste.n? This pressure limit is very It appears that in the c.sse of plants with
important, especially if it is determined by the OTSGs, the effect of noncondensable gas _is to
vulnerability of equipment such as temporary lig- drive the condensing surface toward the top of the
uid level instrutnents. steam generator. Note that the opposite is true in

the case of plants with UTSGs. where the
condensing surface is driven toward the lower

D*3.2 - Secondary Side Effects ponions of the upflow sides of the steam genera-
tor U tubes. Another adverse effect in the case of
OTSGs is that stratification tends to place the hot-

'lhe availability of ElW is an imponant issue ter water at the top of the secondary. thus reduc-
because the EFW availability guanmtees the exis- ing the= primary-to-secondary temperature
tence of a condensing surface high in the steam difference in the region where condensation must,

generators. If EFW is not operable because ofloss occur. Therefore, the boil-off of the secondary
of power, the secondary pool level must he high liquid (without EFW) is a much greater concern*

enongh to provide a condensing surf act in the in the case of an OTSG.

NUREG/CR-5855 D-16
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Figuro D 7. OTSG liquid lesels during auxiliary leedwater boiling condensation.

D-3.3 Vent Operation D-3.4 Summary
,

The boiling condensation process in plants
with OTSGs, under conditions similar to the

in plants with 01SGs, reactor vessel vent Vogtle incident, is quite dif ferent than in plants
valves may vent steam from the core into the with UTSGs. In plants w ith OTSGs, noncondens-
downtomer region where condensation may able pases must be comprewed downward in the
occur, in additioc, vents exist at the top of the hot OTSG tubes and the condensed liquid Dows co-

leg U-bend region (hot leg upper head vent). current (downward) to the steam 110w. The avail-

These vents may be uwful in removing noncon. ability of EFW and the effects of fluid thermal

densable gas from the primary system. Slid'IIIC"li"" 'n the secondary side are unponant
issues with regard to the boiling condensation

'

process. Availability of EFW ensures the exis-
ttoce of a condeasing surface high in the steam

The effectiseness of vent operation in plants genet ators, w hile thermal stratincation in the sec-
with OTSG., under conditions similar to the ondary side effectisely reduces the primary-to-
Vogtle incident, have been investigated. The secondary temperature difference where
results are reported in Appendix A. condensation must occur.

D-17 NUltEG/ Cit-5855
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D-4. SUMMARY AND CONCLUSIONS

D 4.1 Plant initial Conditions hec ahobeenpertonned.Sescralof theseintlude
(Unis eruly of Calif mnia at Santa liarbara

tests" MIT test %W and tests conducteu byThis appenda discuwcs the import;mt iuues
Ilein ci al ''related to tellus (U'l SGs) or boiling (OTSGs>

tondemation under the following cond tions.
Flooding and steam generator liwnd hold up

UTC '""'' "I '""'em w ith repaid to rellos coob
Primary water lesel near nud loop*

ing. Low sy qcm pieunres result in fow qeam
densuies and high unon schwaies that inmasePreser.ce of large amounts of noncon,*

die lesibdity of Ilooding. Ilow ever. calculations
densable gases in the upper eles ations of the

indicate that during redwed inventory operation,
priman loop

decay heat levels will probably be sufliciently
~

'

low to picwat Hooding. Uncettainties with
Complete low of the RHR sy stem*

regard to this iuue mclude core sessel by-paw
Gow. spidover ef f ects it the liynd columm reach

A doseJ primary s)Mem, but u ith the posu.*

the tops of the U-tubes and loop seal behasior,bihtv of reactm coolant system draming and
Evidence of fhling and steam generator liquid~

s ent operation
hold-up can be found in the results of seseral
C 'Pd i'"C"l'Low primary system pressure (near*

-

atmospheric) h bn non of loop wh in k coM h e
tmn piping impedes the flow of vapor durmg

Powinle preuure litnitations f. rom the,

* renm coohy2Mid2 U We vnor pmnon me
sulnerability of shutdown equipment such k m kn k condmaion a k hid
as temporary thtmble tube seals or les el M in k cm ad in me donnow side of the
imtruments d may be deprewed Liquid hold up in the

steam generator U tubes will aggravate this ellect
%,ide range of decay heat les cIs. and q M in um hpM h M dpim to*

an elevation below the bottom of the loop seal
-lwucs awmiated w ith plants with bo'h Ul.SGs elevation. Low-preuure esperinients also

and OTS6.,s were conudered Since the behavior.

observed the period.ic s enting of. steam or non-
of. hew plants dif.fers signih.cantly in this situa- c ondemable gases ihmugh the loop seal to telievet

lion, the important iwues related to each ty pe w ill HU h miskb dMmW pm
be addressed separately. w ith regard to loop seal behavior include core by-

pass flow, ueam generator liquid hold-up caused
D-4.2 Plants with UTSGs by. Gooding, and steam generation and condema-

tion rates.
Plants with UTSGs are capable of using the

reflux condensation mode of natural circulation The presence of noncondensable gases in the
cooling under partial liquid im entory conditions. steam generator U-tubes of the primary loop raises

Experiments in many intcpral test facilities hase the question of whether the Meam pnsluced in the
investigated this mode of natural circulation core can reach a condensing surface in the steam
cooling. Several of these include FLECilT- generators. lixperiments have discosered that if a
S E A S F.T,H J 2 PKLMJU Semkcale, W condensing surface does not exist. pressure
LSTF,1 G and an EPRl/ SRI lacility. Semiscale increases will comprew the noncondensable pas
and LSTF are high-prewure facilities, while the solume sulliciently to expose a condensing
others listed are inw-pressure facilities. In addi- surf ace in the lower portions of the steam gen-
tion, many local or separate eff ects experiments erator U-tubesNWU 3233 'I he shitt in the

NUREG!CR-5855 D-18
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condensation region to this hication because of the types of txii|ing condensation are smible in the

presence of the noncondensable pases increases OTSO. Pool boiling condensation occurs when

the possibility of liquid hold-up in the steam gen- the piimary level is below the secondary poollevel

erator U tubes. Other expenmental observations within the steim generator. Auxiliary feedwater

include the accumulation of noncondensable (AfW) boiling condensation normally occurs

gases alvve the gas-liquid imerface of the loop w hen pool boiling is not pwible, but a condens-

seal.The senting period of nonsondensables ing surface exists below the AIT sparger spray

through the loop seal w as found to be greater than elevation. Ihperiments investigating boiling con-

the period observed for pure steam. Thus, the densation include those performed at MIST,22

potential for core liquid level depression caused I!PRl/ SRI,240 TIS,23andUMCP.3 Low pressure |

by the loop seal formation is greater w hen noncon- integral tests investigating the cifects of noncon- I

densable gases are present. Uncertainties with densables are limited to the work done by lipRl/

regard to noncondentables include nonconderw SRI.24

able gas-steam mixing, the potential for removing
|noncondensables through venting, and the redis- In the presence of large amounts of noncon- J

tribution or migration of noncondensables if a densaNe gaws, the pnmay concem is the aMty )
spillover events occur in the steam generator "I "# ^'" ' '" 'h ""' ucain generamrt Okena.

!

U tubes. tions at EPRl/SR124 indicated that the amount of )
noncondensable gases in a steam generator ;

Primary system pressure limitations from the dictated the elevation of the condensation region.
presence of shutdown equipment. such as tempo- liigh concentrations of noncondensable gases
raiy thimble tube seals, nonle dams, and liquid ccmnulate aMe the primary liquid level m the
level instruments, could restrict the use of reflux

Mc ni Fenenqor because mou of the ueani has
cooling. If noncondensables prever t steam from been condensed from the gas miuure. Conden-
reaching a condensing surface in the steam genera- sation was impeded by these high concentration.
tors, reflux cooling is not possible unless primary of noncondensable gases and the condensation
pressure increases compress the noncondensable regi n was driven to a higber elevation in the
gas volume sufficiently to expose a condenning ueam generator. If the condensation region is
surface. Pressure and temperature increases will driven above the top of the steam generator tube
also occur because of the reduced heat transfer sheet or above the secondary liquid level, a pres-
area in the steam generator U-tubes from the sureincrease is necessary t compress the noncon-
noncondensables present in the tubes. densable pas volume and regain a heat sink.!

'

Uncenainties with regard to the effectiveness of
D-4.3 Plants with Once- boiling condensation with large amounts of

through Steam noncondensables include the availability of AFW,

Generators limits on the primary pressure (ievel instmments,
etc.), secondary liquid level, and operating vents

Plants with OTSGs are capable of using boiling to control pressure and/or to remove noncondens-

condensation to remove core decay heat. Two able gases.

D-19 NUREG/CR-5855
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Appendix E

Scoping Calculations

E-1. STEAM GENERATOR U TUBE FLOODING CALCULATIONS

This section discuues the Walliety pe limxhng times the number of actis e steam

correlation calculations used to investigate the generators.

possibility of flooding in steam generator
U-t u be s.1 in a number of experiuents?W An active steam generator in this context
flooding has been shown to occur when the value means one that is (apable of remming heat f rom
of the nondimensional st.perficial vapor velocity, the piimary system. I or simplicity, it is awumed

--

j;, was greater than 0.5, Wallis defined j; as that there it no flow through inactive loops, that
is, through hiops with inactive steam generators.

- 'T his consention will be used throughout this
j; = ,__ f$b= (E-1) appendis.

,lRD(?j ~ ex)
'

Calculations of j; wcre performed by sarving-

where the decay heat and the numtvr of active loops for
pieumes of both 1.0 atm and 2.0 atm. The resultssuperficial vapor velocityj, e
of these calculations are given in Figures E-1 and
E-2. Relevant data used are gisen below (1979density of steame, =
American Nuclear Society ( ANS) standard decay

acceleration due to gravity heat datal:g =

3All MWtube diameter Rated plant pow erD ==

density of water. Number of U tubes / steam 5,026e, = =

E'" "
A mass and energy balance in the prim:uy loop

is used to obtain the following expres!. ion for the 0 nches' cam generator U4u =

I superficial vapor vek> city piping inner diametu
|

0 (IM. . Number of primary loops 4.is "gg =

Note that at atmospheric pressure, flooding is
where

possible only w hen 15 MW of decay heat mun tx-

ceae decay heat removed by one actn e steam generator, When theQ =

prewure is mereased to 2.0 atm, this decay heat

'atent heat of vaporization value is increased to approsimately 20 MW.h, =
j

These calculations demonstrate that flooding in

cross-sectional area of the the steam generator U tubes is not likely underA =

U-tubes in one steam generator reduced inventory conditions.

E-3 NUREG/CR-5855
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Figure E-1. Nondimensional superacial sapor velocity relatise to decay heat and number of actise
steam generators at atmospherie pressure.

.

E 2. HORIZONTAL STRATIFICATION IN THE HOT LEGS

This section addresses the possibility of loss of as a function of the decay heat and the number of

horizontal stratificrtinn in the hot legs, w hich active loops. Figure li-4 shows that for
subsequently signals the loss of classical reflux h/D = 0.25 (where b = height and D = pipe
condensation. These calculations are used to diametert the loss of horizontal stratification is
determine the ranye of decay heat where clawical not a concent When the hot leg liquid level is at
tellux is possible, mid-pipe (h/D = 0.5), the loss of horizontal

um cadon is possible with one active hop for
Three different hot leg hquid levels weie ton- decay heat les els greater than 9 h1W. and with'

sidered in '' se cateu!ations. These levels, mea.
.

tw o actis e loops for decay heat Imts greater than
surcJ fron. .ne bot;om of the hot leg pipe (see

19 htW (Figure li-5). The results for h/D = 0.75
Figure li-3). were (a) one quarter of the pipe

indicate that loss of horizontal stratification isdiameter (b) mid-pipe, and (c) three-qvarters of
the pipe diameter. The results o: the calculations possible for almost all cases considered, except

are shown in Ficures E-4 through li-6, which whert four loops are active and the decay heat is

demonstrate the behavior of the hot leg velocity less than 5 htW (Figure E-6).

NUREG/CR-5855 E-4
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Figuro E 2. Nondimensional superficial vapor velocity relative to decay heat and numtvr of active
stearn generators af 2 atmospheres.

hot leg void fractionThe loss of horhontal stratification is anumed n =

to occur if the hot leg vapor velocity is greater
cross-sectional atea uf thc hot leg :A =than the critical velocity defin; ' by Taitel. ~

Dukler.7 T'e i ritical velocity is defined as piping

tube diameter.D =

(o - g,paArg
- (E-3)

4 = 2 ( 1 - cos 0) p,D sin & The hot leg steam velocity is calculated from a
-

man und encigy balance according to

w here 0 (E-4)
.-

0 " -

PEN *I
angle between a vertical lineO* =

through the pipe center and the
p _ where
i stratified liquid level at the pipe

inner wall (see Figure Ed) Q core decay heat removed by each=

ac team genemtor
density of water=p,

latent heat of vaporizationh, e
j

density of steam -' e, =

cross-sectional steam flow areaA* =

acceleration due to gravity in the hot leg.g =

E5 NUREG/CR-5855
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Figuro E 3. The hot leg cross-sectional geornetry.3
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Figure E-4. -110t leg vapor vehwity with a 0 25 liquid level in the hot leg pipe for various nuntlers of
active loops.
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Figuro E 5. Ilot leg vapor velocity with a 0.5 liquid level in the hot leg pipe for vanous nutnbers of active
loops.

The hot leg vapor veh> city was calculated as a these calculations are given below (1979 ANS

function of the decay heat.the hot leg liquid level, standard decay heat datah

and the number of active kiops. The results of the Rated plant swer 3,411 MW=
icalculations are presented in Figures li-4 through

29 inchesH t leg piping inner diameter =
E-6. Recall that it is assumed that there is no now
through an inactive loop. Relevant data used in Nornter of prirnary loops 4.=

E-3, FLOODING AT THE HOT LEG BEND

The calculations of hot leg Hooding character- - -)
istics were based on the Kutateladte correlation." D - 04

g# , j' ( E-6)
Hot leg flooding can affect core level depression pj
and redux efficiency.

- ~

- where
.The Kutateladte correlation chosen is

superficial vapor veksity
,_

j, =

/K, + 3/K, = S2 (E-5)
density of watere, =

Ihxling occurs when there is tio liquid down-
density of steamflow (K = 0) or when K = 3.2.- K is defined by e, e

i g g

E-7 NUREG/CR-5855
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Figure E 6. Ilot leg vapor selocity with a 0.75 liquid level in the hot leg pi y for various numbers ofl
active loops.

cross sectional area of the hotsurface tension Ao = =

legs.

acceleration due to gravity.g =
Calculations of K at atmospheric pressureg

were perfonned by 5 arying the decay heat and the |
A mass and energy balance in the primary h>op number of active loops.1hc resuns are given in

is used to obtain an expression for the superficial Figure E-7. Relevant data used h the calcula-
vapor schwily - tions are (1979 ANS standard decay heat data)

3All MWRated plant power =g
(E-7)j, =

US M llot leg piping inner diameter 29 inches=

where Number of primary kmps =4

The results show that at atmospheric pressure,
core decay heat thxxiing would occur only when one active steamQ =

generator is required to remove approximate:y
latent heat of vaporization 1' MW or more of decay heat.hrg =

-

t
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Figure E 7. K, relative to & cay heat at atmospheric pressure for s arious numbers of active loops.

E-4. FLOOD.ING IN THE PRESSURIZER SURGE-LINE

The calculations of flooding characteristics in the decay heat were varied to detennine lhling

the pressuriter surge line are also based on the tendenciet The results of these calculations are
Kutateladie correlation." Flooding in the vertical shown in Figure E-8. Relevant data used in the

,

section of the pressurizer surge . tine can cauc.e calculations are (1979 ANS standard decay heat'

core level depresi. ion because of li uid hold up in data)q

the pressuriter. Reference 9 shows that a column
3All MWof water in the pressurizer can also cause erro- Rated plant power =

neous reactor coolant $ptem levei indications
14 inches.when the temporary reactor s essel level indica. Surgc line pipmg mner =

diametertion system is used drang reduceJ itnentory
ope.? tion. Equa,." 0; tE-6), we 67) are

used to ernni:w k e y haract:ristics in the Figure E-8 demonstrates that if all the steam
generateJ in the core enters the pressmiter surge

pressuriier surp
line, hooding is possible at all decay heats consid
ered. If one quarter of the steam pne;ed in the

Calculations of K were performed at atmo- core enters the pressurizer surge line, flooding isg

spheric pressure. The fraction of the core pener- possible only if the decay heat is greater than
ated steam entering the pressuriter surge lin.: and 1 I MW,

E-9 NUREG/CR-5855
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