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ABSTRACT

Nuclear power plant conditions during outages differ markedly from those pre-
vailing at normal full-power operation on which most past research has concen-
trated. This report identifies the 1onics needed to understand pressurized water
reactor response to an exiended loss-of-residual heat remeval event dunng refuel-
ing and maintenance outages. By identifying the possible plant conditions and
cooling methods that might be used, the controlling thermal-hydraulic processes
and phenomena were identified. Gravity drain into the reactor coolant sysiem, core
water boil-off, and reflux condensation cooling were investigated in detail for
example rlants 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 viaoility of various potential
gravity feed-and-bleed approaches also was studiea.
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EXECUTIVE SUMMARY

Recent plant experience has included many
events occurring during outages at pressurized
water reactors. A recent example is the loss of
residual heat removal system event that occurred
March 20. 1990 at the Vogtle-1 plant following
refueling. Plamt conditions during outages differ
markedly from those prevailing at normal full-
power operation on which most past research has
concentrated. During outages, the core power is
low, the coolant system may be in a drained state
with air or nitrogen present, and various primary
syster: closures may be unsecured, With the
residual keat removal system operating. the core
decay heat is readily removed. However, if the
residual heat removal system capability is lost
and alternate heat removal means cannot be
established. heatup of the coolant could lead to
care coolant boil-off, fuel rod heatup, and core
damage.

By identifying the possible plant conditions
and cooling methods that might be used, the con-
trolling thermal-hydraulic processes and phe-
nomena were dentified. Controlling processes
and phenomena include gravity drain into the
reactor coolant system, core water boil-off, and
the reflux condensation cooling process. Impor-
tant subcategories of the reflux cooling processes
include the inmtiation of reflux cooling from vari-
ous plant conditions, the effects of noncondens-
able gas on reflux cooling, core level depression
effects, 1ssues regarding the steam generator sec-
ondaries, and the special case of boiler-condenser
cooling with once-through steam generators.

Recommendations for assisting staft in eva-
luatir 1 utility capability so they can effectively
respe nd to a loss of the residual heat removal sys-
tem include evaluating the capability for using
gra Jity-drain processes and other means of feed-
ing the reactor coolant system without ac power,
determining the best options for using secondary
system vents and backup sources of feedwater,
and determining the capabilities of high poini
vents for removing air from the reactor coolant
wstem. The primary area needing research

regarded mitrating and contimuing reflux cooling
in a reactor coolant system contaming s, Spe-
cific i8sues were the primary pressure mcrease
needed 1o start and - .amsie the reflux process,
and the effects of sieam and air amgration.

This report gives plant-specific analyses ot
alternate cooling modes in the absence of residual
heat removal system capability. Two hasic types
ol analyses were performed. feed-and-bleed ¢ 2al-
ing of an apen reactor coolant system through the
refueling water storage tank or accumulators, and
reflux condensaton cooling of a closed system
using the steam generators as heat sinks hailer-
condenser mode in once-through steam cenera-
wrs). A total of five different reactor plants were
evaluated, three for feed-and-bleed and two for
condensation coaling. Major conclusions reached
in the study are summarized below.

e For the three plants examined {one for each
PWR vendor), all are theoretically capable
of establishing a drain path between ihe
retucling water storage tenk (RWST) an i
the reactor coolant system (RCS), However,
the relative elevation difference between the
RWST and the RCS that determines how
much water 1s available can vary signifi-
cantly from plant to plant.

¢  Under ideal conditions for the three plants
studied, RWST feed-and-biced of the RCS
could maintain core cooling for as litle as
0.4 hours (Waterford) to as much as
& hovrs (Davis-Besse), assuming the 10ss
of RHR occurred two days after shutdown.

o  Feeding from the RWST and venting steam
through a manway extends the ume RWST
water could be used to keep the core cool.
However, the capability to control “ow to
achieve sufficient inventory needs to be
estahlished,

¢ The accumulaters are not a practical source
of makeup water as currently configured.
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Environmental heat loss ‘rom the RCS will developed in this study predicted pressures
only be « small fraction of even the lowest ranging from 38 to 90 psia for H. B, Robin-
levels of decay heat. son and 49 10 71 psia for Oconee.
Closed RCS condensation coviing through These results provide a better understanding of
one or more steam generato s is a viable plant response 10 events occurring during out-
strategy to maintain core ¢ oling after a ages. This understanding will be useful in achiev-
loss-of-RHR event. Howe ver, there is a pos- ing plant safety improvements 1n operating
stbility that the “steady-staie” pressure level procedires, training, insirumentation, 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
e  Analysis indicates that the RCS pressure heat removal events during reduced inventory
level reached 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,

NUREG/CR-5855 X
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Thermal-Hydraulic Processes During
Reduced Inventory Operation with
Loss of Residual Heat Removal

1. INTRODUCTION

This report identifies and analyzes the impor-
tant thermal-hydraulic phenomena in pressurized
water reactors following loss of vital ac power
and consequent loss of the residual heat removal
(RHR) system during reduced inven.ory opera-
tion. The following steps were undertaken:

¢  Plant configurations and altermative cooling
modes were identitied for the variety of
potential plant conditions during such
events

o  Controlling phenomena were identified for
each potential coo'ing mode

¢  The phenomena that are sulficiently well
understood, such that they present no new
issues requiring further study, were
identified

e Plant-specific analyses were carried out 10
evaluate alternative reactor cooling
schemes,

The research results will provide a better
understanding of plant response to events occur-
ring during refueling and maintenance outages
and will be useful in achieving plant safety
improvements in the following areas: operating
procedures, training. instrumentation, equipment
avatlability, and risk quantification.

Events involving loss of RHR during planned
outages for maintenance or refueling with differ.
ent initiators and plant conditions were reviewed,
catalogued, and documented in References |, 2,
and 3. The primary emphasis was placed . 1 che
March 20, 1990 Vogtle cvent (LER42490006)
and special attention alsu was given to the April
10, 1987 Diablo Canyon 2 event (LER32387(0'S)

and the Waterford 3 event that occurred on
July 14, 1986 (LER3X286015). Review of these
events, each of which lead to reacior coolant sys-
tem (RCS) heat up. was instrumental in under-
standing the various potential plant conditions
and cooling modes. For brevity, only the Vogtle
event 1s summanzed here.

During a refueling outage, the Ve~tle-1 plant
(Westinghouse 4-loop design) exper, ‘nced a loss
of the RHR system on March 20, 1990, The inci-
dent occurred with Unit 1 shut down dunng a
refueling outage. The water level had been low-
ered to the mig-loop level and as a result, air
occupied the upper volume of the RCS, The event
was initiated by an accident in the switchyard that
interrupted the ac power supply to the RHR sys-
tem. Diesel generator power was not immediately
ava:lable; it required 36 munutes to get one of the
generators operating and thus restore power 1o the
RHR system. During this period, the reactor cool-
ant temperature increased from 90°F to 136°F
and the coolant level remained at mid-loop. The
restoration of RHR cooling reversed the coolant
heatup and the piant was recovered. A schematic
of the Vogtle | plant. highlighting component
elevations. is shown in Figure 1.

The NRC Incident Investigation Team's report
on the Vogtle event is documented in Reference 1.
Of particular interest is Section & of that docu-
ment, entitled “Coping with the Loss of the
Residual Heat Removal System.” which studies
the feasibility of alternate core cooling methods.
The effect and response of nonboiling and boiling
methods were discussed under various seenarios
including: (aj whether the RCS is open or closed,
(b) various operator actions, and (¢) different wni-
tial primary coolant levels. Aliernate cooling

NUREG/CR-5855
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mechanisms include reflux condensation cooling
and/or gravity feed of water from the refueling
water storage tank (RWST). In most cases, the
reflux cooling option is available when core boil-
ing cannot be prevented by gravity-feed cooling
and when the RCS is closed (1.¢., manways and
reactor vessel upper head are secured).

This report builds on t.¢ analysis provided in
Reference | by exploring in greater detail the
thermal-hydraulic processes and phenomena
expected to occur during the cooling modes
potentially available following a loss of ac power
and RHR. The research support areas were
defined in Section 111 D of the appendix to the
NRC's staff plan for evaluating safety risks
dering shutdown and low power operation ®
These are

e Systematically examine event sequences
that might lead to a loss of RHR cooling.
These are addressed in Section 2 of this
report.

a.  Private cmmmmmuon from T. E. Murley to
3. M. Taylor, October 10, 1990,

T o B e e e e e e e e

Introduction

Identify and assess sequences that can lead
te recovery from loss of RHR events,
including natural circutation cooling in
pressurized water reactors (PWRs). Con-
trolling processes mnvolved in these
sequences and our ability to model them are
discussed in Section 3.

Evaluate the effectiveness of alternate cool-
ing methods including

Initiation and promotion of convective
core cooling using the refueling water
storage tank and accumulators as cool-
ant sources. Example analyses for
each vendor plant type 18 addressed i
Section 4.

- Maintenance of the inventory during
core boiling using the refueling water
storage tank and accumulators as cool-
ing sources. The analysis of this 1ssue
is also presented in Section 4.

- Initiation and promotion of reflux

cooling. This is the subject of Sec-
tion §.

NUREG/CR-5855
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2. POTENTIAL PLANT COND!TIONS AND CONOLING METHODS

In the event of loss of RHR during plant main-
tonance or refueling, the reactor has been shut
down for many hours or days, the decay heat level
is low (relative to power aperation), and the plant
3¢ either in Mode § (cold shutdown® or Mode 6
{refueling ) operation. A cold shutdown condition
consists of an effective reactivity less than 099,
no thermal power except decay heat, and an aver-
age coolant temperature of 200°F or less. A
retueling condition consists of fuel in the reactor
vessel, vessel head closure bolts less than fully
tensioned or with the upper head removed, an
¢ffective reactivity of 0,95 or less. no thermal
power except decay heat, and an average coolant
temperature of 140°F or less. Core decay heat
generally is less than 15 MW, corresponding to
approximately 2 days after reactor shutdown
These and. in general, other example data pres-
ented are for Vogtle-1, a four-loop, 3411 MW,,
pressurized water reactor of Westinghouse®
design. Notes are included indicating any classes
of plants for which the presented data are not rep-
resentative regarding response following a 1oss-
of-RHR event.

2.1 Plant Configuration

In the refueling mode, the RCS can be partially
drained, and the high point (pressurizer, hot leg.
reactor vesse!l head) vents, which are opened to
promote draining. can have nitrogen or air drawn
into the upper RCS, If the RCS water level is
lower than three feet below the reactor vessel
flange, the condition is termed “reduced inven-
tory™ operation. Core decay heat 15 removed by
the RHR system that takes suction flow from one
or two hot legs, cools the water with a heat
exchanger, and returns it through the four cold
legs to the core. The status of the containment

b, Mention of specific products and/or marufactur-
ers in this document implies neither endorsement or
preference, nor disapproval by the U.S. Government,
any of its agencies, or EG&G Idaho Inc. of the use of
a specific product for any purpose.

NUPREG/CR-5855

may be open or closed, openings are possible at
many "= e

Durny. maintenance and refueling, the steam
gencrator secondary systems are often in “wet
layup™ status and are essentially filled with cold
water and pressurized 1o about § psig with a nitro-
gen bianket. For stcam generators undergoing
maintenance operations, the secondaries may
instead be drained.

In addition 10 vents opened for draining the
RCS. other RCS apenings often are present dur-
ing maintenance and refueling outages. These
additional openings may include one or more of
the following: pressurizer relief valves or man-
ways, steain generator manways, main coolant
pump shaft seals, cold leg valves, or the reactor
vessel upper head. Reduced inveniory operations
normally are performed with one or more open-
ings in the RCS: however, a closed system is pos-
sible under certain circumstances (for example, in
the Vogtle event).! A refueling and maintenance
outage generally requires about 40 to 80 days,
depending on the maintenance required,; the reac-
tor vessel upper head 1s off tor about half that
time.

The actual RCS water level at reduced inven-
tory operation may vary considerably. For steam
generator mainienance operations, nozzle cams
may be installe’ in the hot and cold legs near the
steam generator plena. These dams, which can
support a differential pressure of 50 psig,! may be
in one or more coolant foops. There is no restric-
tion on the number of loops with nozele dams,
however, operations at Vogtle are generally per-
formed with nozzle dams in no more than two of
its four loops. The presence of nozzle dams
reduces the volume of the RCS. This isolated vol-
ume typically will contain air and interacts with
the containment through open steam generator
manways. Nozzle dam failure results in an effec-
tive increase in system volume and the potential
opening of a flow path to the containment.



2.2 Possible Scenarios
Following Loss of
Alternating Current Power
and Residual Heat Removal

The process flow chart in Figure 2 shows plant
behavior following a loss-of -KHR event. The fol-
lowing discussion pertains to pressunzed water
reactors employing U-tube type steam generators
{1.e . plants of Westinghouse and Combustion
Engineering, Inc. design). The expected response
of reaciors employing once-through steam gener-
ators (i.e., plants of Babcock and Wilcox design)
18 also noted. The initiating event is assumed to be
a . tation blackout (loss of all station ac power,
offsite and onsite) that stops ope ation of the RHR

pumps.

Plant behavior is divided into the two main
paths shown in Figure 2, one with an open RCS
and the other with a closed RCS. If e system 1s
open, early action may allow its closure (as
depicted by the dashed line in the figure). This
action would consist of securing any open man-
ways or valves. If the reactor vessel head is off, it
could potentially be secured, although
eight hours or more may be required for this
operation. Closure of openings during an eve
appears unlikely because of increasing coolw
temperatures and steam flow through the ope
ings. A closed RCS provides the operators flexi-
bility to maintain core cooling and to maintain it
longer ** un extended station blackout ocours.
Furthermore, if core cooling is lost, a closed RCS
provides an additional fission product barrier,
increased time before core melt occurs if means
for removing heat are not found, potential for heat
removal methods exist thal may not exist with an
open system, and there 1s an ability to work in the
containment building for a longer time following
loss of RHR systems.

2.2.1 Open Reactor Coolant System. Con-
sider the upper main path in Figure 2, where the
RCS is open. The RCS s open to the containment
(through the upper head, manways, ¢tc.) during
about half of an average refueling and mainte-
nance outage period. With no ac power available,

- T —

Plant Conditions and Cooling

two sources of borated water for the RCS may he
available without offsite assistance. the accumu
lators and the gravity drain of the RWST. In addi-
tion, the makeup water storage tank is & polential
source of nonborated water. Offsile assistatee in
the form of a pumper truck provides a possible
additional source of coolant for the RCS. Water
may be added to the RWST and, with some recon-
figuring of piping, it may be feasible to add water
directly to the RCS in a tinely manner. Gener
plant capabilities in these rgards have not been
established, but example studies were performed
and are detailed in Appendix A

The status of the accumulators can vary at
reduced inventory operation. In general, the accu-
mulators are expected to be depressurized with
their isolation valves closed: however, accumula-
tors could also be in a pressurized state. In a four
loop plant, accumulator liqui” volume is about
3000 fi* (22,000 gal) Depressurized accumaula-
tors are potential gravity-drain water sources 10
the RCS in those plants where they are suffy-
ciently elevated (accumulator elevations are plant
specific). If fully-pressurized, discharging the
accumulators by opening the isolation valves
presents & potential control problem. Another
possibility for advantageously using accumula-
tors involves a gradual pressurization of the accu-
mulator (using its nitrogen pressurization system)
that would result in a controlled transfer of the
accumulator water to the RCS.

The second potential source of water for the
RCS is gravity-draining from the RWST, which
typically contains about $3,300 ft* (400,000 gal)
of borated water. The elevation of the RWST with
respect to the RCS varies, so in some plants grav-
ity feed may not be possible. For the Vogtle plant,
only a portion of the RWST is above the top of the
pressurizer; therefore, the quantity of water avail-
able for gravity feed without an RCS heatup
depends on the elevation of the lowest opening in
the RCS. For example, if the only opening 1s the
manway on the top of the pressurizer, then the
RWST would drain to that elevation and flow
would stop. After that me, the remaining RWST
fluid could flow into the RCS (&) as a result of an

NUREG/CR-5855
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altered hydrostatic balance as the reactor sysiem
fluid is heated. or (b) 10 replace any core steam
expelled through the pressvsizer manway.
Depending on the situation and plant, it may be
powsible 10 open alternate drain paths. This would
anrease the RWST liquid available for Gelivery
without primary sys‘em heatup or control the
drain rate, and thus delay RWST depletion. The
desirability of employing drain paths in this man-
ner his not been e« tablished. It may be possible o
control the RWST druin rate to the minimum flow
needed 10 prevent core boiling (thus conserving
RWST inventory while ehiminating concerns
regarding boron precipitation from solution).
Example calculatians for this potential cooling
method were performed for a sample plant from
all three U.S. PWR vectors. The results are
reported in Appendin A

As an alternate sanrce of coolant, a pumper
truck could inject fluid into the cold legs. The
time required to align the necessary plant ©ystems
for such operation is not known. The water
injecied would rot be borated. If, during pumper
truck injection, core coolant boiling was the only
sink for removing warer, then the average core
boron concentration would remain constant. 1f a
sufficiently large water drain was opened, how-
ever, the core boron concentration would
decrease because of flushing with the nonborated
water. This concem is greatest when new fuel i
present because the initial boron concentration is
the higiiest then. For new fuel, it is likely the con-
trol rod worth is insufficient 10 mainiain a subcrit-
ical core in this situation.

If no water is available to replenish inventory
(or if an established source is lost or depleted),
then boiling of the care coolant will ensue. With
the reactor system open, the size and location of
the opening determines whether steam condenses
and remains in the system, escapes through the
openings, or partially condenses and partially
escupes. The boil-off of the core coolant could
lead 1o core uncovering and damage. If the core 1
damaged and the containment is open, fission
products will be released to the environment; with
it closed, the release 1o the environment wiil not
be as likely.

Plant Conditions and Cooling

2.2.2 Closed Reactor Corlant System. [
closed RCS conction is repiesented by the lowet
main fogic pathe in Figure 2. With the manways
and reactor vessel head closed. core cooling may
still be accomplished by gravity-draining the
RWST into the cold legs. Eventually, when core
hoiling ocew: s or when RCS pressure increases
sufficiently 1o stop RWST draitang, a drain path
must be opened 1o continue feeding from the
RWST This voohng mode is comparable 1o that
desoribed in Section 2.2.1. 1 th2 RCS driin paths
are small, the enset of core boiling could rapidly
increase system pressure and stop the injection
flow. As witi the open system, RWST druining
will continue until its level reaches the drain path
vent elevation where the gravity-dniven flow will
stop. The necessary operator response will then
be to close the hot leg drain paths to completely
close the RCS in anticipation of a transition 1o
reflux condensation cooling decay heat removal.

In the reflux condensation cooling mode, core
decay heat is removed by boiling: the steam flows

to . < m generators where it is condensed on
1 oo arfaces of the steam generator tubes,

ensate from the upflow side of the
¢ flows downrward, against the upwird

“. o0 seam, into the steam generator inlet ple-
num, hot lcg, reactor vessel upper plenum, und
back 1o the core, The condensate from the down-
flow side of the U-tubes is returned to the cold
leg. To be viable, the reflux cooling mode
requires that one of more steam gencralors he
operational, In othe, words, at least one steam
generator secondary must contain cold water and
nozzle dams must not be present in the hot and
cold leg piping of the loop with that steam genera-
tor. If one of more steam generators are not opera-
tional, then boil-off and core d*mage might occur,

In Babcock and wilcox plants (with once-
through steam generators), the cooling mode
analogous to reflu  cooling is the “boiler-con-
denser” mode. in which condensate 1s returned to
the cold leg and need not flow against the steam
flow, The bailer-condenser mode requires that the
primary and secondary side coolant levels be
situated such that an adequate condensing surface
is available on the inside of the tubes, The sec-
ondary side level must be sufficiently elevaied,

NUREG/ R-5855
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Planmt Conditions and Cooling

and the primary side level soafficiently depressed,
»0 that both a cooling sink and a steam path 1o the
tubes @t its elevation are availabie. At reduce”
imnventory operation, air will reside in the upr or
regions of the tubes. Boiler-condenser cooling
thus requires this air 1o be compressed, allowing
steam to find a condensing surface inside the
upper tibe region. The reacton vessel vent valves
present in Babeock and Wilcox plants preclude
core coolant level depression, relative to coolant
levels in the rest of the system, because of system
pressur zation and static head effects.

Reflux cooling results in the tran fer of the
decay heat to the steam generator secondary
sides. Since the secondary systems are eenerally
isolated and nitrogen-pressurized, continual
reflux cooling will result in a heating and pressur-
izing of the secondary liquid. Although interven-
tion normally would be expected, if valves could
not be opened, a closed secondary system would
be expected 10 cantinue heating (in the ~xtreme,
its temperature would reach saturation at the sec-
ondary relief vaive opening setpoint pressure). To
continue condensation, the primary system tem-
perature must cxceed the secondary system tem-
perature, and thus the primary system pressure
will nise along with the secondary. The primary
system pressure increase has the potential to jeop-
ard.ze the integrity of the RCS (i.¢.. temporary
thimble seals, nozzle dams, and the Tygon tubing
used for jevel instrumentation during outages).
With an elevated scconda, , | ressure, operation of
the urbine-driven auxihiary feedwater pump is
possible. 1f this pump is started, it ¢ provide
feedwater from the condensa’z storage tank to the
steam generators, allowing the reflux process to
continue indefinitely. If some feedwater supply
zannot be establiched, the secondary inventory
would b2 boiled off at the steam generator relief
valve setpoint pressure. When the secondary
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inventory was depleted, the reflux progess would
cease and core boitl-off and dam=ge would occur.

Another procedure is 10 vent the steam genera-
tor secondary systems 1o the atmosphere by
manually opening the atmospheric dump valves,
This action would limit the heating and pressuriz-
ng of the piamary and secondary systems. More
importantly, however, depressurized secondary
systems could allow offsite assistance (for exam-
ple, a pumper truck) 1o be used 1o indefinitely
replenish the secondary inventory and continue
the reflux process.

To establish reflux cooling, the core boiling
must sufficiently pressurize the RCS 10 compress
the nitrogen or air in the upper regions of the RCS
o expose a tube condensing surface to the steam
flow. Furthermore, the required pressure increase
will be a function of various plant conditions such
as the decay heat and initial reactor vessel water
level. The magnitude of the required pressure rise
is significant because the integnity of any nozzle
dams, temporary instrument tube thimble seals,
and temporary level instrumentation may be chal-
lenged. If these plant features fail, then the event
sequence is made more complex by the resulting
loss of coolant

The trormal hydraulics of reflux coohng was
studied in detail and sample calculations were
performed for both U-tube and once-thiough
steam generator plants. Two calculation tech-
niques were used. The first used & calculational
toal developed for this purpose at the INEL, and
results are reported in Appendix B. The second
used the RELAPS/MOD3 code.© Thiese results are
reported in Appendix C.

¢.  RELAPS/MOD3, Version SmS.
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3. CONTROLLING PROC. 3SES AND
THERMAL-HYDRAULIC PHENOMENA

This section discusses the processes amd ther
mal-hydraulic phenomena that control the cool:
ing methods presented in Section 2, with ke
intent of indicating the current understanding
regarding them. The discussion 18 separated o
three subjects: (@) gravity-drain processes,
(h) core boil-off processes, and (¢) reflux cooling
processes. The specific areas evaluated for each
of thess processes ~ve shown in Table 1.

3.1 Gravity-Drain Processes

As described in Section 2, for a station black-
out loss-of -RHR event, gravity-drain of the
RWST is a process with potential 10 delay core
boil-off and damage. RWST gravity draining may
deliver core coolant either when the RCS 1s open
[pressurizer power-operated (PORV), manways,
pump shaft seals, or reactor vessel uppar head| or
when 1t is closed (in which case an RCS drain
path eventually needs 10 be opened). To be effec-
tive, all or part of the RWST must be at an eleva:
tion above the lowest opening in the RUS. The
hydrostatic head of the RWST water forces
borated coolant into the cold legs “nd reactor ves-
sel downcomer, making it available for core cool-
ing. Water heated by the core flows out RCS
cpenings (pressurizer or steam generator man-
ways, reactor coolant pump seals, or reactor ves-
sel upper head) or drain valves and falls 1o the
contatnment sump. In the Vogtle event, the
RWST wate: level was 76 ft above the hot leg
centerline and 16 ft above the pressurizer man-
way elevation, which is within the normal operat-
ing range. Reference | indicates that the Vogtle
RWST water available above the pressurizer
manway is 216,600 gal. Therefore, the RWST is
available for gravity-feed in the Vogtle-1 plant.
However, RWST elevations relative to the RCS
vary from plant to plant. A generic plant survey
regarding the capability for RWST draining does
not exist, but sample calculations were performed
for one plant from cach U.S. PWK vendor. Drain
rates and durations are reported in Appendix A

9

The drain rate required 1o prevent net core boil-
ing may be readily calculated, given the core
decay heat, For the Vogtle event, that rate was
130 gpm. A plant-specific analysis for Vogtle
indicates the RWST is capable of ~roviding this
drain rate with a small driving head of only 0.8 fi.
The drain rate is determined by the driving head
and the resistance of the flow path through the
injection lines and fittings, reactor core, and leak-
age paths 1o the containment. The drain rate there-
fore will be totaily dependent on the elevations of
the particular plant and on the 'osses and flow
areas of openings in the RCS, Generic informa-
tion regarding the period of ume that RWST grav-
ity-draining might delay core boil-off similarly s
not known. For Vogtic, analysis indicates this
period will be 25 hours with the pressurizer man-
way open. The capabilities. control, and observa-
tion of the drain rates were referenced in the
Vogtle report.| These quantitative results were
not incorporated in the Vogtie procedures,
although when questioned, the operalors were
aware of multiple modes of RWST draining
(through the chemical volume and contiol, safet,
injection, and residual hegt removal systems). if
the RCS 1s closed, any one of several suitable
drain paths could potentially be opened undet
blackout conditions. However, a hot leg drain
path is preferred since the RWST injection would
flow through the core 10 the RCS opening. Ability
1o open hot leg drains appears to be limiied to the
RHR suction piping. If only cold leg drains are
available, the RWST fluid will maintain core cov-
erage but will not flow througii the core. instead,
the RWST fluid will be bypassed out the drain.
Therefore, water boiling is more likely with a
cold leg drain than with a hot leg drain.

When the drain rate is sufficient 10 avoid boil-
ing. the core boron concentration approaches that
in the RWST. However, if the water boils, the
steam produced does not carry off boron and the
core boron concentration increases, providing the
notential for boron precipitation. This previpita-
tion cuuld, in the extreme, partially block the core
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Table 1.  Factors evaluated for controlling processes.

Progess

Factors

Ciravity drain

Availability in.all plams

Rate needed 10 avoid boiling

Actual rates attainable

If boiling occurs, boron overconcentration
Control of drain rate

Instrumentation available

Drains available

Core boil-off

Reflux cooling

Time 10 uncovery and damage
Heat losses

Initiation process

Horizontal stratificavion in hot leg
Two-phase natural circulation
Steam/air mixing
Buoyancy, turbulent mixing, diffusion
Conservatism of “no mixing"
Air absorption in condensate
Humidity within the air
Core level depression
Tube flooding
Hot leg flooding
Applicable countercurrent flow limiting models
Loop seal depression
Primary pressure required
Nozzle dams
Temporary thimhle tube seals
Temporary level instrumentation
Primary coolant pump seals
Steam generator secondary effects
Vent availability and effect
Viability of feedwater processes
Heatup and boil-off times
Babeock and Wilcox plants
No core level depression
Vent availability and effectiveness
Adequate condensing surface
Hzating at top of tubes

flow or cover fuel and result in core damage. The
Vogtle report! estimates that precipitation would
not occur until after 10 days of core boiling, based
on an initial core decay heat of 2.5 MW. This was
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only an approximation and more detailed calcula-
tions should be perfermed for this and other sce-
narios. Also, this concern would arise sooner if
the loss-of-RHR event occurred sooner after
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Controlling Processes and Phenomena

upper portion of the RCS Section 333
describes the possibility for core level depression
effects. Section 13,4 discusses steam genecator
secondary issues affecting reflux cooling, and
Section 3.3.5 discusses boiler-condenser consid
erations unigue 1o the once-through steam pener-
ators of Babcook and Wilcox plants.

Reflux cooling caleulations under vanous
conditions were performed (ot both U Tube and
once-through steam gensrator plants. The results
a2 reponted in detail in Appendices B and C.

3.2.1 Initiation of Reflux Cooling. Initation
of reflux condensation cooling depends on the
ability of steaw, produced by zore boiling, to
reach condensing suriaces in the steam generator
Us-tubes, During a plant shutdown condition, the
reactor coolant level may be at reduced inventory,
with air or nitrogen occupying the upper volumes
of the primary system. This air inhibits steam
{low from the reactor vessel ‘o the sleam genera-
tor Ustubes. Important aspects of reflux initiation
are (4) the initial reactor coolant water level,
(b) the need to estublish and preserve horizontal
stratification of the liquid in the hot legs, (¢) the
primary system pressure requirements and limita-
tions, and (d) the possible need 1o drain or vent
the primary system (o obtain a siable reflux cool-
ing mode at an acceptahle pressure.

Until veiy recently, initiating reflux from a
shutdown reduced inventory operating condition
had not been thoroughly examined in reflux
experiments with noncondensable gases present,
Most existing experiments investigating reflux
with noncondensables® 0.7 were iniviated from a
stable reflux condition by injecting noncondens-
able gas into the reactor system. A regent experi-
ment in the PKL-111 facility,* investigating reflux
starting from mid-loop operation with noncon-
densables, showed that refluxing is readily init:-
ated from such conditions with only one steam
generator available, a decay heat of 0.7, and 1 0%
of full power. Thermal hydraulic systems codes
have heen usad to calculate some reflux phenom-
ena in steam-water systems, but they have sim-
plistic models for the phenomena associated with
mixing or stratifying two gas phases (air and
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sleamn) that are relevant 1o this situation, In spite
of this, RELAPS/MOD 3 was used 10 caleulste
such conditions, and global results appear reason
able These results are reported in Appendin C.

The Vogtle report! ¢ aluated the effect of four
different primary water levels on the initiation of
reflux: top of core, mid-pipe with an uncovered
pressurizer surge line, hot and cold legs filled
with liquid and air in the upper reactor vessel, and
a filled reactor vessel The first 1wo cases are
expected 1o result in stable reflux cooling modes
al relatively low system pressures. It was noted
that these cases would be similar to the reflux
conditions experienced at Diablo Canyon in April
1987 * Hand caleulations for the last two cases
determined that an intermuttent or cychic refluxing
mods was possible as water was forced into and
out of the pressunizer, the Ustubos were drained,
and condensation occurred in the sieam generator
Ustubes. Draining or venting may be necessary to
control reactor system pressure and/or 1o obtain o
stable refluxing mode similar 0 the first two
cases.

The Vogtle report {Refecence 1) noted that
none of these initial water levels 1=ads 1o a core
heatup as long as the RCS remains intact (ie.,
pressurization or Aynamic effects do not affect the
integrity of temporary thimble wube seals). Not
identified in the Vogtle repont is the potential for
establishing two-phase ret loop natural circula-
tion flow. The initiation of boiling in the core
when the vessel is filled with water results in a
liquid swell and pressurization that forces two-
phase mixture into the pressurizer and steam gen-
erator U-tubes. If the liquid in the steam generator
tubes reaches the elevation of the steam generator
tube U-bends, a buoyancy driven two-phase natu-
ral circulation flow over the U-bends will result,
Uncertainties or variabl=< “ssociated with the ini-
tiation of two-phase net . »op natural circulation
include the decay heat level, the pressuie, the
behavior of the flow into and out of the pressur-
izer, and the flow of poncondensable gas both
before and after the initiation of two-phase natu-
ral circulation.

Reflux includes harizontal stratification of the
liquid in the hot legs. If the steam flow 15160 high,
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horizontal stratification cannot be sustained, and
steam may still be able 1o reach the steam genera-
tors through slug or bubbly flow regimes. Scop-
ing calculations were performed using the
Taite)- Cukler criteria” to determine the threshold
for horzontal stratification. Figure 3 presents the
results of the caleuls - v at atmosphenic pressure
for 4 hot leg water lever at mid-pipe and for differ-
ing numbers of active steam generators. In prac-
tice, a higher hot leg water level usually will he
present. Calevlations. for lower water levels indi-
cate that horizontal stratification exist for all
decay heats of interest even if only one steam
generator is active. For higher water levels and
fewer active steam generators, the likelthood for
loss of horizonta) stratification increases. Results
for these other cases appear in Appendix D.

The presence of noncondensable gases in the
stearn generator U-tubes impedes the condensa-
tion of steam. Primary system pressure increases
as necessary 1o (a) compress the noncondensable
gas s0 that a condensing surface is exposed in the
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steam generator U-tubes, and (hy pravide the pr

mary -lo-secondary temperature difference Rel-
erence 3 indicated that if all the noncondensable
gas in the primary system duning the Diahlo Can-
yon event was isothermally compressed into the
steam generator U-tabes. the resulting pressure
would be 20 psig. A more rea onable estimate
was obtamed by considering only those noncon-
densable gas volumes that must be compressed
into the steat generator U-tubes to mitiate reflux
cooling. One caleulation assumed that most of the
gas in the pressurizer and pressurizer surge hne
remained there, whilz another calculation
gssumed that these  ases also had to be com

pressed into the steam gencrator L-tubes. The
pressure estimates assumed a two-foot condensa-
tion region. The pressure rise needed te initiate
reflux was 10 psig. This was obtained by averag-
ing the results of the above two caleulations, This
value agrees well with the rise in pressure experi-
enced in the Diablo Canyon incident, which was
roughly estimates 1o have been 7 1o 10 psi.*

=
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Figure 3. Horizontai stratification behavior in the hot leg.
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3.3 3.1 Steam Generator Tube Flooa-
Ing. The vountercurrent flow of steum into the
Utubes and condensate return during reflux cool-
ing has the notential 10 cause a depression of the
gare level, On the upflow side of the U-tubes, the
upward fiowing steam opposes the return of con-
densaie, thus “hoiding up™ liguid within the wbes,
On the downflow side of the U-tubes, the steam
flow assists the draining of condensate. Any
resulting differential liguid inventory between the
U-tube upflow and downflow sides provides a
hydrostatic head that depresses the core level,
This issue is of concern because if the core level
depression 1s sufficient, the upper regions of the
core may be uncovered. Flooding has been
observed in a number of reflux condensation
experiments, !4 11718192021 Section D-2.2 of
Appendix D summarizes the various modes of
tube flooding and applicable experiments. Large
thermal-hydraulic systems codes generally have
the capability of simulating tube flooding phe-
nomena during reflux condensation in steam and
walter systems. However, current code capability
tor simulating flooding in reflux processes with
air present is questionable 14

Previous evaluations of steam generator tube
flooding phenomena have regarded system per-
formance following a small break less-of-coolant
accident (LOCA) Plant conditions foliowing a
loss-of-RHR event during reduced inventory
operation Jdiffer in two significant respects. First,
lor reduced iaventory operation, the primary sys-
tem pressure is much lower than is the case for the
LOCA (near atmospheric vs, about 1000 psia).
The steam density at stmospheric pressure is
much smaller than at th. evated pressure; there-
fore, for a given steam mass flow its velogity is
much higher at stmospheric pressure. This steam
density etect tends to promote tube flooding.
Socond, the core decay heuts of interest for
reduced inventory operation ar» much lower than
for post-LOCA operation. This decay heat effect
tendds to reduce the likelihood of tube flooding.

To evaluate the net result of the effects of low
steam density and low cove decay heat at mid-
loop operation on steam gencrator fube flooding,
a calculation was performed. Assuming atmo-
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sphenic pressure, the Walhis non-dimensional
vapor velooity in the steam generator U ubes was
calculated s a function of the core decay heat. A
parametnic study was added 1o evalaate the effect
of one or mare sieam generators being unusable
for reflux cooling. Detals of this calculation are
found in Appendin E. The results of the caleula-
tion {shown in Figure 4) are significant because
they show the nondimensional wbe steam veloc-
ties 1o be much lower than the threshold value of
0.5 needed for tube flooding (hased on o Wallis -
type flooding correlation) for most decay heats of
interest. The figue shows that core level depres.
sion caused by steam generator tube flooding is
only of concern when one steam generator is
refluxing, und then only for decay heals greater
than about 15 MW (approximately 2 days afier
shutdown).

3.3.3.2 Hot Leg Flooding. 1here is a
potential tor flooding ia the veriically-inclined
portion of the hot leg. Typically, the hot leg rises
about 3 1t from its horizontal elevation to the
steam generator. 1Y flooding occurs at this loca-
tion_ then there is & polential to accumulate water
in the steam generator inlet plenum or tubes as
well. The diameter of the hot leg is large and a
Kutateladze-type correlation is more applicable
than a Wallis-type flooding correlation for hot leg
apphcations, Because the diameter of the hot legs
is much larger than that of the steam generator
tubes, hot leg flooding would at first appear to be
less likely than tube flooding. However, because
the steam generator tube flow area is about three
times that it the hot leg, the hot leg velocity is
higher than the tube velocity, increasing the rela-
tive likelthood of hot leg flooding.

To ¢valuate the net result of the effects of low
steam density and low core decay heat at mid-
loop operation (as compared with a post-LOCA
situation) on hot leg flooding, a calculation was
performed. Assuming atmosphenic pressure, the
Kutateladze non-dimensional vapor velocity in
the hot legs was calculated as a function of the
core decay heat. A parametric study was added to
evaluate the effect of one or more stesm genera-
tors being unusable for reflux cooling. Details of
this calculation are found 1n Appendix E. The
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Figure 6. Pressurizer surge line flooding behavior

lower portion of the steam generator tubes, near
the tubesheet. This is the location where steam 1s
most likely to be present, regardless of steam/air
mixing concerns. On the secondary side, water
will be warmed at the bottom and, because of
buayancy, the secondary side will be weli-mixed
Therefore, for this event with U-tube steam gen-
erators in “wet layup™ (a) the reflux process will
be insensitive to the secondary level, and
(b) virtuully all the secondary-side hquid will be
available as a reflux cooling heat sink.

Calculations indicate that for the Vogtle event
(core decay heat of 2.5 MW, approxynately
4 hours is required to heat up the steam generaior
secondaries from 90°F 10 212°F. At a decay heat
rate of 17.1 MW, this time is reduced to 54 min-
utes. The time required to boil-orf all se rondary
water at atmospheric pressure is 120 hours af a
decay heat of 2.5 MW and 18 hours at a decay
heat of 17.1 MW. These calculations place into
perspective the worth {with respect to delaying

gore hoil-off) uf the stean gene, ators as & reflux
cooling heat sink.

The venting of steam generators 'was discussed
in Section 2.2.2. I no operator acuon 15 taken,
reflux cooling heat transfer will heat the second
ary fluid, ncreasing its pressure. The pressure
increase raises the saturation temperature gnd
therefore delays the enset of secondary-side boil-
ing. If the secondary system remains sealed, then
its pressure could increase 1o a limuing conditior
of the secondary safety valve opening setpoint
pressure, about 1100 psia. If the secondary side 1s
vented to the atmosphere by manually opening
the atmospheric dump valves, then the secondary
side pressure will be lower and secondary side
boiling will occur sooner.

Based on a limited review, it appears that plant
procedures currently do not address secondary-
wide venting for a Vogtle-like event. Discussions
with operators indicate they likely would <laose
to vent the secondaries carly in ne event
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sequence. Vented secondaries atlow the use of
low-pressure backup feedwaie: sources to replace
any secondary flud lost through boiling. Candi-
date sources for this feedw ater include the plam
fire protection system and pumper trucks. If such
a backup feedwater source is available, the core
reflux cooling process could be continued indefi-
mitely. Unvented secondaries would lixely pre-
Clude use of these low-pressure backup feedwater
sources. The higher secondary pressures
associated with unvented secondaries would,
however, provide a possibility of starting the tur-
bine-driven auxihiary feedwater pump, Secondary
side pressures as low as 100 psia may be suffi-
cient 1o drive the pump. However, contros of this
pump could be critical because of the low core
decay heat. If the secondary side 1s fed 100 rap-
id'y, its steaming rate and pressure would fall,
perhaps leading 1o a loss of the pumping capabil-
ity. Additionally, there are unknowns regarding
venting of the secondaries: the ability to open and
control valves, and appropriate timing for venting
operations,

In summary, operators would likely vent the
secondary system if possible. Options for provid-
ing ‘eedwater to either vented or unvented sec-
ondaries have been examined for three example
plants. The results are reported in Appendix A,

3.3.5 Boiler-Condenser Cooling In
Babcock and Wilcox Plants. The discassion
provided here addresses the differences between
the reflux cooling processes described for plants
with U-tube steam generators and the analogous
boiler-condenser cooling processes present in
Babcock and Wilcox designed plants with once-
through steam generators, With once-through
steam generators, condensate is returned 1o the
cold leg and need not flow against the steam flow.
Boiler-condenser cooling during a loss-of - RHR/
station blackout event requires the primary and
secondary side lovels to be siuated such that an
adequate condensing surface 1s available on the
inside of the tubes. The secondary side level imust
therefore be sufficiently elevated and the pnmary
side level ¢ st be sutficiently depressed so that
both a cooling sink and steam path 1o the tubes at
the elevation of that sink are available. The effec-
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uveness of pool borler condensing heat removal
(1€, 10 4 pool of secondary hquid) has been dem-
onstrated experimentally 222324

The sccondary-side level requirement would
gencrally be met for the loss-of-RHR event
because the steam generators are in wet-layup and
are filled with cold hgquid virtually up 10 the upper
tube sheet. The primary-side level requirement is
also met because the upper regions of the RCS
have been draned.

The primary question regarding the effective-
ness of boiler-condenser cooling for the event stu-
died here 1s the ability of core steam to reach the
condensing surface in the steam generators,
Experimental data for this issue are very limited,
High-pressure tests were conducted in the Mulu-
loop Integral System Test (MIST) facility to
determine the effects of noncondensable gases,
but these tests also inciuded a cold leg break.>*
Low-pressure noncondensable gas experiments
were conducted by EPRISRIF in u facility mod-
eling a B ibeock and Wilcox plant. These experi-
ments indicated that noncondensable gas in the
steam generate: tubes dictated the elevation
where the condensation process occurred.
Because the steam had been condensed out of a
steam/air mixture that flowed into the tubes, high
concentrations o, noncondensable gas accumu-
lated within the tubes. Since the presence of non-
condensables impedes the condensation process,
the condensing region may be forced 1o a higher
elevation in the steam generator. Note that this is
opposite to the effect observed for the U-tube
steam generators where the condensing process
tends 10 occur in the lower regions of the tube
bundle.

If the condensation process is unable to remaove
the core decay heat because of the accumulation
of nonccndensables, the RCS pressurizes and
temperatures will increase and expose more con-
densing surface. These observations led to the
conclusion that the pressure limits of the facility
derermine the amount of noncondensable gas that
may be accommodated. > This pressure limit is
important. especially because it mighi affect the




integrity of the reactor coaslant pump seals or tem-
porary hquid level mstruments

Because the active condensing region is at the
top of * wee-through steam geoerator second-
ary. warming of the secondary Nud occurs at the
op of the botler region as compared 10 the bottom
of the secondary side in U-tube generators. This
difference is significant because thermal stratiti-
cation 18 likely in the once-through steam genera-
tor secondary side. This stratificabon effecuively
reduces the liguid available for use as a secondary
heat sink, aveelerates the onset of secondary-side
boiling, and may aggravate pressurization of the
primary system.

A feature of the Babcock and Wilcox plants not
available in all plants of other design is the high
point vents, These vents are located on the reactor
vessel upper head and at the top of each hot leg
U-bend (most Westinghouse and Combustion
Engineering plants have reactor vessel head vents
but none have vents comparable to those on the
Babcock and Wilcox hot leg U-bends). "iese
vent paths provide a potential for removiag air
from the upper regions of the RCS. Note, how-
ever, that the effectiveness of the high point vents
for purging air from the upper regions of the RCS
has not been demonstrated. The vents are opened
by solenoid-activated valves that are powered
through inverters by the station batteries The
valves therefore could be opened during the early
stages of a station blackout event. It is envisioned

Controlling Processes and Phenomena

that the vents would be opened. allowing core
stearm production 10 flush air out of the upper
regions of the RCS. The vents waould then be
closed, allowing boiler-condenser heat removal
using & pure steam flow 1o the steam generators,
Appropriate timing foo these valve operations has
not yet been addressed. The vent configuration
varies from plant 1o plant; in some plants, the
vents lead to the comtamnment and 1n others they
lead to the pressurizer rehief tank.

In summary, onc through stean generator
boiler-condenser Looling will likely be estab-
lished following a loss-of - RHR/station blackout
event. The high secondary and low primary levels
provide a large condensing surface. Continuation
of the condensation process appears (o be jeopar-
dized, however, by accumulation of air within the
tubes. This phenomenon forces the condensation
process higher into the tbes, In the Limit, the pri-
mary system pressure must rise 1o expose more
condensing surface. This pressure rise may chal-
lenge the integrity of temporary closures such as
level instruments. The localization of heat
removal at the tops of the steam generators effec-
avely limits the secondary heat sink and acceler-
ates the onset of secondary boiling. Generally, the
effects of air on the condensation process are not
well understood There appears 1o be a potential
10 use the high point vents 1o purge air from the
RCS; however, these vents are quite small and
their use in this application has not yet been
demonstrated.
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RWST gravity draining. Table 6 summarizes the also need 10 be minionzed. Varioons secondary
results for Catawba, Table 7 for Watetford, and venting peths were considered and the resulting

Catawba, Table 10 for Waterford, and Table 11

|

To minimize RCS pressure under refluxing for Davis-Besse i
|

|

1

conditions, sicam generator secondary prossures

Table 2. Summary of plant examples.

Table & for Davis-Besse. sccondary side pressures are given in Table 9 for
|
|
l

| Core power
| Plant name ~ Vendor (MW) Comments |
Catawba Westinghouse 3411 Four hot and cold legs with U-tube |
Units | and 1, steaim generators |
Waterford Combustion Enginecring 3300 Two hot legs and four cold legs
with U-tube steam generators
| Davis-Besse Babcock und Wilcox 2m Raised loop plant with two
j candy-cane hot legs and four cold
j legs with once-through steam
Emrmm !
Table 3. Summary of RWST data.
Nominal initial '
RWST 8§ differential Tank cross- Nominal capacity al ‘
=levation head sectional area power operations Storage tank 5
| Plam (fy (ft) (gal) description J
| Catawha 66 1,259 363,000 Refueling water ?.
L storage tank 1_
)
. Waterford 3 3,809 584,000 Refueling .'
§ storage water '_
'} pool |
[ Davis-Besse 4% 1,738 467.000 Borated water |
', storage tank ;
|
|
|
| i
|
‘ 23 NUREG/CR-5855
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Table 4.  Summary of hydraulic line loss factors and RWS1 /RS flow rates

Mininum flow o
prevent bailing after

R Initial unthrottled flow 2 days
Plant Drain path (ft4) (Ibry/s) (1bm/s)
Catawha Singie truin 327 230 97
RWST/RHR line
and cold legs
Davis-Besse Single train 15K 276 19
RWST/RHR line
and vessel
Waterford RWST/RHR 10 16 218 96
Jingle hot leg

Table 5. Summary of times to lose RWST/RCS flow.

Estimated time 10

lose gravity bead  Estumated time to

for unthrottled  lose gravity head
flow for throttled tiow
Plant Drain path (h) (hy
Catawba Single truin RWST/RHR/RCS. 32 16
Fill RCS 1o the top of the pressurizer
manway and spill out. Core boiling is likely
to develop hefore drain flow stops.
Single train RWST/RHR/RCS SG manway 44 10.4
is an RCS spillover path. Core boiling is not
expected Lo develop before flow is lost.
Waterford RWST/RHR/single ho: leg. 6.2 0.4
There is no RCS spill-out path, Significant
core boiloff is not expected to develop until
all flow is lost.
Davis-Besse Single train RWST/RHR/RCS 1ill 1o center 0.8 1.7
of pressurizer, There is no RCS spillove,
into containment. It is possible thal core
boiling will develop before flow is losi.
Singie train RWST/RHR/RCS. 3.2 18.2

RCS spil! out is through the hot feg 1o
contaitment sump. Core boiling is not
expected before flow is lo: 1.

NUREG/CR-5855 24
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Table 6. Estimated RCS venting conditions after 4 loss of RHR for Catawha *

Gravity drain time
Venting configuration Hours after shutdown (h)®

4% K3 167

Corresponding RCS steady-state pressure®

(psia)
SG manway (1) 149 148 148 62.7
SG mant =~y (4) 14.7 147 14.7 616
Three code safzty lines open 238 219 202 296
1o containmer:
Pressurizer manway through 18.6 17.7 169 49.0
surge line (1)
PORV (1) 753.1 623.0 507.6 None
PORY (3), upper head vent, 489.7 4106 3372 None
and pressurizer vent (assume
orifices are removed)

o ——

& At 48 hours the saturated steaming rate is 13.2 Ibm/s and the initial gravity drain RCS shut off head
is 43.5 psia,

. Drain times are calculated by conservatively assuming maximum steam flow at 48 hours with
maximum back pressure &1 48 hours.

¢. 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 ai atmospheric conditions,

25 NUREG/CR-5855
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Table 8. Estimated RCS venting conditions after & loss-of-RHR event for Davis-Besse *

Gravity drain

| time
| Venting conditions Hours after shutdown (h)"
:i a X 167
Corresponding RCS steady -state pressure®
(psia)

Upper SG manway (1) 16.7 16.2 158 87.7
‘ Upper SG manway (2) 18.2 15.1 150 97.0

Pressunzer manway 217 202 159 5587

through surge line (1)

PORV (1) 1164 1501 288.2 None
' PORV (1), high point vent 3038 2564 2120 None

valve (2) (assume orifices

are removed)

| head is 35.5 psia.

4. At 48 hours, the saturated steaming rate is 10,8 [bm/y and the initial gravity drain RCS shut off

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

¢. AlIRCS sleady mw pm:um are buou on the mumpum that there is no primary/secondary

i stmospheric conditions,

NUREG/CR-5855
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Toble 9. Estimated steady-state SG secondary pressures after o loss-of-RHR event for Catiawha

Venting configuration Hours after shutdown

4% LR 167

Corresponding SG steady-state pressure

(psia)
One SG with one opened manway 15.1 15.0 149
Four SGs, each with one opened manway 14.7 147 14.7
One SG with ane opened code safety BK.1 758 64.1
Four $Gs, each with one opened code safety 18.5 17.6 16.9
One SG with one opened PORY 112.7 96.6 813
Four SGs, each with one opened PORV 204 19.1 18.0
One SG with one opened vent line 9286 759.6 6125
Four §Gs. each with one opened vent line 184.2 156.6 130.6

NUREG/CR-5855 28
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Yable 10. Pistimated steady-state . nting pressures after a loss-of-RHR event for Waierford

Venting configuration

Hours after shutdown

167

4 83
Corresponding SG steady -state pressure
(psid)

One SG with one opened manway 15.1 15.0 149
Two SGs, each with one opened manway 148 14.8 147
One SG with ane opened code safety 489 426 36,5
Two SGis, each with one opened code safety 16.0 187 154
One SG with an opened atmospheric vent valve 164.9 140 4 1174
Two SGs, each with an opened atmosphetic 245 226 20.7
vent valve
One SG with one opened vent line 9209 7536 6079
Two SGs, each with one opened vent line 3952 332§ 2739

Table 11. Estimated steady-state SG venting pressures after a loss-of RHR event for Dav,. Jdesse.

Venting configuration Hours after shutdown
4% K3 ‘_167
Corresponding SG steady -state pressure
(psia)

One SG with one opened manway 15.0 14.9 148

i Two §Gs, each with one opened manway 14K 14.7 14.7

l One SG with one opened code safety 554 50.6 432

Two SGs, each with one opened code safety 20,6 193 18.2

| One SG with an opened atmospheric dump 1148 983 82.7
| valve (ADV)

| Two SGs, each with an opened ADV 307 21.7 248

One SG with one opened vent line 10408 104000 984.0

Two SGs, each with one opened vent line 612.0 511.3 4182

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

29
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5. REFLUX COOLING STUDY

T e ey H o g
g

The thermal-hydraulic response of 4 nuclear
steam supply system (NSSS) with @ closed RCS
to Joss-of-RHR cooling capability 1s investgated
and repotted in Appendix B. The specific pro
cesses mvestigated include bonling of the cooiam
ke core and reflus condensation i the steam
penercarns, the coresponding pressure ingcrease
on the primary side, the heat transfer mechanisms
on the primary and secondary sides of the steam
generators, the effects of air or other noncondens.
able gas on the heat trausfer processes, and voud
fraction distributions on the primary side of the
system. Mathematical models of these physical
provesses have been developed, The maodels are
vaalidated against uvailable expernimental data and
are apphied 1o analyses of two typical NSSS
plants to estirate the response of the plam 1o a
loss-0f-RHR ¢ dbers

Sensitivity studies show which thermal-
hydrauhic parameters are the most important rela-
tve jo the critical aspects of the plant response. In
the case of boiling in the core and reflux con-
densation in the steam gencrators, sensitivity
studies show that the secondary side pressure/
temperature, the heat transfer mode in the pri-
mary side, the number of nozzle dams installed.
and the behavior of noncondensables i the pres.-
surizer are the most important factors telative to
RCS pressure increases. Conversely, the decay
heat leve! and number of steam generators (as
long s nozzle dams are not installed in others)
has only a second-order effect.

Existing system code (RELAPS and
TRAC-PF1) capabilities in this area were thought
1o be limited because noncondensable gases are
tracked with, and are in thermal equilibrium with.
the steam phase. They are therefore not capable of
simulating separate migration behavior for steam
and noncondensable gas. The significance of this
behavior to the overall simulation of refluxing
under reduced inventory conditions might not be
as important as originally thought since calou-
lations were performed for the H, B. Robinson
Plant using RELAPS/MOD2, and the global
results {reported in Appendix €) appear

NUREG/CR-5%58
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reasonable. Thus is probably because the initial
rapid rise in froth level when boiling first ocours
1 the core and the continued flow of steam trom
the core (souree ) to the steam generator tubgs
(sink ) forces the noncondensables into noncon
densing regions of the RCS and makes the migra-
tion of sseam through the noncondensables a
non-problem. However, some caution must be
tuken in that RCS pressures predictey by
RELAPS/MOD2 are sumilas 1o the lower end of
the pressure range predicted using the “Piston
Model.” and some details of the RELAP
calculations do not Jook realistic (¢ g . mass of
noncondensables s not conserved). The
RELAPS/MOD? calculations are reporied in
detarl in Appendix C, and will not be repeated
here

A number of calculations were performed for
vanois plant condiions using the “Piston Mode!”
described in Appendix B. Calculations were per-
formed for one U tube steam generator plant
(H. B. Robinson) and one once-through steam
genetator plant (Oconee), Variahles investigated
included time after shutdown, RCS inventory,
socondary pressure. number of active steam gen-

erators, and number of loops containing nozzle

dams (H. B, Robinson only). Seasitivity studies
mvestigated the effects of whether sieam only or
a steam-water mix enters the steam generator
tubes, and the d stribution of noncondensable gas
into and out of the pressurizers. The conditions
studied are shown in Table 12 for H. B. Robinson
and Table 13 for Oconee, A briel summary of the
results is given in Table 14, Detuiled results are
given in Appendix B.

Te further refine the results and more
accurately calculate RCS pressures would require
currently unavailable experimental data, at least
in the area of pressurizer and surge line nongon-
densable gas behavior. It is questionable whether
further refinement is necessary because in a
number of cases tor U-tube plants, at least
instrument thimble seals would be, or are near
being, challenged. Since the once-through steam
generator plants don't use nozzle dams or thimble
seals, their only areas of concern appear to be




Reflux Cooling

:.'H level measunng tygon tubing and, in some cases, potentially propose improved (higher pressure
[. primary coolant pump seals. However, since threshotd) temporary closures. I that were the
. pressures calculated are not too different from the case, improved calculational ability would be
! various failure thresholds, vendors could desirable.
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Table 12.  Analysis for H. B. Robinson.

z
=
Number of Number of Secondary side =
Fun SGsusedasa  SGs with pressure Flow regime on SG g’
number heat smk dams mstalled (psia) wbe primary side RCS waier level Comments =
L ]
I 1 0 e Two-phase anpular  Mad-loop operation —
2 1 2 147 Tweo-phase annuiar Mid- loop operation -
3 3 0 147 Two-phase annular Mid-loop operation —
4 i 0 2940 Two-phase annuiar  Mid-loop operation -
5 i o 440 Two-phase annuiar Mid- loop operation
6 i 0 147 Two-phase annular  Core outiet Shutdown for 48 h
7 1 0 147 Two-phase annuiar 25% of hot leg volume  Shutdown for 48 h
8 i 0 147 Two-phase annular ~ 75% of hot leg volume  Shutdown for 38 &
9 1 0 147 Two-phase Mad-loop operation —
nonannular
10 1 0 147 Single-phase hiq. «  Mad-loop cperation -—
it ! 2 147 Two-phase annuiar Mid-loop aperation Pressunizer gas “partiion-
wmg.” shutdown for 48 h
12 3 o 147 Two-phase annular Mid-loop operation Pressunzer gas “purging.”

a | am =147 psia.
b. 2 atm = 29 4 psia.

¢ 3am=441psz.

shutdown for 45 h
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Appendix A

Plant Recovery Schemes Includira Gravity Drain,
Accumulator injection, and Environmental Heat Losses
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In practice. such flow envelopes may not be
directly usable by plant operators uniess
appropriate instrumentation 1s in place and &
method of controlling flow s available Calculat-
ing the envelopes was done in two steps:

¢ A normalized core decay power curve was
generated using the 1979 American Nuclear
Sc.ety (ANS) standard. '

o A steady-state energy balance was done to
estimate mass flow envelopes required to
just prevent boiling and those required to
just replace water boiled away at a given
decay heat.

For steady-staie conditicas with the core inlet at
subcooled conditions, the ergy halance can be
expressed as

Maus = QU /AN (A-D)

D ——— SRR PR T T OReRRRRSN.y

where
oy = mass flow rate trom the drain
{Ibm/s)
Q) decay power (Blu/s)
Ah = coolant enthalpy change between

the vessel inlet and outlet in Bru/
Ibm

Equation (A-1) was soplied 10 no-boiling and
boiling cases. In both cases, the vessel inlet
enthalpy was based on an assumed RWST coolant
temperature of 70°F. Figure A-1 shows the
no-boiling fiow envelope with an outlet ligu.*
saturation temperature of 212°F for initial power
levels of 3411 and 2772 MW, respectively. In the
second case, steady-state boiling is assumed with
makeup liquid being converted to saturated
vapor. The conresponding flows (Figure A-2) are
mu.h lewer for the boiling case because of the
refatively large latent heat of vaporization. In
practice, it would hardiy be prudent to try to con-
trel the flow to match the boiloff rate * The values
shown are mainly useful in establishing a low
flow limit to maintain core cooling.

140 M'rﬁvvr'*'1vﬁv1'-'1—f"j
s 120
E F 3411 MW initial power
~ 100 i
g # 2772 initial powef
80 4
E | :
s 60 '_'\ .
= L ey .
40 ;_ O ‘\9\-‘9\, ——— B
; e e ]
WA ST RS T e T
20
0 20 40 60 80 100 120

Oecay time (d)

Figure A-1. No-boiling core flow znvelope as a function of decay time.
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e Tnp signals could be gene.ated after a Joss-
of ‘RHR event that lock certain valves into a
configuration that is incompatible with a
potential gravity drain alignment.

In the following sample survey, it is shown that
there are a number of possible pathways for gray-
ity drainage from the RWST to the RCS.
Table A-3 is a summary of the survey findings,
With regard to Westinghouse plants, gravity drain
alignment schemes with and without vital power
have beei, documented.™® The Table A-3 sum-
mary is not an exhaustive list of all possible grav-
ity drain path routes. Generally, the piping
pathways between the RWST and the RCS are
lonz and complex. Many of these pathways have
a relatively high hydraulic resistance, some in
part because of flow restriction orifices or control
valves that himit ECCS pump run ont,

Figure A-3 shows a genernic RWST/FCCS/
RCS alignment scheme for a four-foop
Westinghouse plant.” The Bubcack & Wilcox
(B&W) and Combustion Engineering (CE) plants
have similar configurations between the RWST
and RCS.® The HPL HR, and charging lines are
viable drain paths for the Catawba and Davis-
Besse plants because of the relatively high
RWST/RCS gravity heads. For Waterford, these
pathways were judged to be less usable because
of the low RWST/RCS differential head. How-
ever, Wateriord has a low resistance/high mass
flow rate pathway from the RWST that connects
directly to the RCS hot leg. Gravity drain capaci-
ties for some of the above listed pathways are
quantified in Section A4,

As a plant-specific example, consider the low
resistance Waterford RWST/RHR/hot leg drain
path. Table A-4 presents a component summary
for this proposed puthway and Figure A-4 pres-
ents a simplified drawing of the pathway. This

h. One major difference between B&W and
Westinghouse or CE ECCS configurations s the
accumulator/CFT connections. In Westinghouse and
CE plants, the accumalators generally connect 1o the
cold legs. In B&W plants, the CFT discharge lines are
connected to the vessel.

A9
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pathway also comains multiple check valves that
are not shown but would allow flow in the desired
direction.

One maor constraint on this proposed align-
ment is that the hydraulic containment isclation
valve number 3 remains open if there is a loss of
vital ac powcr. Upon loss of vital power, the
hydraulic gear drive loses power an the valve
tends to drift shut, Onee this valve has drified
shut, it becomes extremely difficult 1w reopen it
unless ac power is restored. Thus, imely manual
intervention by plant staff is required.

Blanket conclusions cannot be denived from
the above example. In some cases, key valve
components have backup power systems that
allow for operation without vital power. In some
cases, & pneumatic system connected 1o an accu-
mulator tank serves as a backup power supply.
Trigger energy to remotely operate these systems
is generally supplied from backup dc battery
power.

The third criterion mentioned earlier is that an
adequaic drain path out of the RCS must be estab-
lished for successful feed-and-bleed decay heat
removal. The approach for evaluating potential
RCS outflow passageways is similar to that for
inflow pathways. 1able A-5 is a partial survey of
potential RCS drainage path ways for the
Catawba, Davis-Besse, and Waterford plants.
There are also a host of potential drain paths
through the ECCS system into the auxiliary
building. Because of radiological concerns out-
side of contatnment, these paths were not consid-
ered. Depending on the RUS inventory and
relative liquid level, many of the openings listed
in Table A-5 could also be used for venting pur-
poses in a core boiling mode. This is discussed in
Section A-2. The relative effeciiveness of an
RCS drain path for plant recovery depends on its
location relative to the RWST ingection location
and its size. Relatively large RCS system open-
ings will provide minimal hydraulic resistance
and maximum cooling flows when injection and
drain locations cause flow through the core.
Sma!l usain paths may result in flows too small to
meet core cooling needs (see Section A-1.2).
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Table A-3. Summary of potential gravity drain paths.

Flaat Gira ity drain path

Number of trains available

Comments

Catawba RWST/RHR/cold leg

RWST/HPlUcald leg

RWST/chemical and
volume control system
{CVCS)/ecld leg

RWST/RHR suction/hot
ieg

Davis-Besse RWST/RHR/vessel

RWST/HPl/cold leg

VSTACVCS/cold leg
Waterford RWST/ot leg

RWSTHPLcold ler

RWST/RHR/cold leg

2 trains with each train
sphitting 10 4 cold leg
mjectuon pomnts

2 trains with each train
splitting to 4 cold leg
injection points

2 trains into 2 cold legs

I path that sphits to 2 hot legs

2 trans 1o 2 vessil upper
plenum injection points

2 trains with each train
splitting 1o 4 cold leg
injection points

2 trans 1o 2 cold leg
injection points

| path to each hot leg

2 trains with euch train
splitting to 4 cold leg
injection points

2 trains connect with each
splitting to 4 cold leg
injection points

Moderate resistance
path with flow
restriction ofifices

High resistance path
with flow restriction
orifices

High resistance path
with flow restriction
orifices

Direct low resistance
path .hat bypasses
pump and hea
exchangers (1s most
direct pathway to
the RCS)

Moderate resistance
path with flow
restriction orifices

High resistance path

High resistance path

This is a direct low
resistance path

Hizh resistance path
{system has | standby
HPI pump)

Moderate resistance
path with Hlow control
valves

NUREG/CR-3855
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Table A-4. RWST/RCS component summary for Waterford,

Valve number Failure mode
identifier upon loss of ac
(fromn Figere A-4) Valve type power Comments
1 Manual globe valve None During mid-loop operation,
this valve is closed to prevent
inadvertent RWST drainage
Personnel may be able to
adjust the valve to throttle
RWST flow
24 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
\,—J\Wi
RWST
S
. .
st

i—pk—pk—pl{ W

MANSANT

Figure A-4. Waterford RWST/HL gravity drain path.
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Table A-5. Summary of RCS outflow paths.

Appendix A

Number of paths

Plant Drain path available

Comments

Catawba Primary steam generator 8

manways (two per sleam
generator)

Pressurizer manway |

Pressurizer power-operated 3
relief valve

Pressurizer _afety lines 3

Letdown iine to hold up 2
tanks

Hot leg to sump intake line 2

"o

Hot leg to sump bypass line

A-13

Steam generator nozzle dams may
block this pathway.

Because of the smatl
RWST/pressurizer manway
differential head, this pathway
will result in or! ' partia! drainage
of the RWST.

Can be remotely opened with or
without loss of vital power. May
not drain to containment if quench
tank is closed. Because of himited
quench tank volume, this will
inhibit long-term drainuge. lis
high elevation will aiso limi
drainage.

The spring-loaded safety valves
may be removed for maintenance.
These lines may be temporarily
opened to containment. High
slevation will also limit drainage
flow.

Some valves on letdown line may
fail shut if vital power is losi. It is
a time-consuming task to

manually open valves on this line.

If loss of vital power occurs, a
motor-operated valve located in an
encapsulation container must be
accessed and opened, which is &
time-consuming effort.

There are |-inch bypass lines
around the motor-operated valves
in the encapsulation containers.
These vulves can be manually
opened. Drainage flow is
expected to be small,

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

Appendix A

Number of paths
Plant Drain path avatlable Comments
Wateriord Steam generalor manways 4 Because of the low RWST/RCS
(two per steam generator) differential headd ligquid drainage
out, this opening is not expected.
Pressurizer manway 1 Because of the low RWST/RCS
differential head hiquid drainage
out, this opening is not possible.
Hot leg 1o sump 2 Blocked by check valves,
Hot leg to reactor drain tank ps This 1-inch line connects to the
RHR piping and flows into the
reactor drain tank. Because of the
small drain tank volume, this path
way 1S noi expected (¢ e
practical.
Letdo~ 1 line to hold-up | 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
Scoplng Calculations variable sizes and lengths and interconnected
valves and bends, the total frictional pressure

The principal parameters needed to estimate
gravity drain flow rates are the hydraulic line
losses, the geomeltric features of the RWST and
RCS. and the initial differential pressure head.
There 1s a wide plant-to-plant vanation in these
parameters and corresponding gravity drain rates.

An approximation technique for estimating
RWST/RCS hydraulic line losses relies on direct
methods that draw from a known data base of
hydraulic information to calculate a total line loss
resistance factor. This approach uses the follow-
ing data:

¢  Pipe diameters, iengths, and friction factors
» Bends and elevation changes
e  Valve and orifice form loss factors

e  Pump rotor resistances, locked or "reely
spinning.

drop 1s given as

n
AP, = m* > (K, + f1./d)/(2880¢. A])

i=1

= m:R/(I’,SRQgJ (A2}
where

m = mass flow zate (Tbnys)

Ki = local form loss factor for a spe-
cific vaive, orifice, pipe bend,
elc.

f, = friction factor for a particular
pipe

ki =  corresponding component length
(ft)

d, = corresponding hydraulic diame-

ter (ft)

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

has become empty, ot (¢) boiling begins coinci-
dent with a lack of RCS venting so that the RCS
pressurizes above the RWST/RCS hydrostatic
head shut off point. In the following examples,
the RCS system pressure was assumed to be
maintained at atmospheric conditions (if ade-
quate RCS venting was available). Various differ-
ential heads and assumed RCS spill-out points
were examined. In situations where RCS spill-out
points were not available, the time 1o loss of RCS/
RWST flow is relatively short. If spillover open-
ings are available or if the flow can be throttled,
the flow time becomes significantly longer.

Cross-sectional areas of the RWST are signifi-
cantly larger than the average cross-sectional area
of the RCS. As a conscquence, several feet of hig-
uid from the RWST can lead to significant refill
of the RCS. Cross-sectional RWST data were
summarized in Tuble A-2 for the Catawba, Davis-
Besse, and Waterford plants. From the table, we
note these areas ure on the order
2000-4000 ft2. In contrast, the RCS cross-

of

A-17

scctional areas are on the order of 100-120 fi°,
Thus, a small drop in the RWST has the potential
of significantly raising the level in the RCS if the
initial RWST/RCS differential head is large.

Estimating times for volumetric displacement
changes in the RWST are calculated using the fol-
jowing approximation' -1

=~ AM/m,., (A-S)

’I‘ln
where

AM = mass displaced from the RWST
into the RCS between the nitial
and final RWST/RCS differen-

tial bead (Ybm)*

¢.  Calculating the precise volumetric displacement
froom the RWST to the RCS 15 complicated by the fact
that the RCS velume is not uniform with respec! to
RCS elevation Changes.

NUREG/CR-5855
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average mass flow rate between
the corresponding initial and
final differential RWST/RCS
differential heads (1bm/s).¢

The above approximation was apphied to esi.-
mating RWST/RCS ficw loss times with and
without RCS spillover openings. The results are
summanized in Table A-7. All throttled flows are
based on the maimum cooling requirements for
two days after shutdown to imtially mamtain the
core just below boiling conditions (see Fig-
ure A-2). Whether it is practical to throttle the
RWST/RCS flow 15 an operational matter that
cannot be addressed here. Tiroes to corc damage
may occur at significantly earlier times than the
RWST/RCS flow loss iimes if the flow drops
below the minimum core cooling flow rate for an
extended time period.

As an example, consider the Waterford plant
that 1s imitially in a well vented mid-loop cooling
configuration at atmospheric pressure, with a dif-
ferential RWST/RCS head of 3 ft. Following a
losz-of-RHR event coincident with a loss of vital
power, how long will it take to reach a hydrostatic
balance between the RCS and RWST and termi-
nate gravity drain flow? Using the above formula,
the time to lose complete gravity drain for
unthrottled flow is about 12 minutes. In this cir-
cumstance, it was assumed that there was no RCS
spill-out point available to help prolong RWST/
RCS gravity drain. If the drain flow 1s assumed to
be throttled to initially match mimimum subcool-
ing requirements (this may be impractical), the
decay time is abuut 24 minutes.

If the initial RWST/RCS gravity head is large,
the flow lfoss time for both throttied and
unthrottled flow conditions becomes sigmficantly
longer. In the case of Catav'ba, using the steam
generator manway spillover path, the loss time
for unthrottied and throttled ‘low conditions are

d. If the RCS and RWST reach a hydrostatic bal-
ance, the final drain flow rate is zera. If the bottom of
the RWST is well above the RCS drain-out point, the
final flow rate ai the instan. the RWST emipties can
still be very large.

NUREG/CR- 5855
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4.4 and 10.4 hours respectively, In the case of
Davis-Besse, using a postulated hot leg/RHR/
containment spitlover path, the loss times for
unthrottled and throttled flow conditions are 5.2
and 18.2 hours, respectively. In the above two
drain schemes, the final differential heads before
the RWST has drained sull yield flows large
enough (o sustamn significant core cooling. This is
because the bottom of the RWST is well above
the corresponding RCS spillover locations,

A-1.5 The Potential Use of
Accumulator Injection

There are possible scenarios where accumula-
tors or cure flood tanks (CFTs) iay be used as an
auxiliary source of short-term core cooling. Dur-
ing mid-loop operation the accurnulators are gen-
erally isolated from the RCS by closing
motor-operated valves on the discharge lines
between the tanks and RCS. In geueral, it is pos-
sible to manually open these 1solation valves if
there is a loss of vital power, Depending on the
plant, the isolated accumulator/flood tanks can
remain pressurized or be depressurized. Maxi-
mum pressures, depending on the plant, range
from 200-630 psig. If the accumulators or CFTs
are pressurized, it is not likely that an attempt
would be made to manuaily open the discharge
line 1solaton valves. Therefore, this scenario will
not be considered further.

Table A-8 shows a summery of the accumula-
tor/flood tank charactenistics for the Catawba,
Waterford, and Davis-Besse plants. Table A-9
shows the estimated inttial flows and times to loss
of flow for each of the plants. The flow rates and
times were calculated as previously described in
A-1.4, in which the RCS remains at atmospheric
pressure, a*. adequate spill path exists, and the
flow is unthrottled.

Developing a strategy to throttle and monitor
flow from the accumulator or CFT lines is com-
plicated by “everal operational issues, inclueding

¢ O nwolled injection of accumulator or CFT
liquid into the RCS is complicated by a lack
of direct flow instrumentation.

e e S
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Table A-7. Summary of times 1o lose RWST/RCS flow.

Estimated ime to lose Estimated time to
gravity head for lose gravity head
unthrottied flow for throttled flow

Plant Diain path (h) (h)

Catawba Single train RWST/RHR/RCS. Fill ' 3.2 7.6
RCS 1o top of pressurizer manway and
spill out. Core boiling is likely to
develop before drain flow stops.

Single train RWST/RHR/RCS sieam 44 10.4
generator manway. This manway is an

RCS spill over path. Core boiling is

not expected to develop before flow i

lost.

Waterford RWST/RHR/single hot leg. There 1s 0.2 0.4
no RCS spill out path. Significant core
boiloff is not expected to develop until
all flow is lost.

Davis-Besse  Single train RWST/RHR/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/RHR/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 ~ How accumulator or  Nominal set point
mid-loop operation CFT is isolated pressure at full  Can isolation MOV
with loss of vital during mid-loop power operation  be opened if there 15
Plant power? gperation (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 characieristics.

Maximum initial
flow rate for

Nominal lignd unpressunzed Time to loss of
mventory per tank accumulator or CFT  unthrottled flow
Plant Number of tanks (gal) (gpm) (minj
Catawba L 7,480 2273 6.6
Waterford 4 13,000 5874 44
Davis-Besse 2 7,780 6.065 26

e Ifvital power is not available, discharge line
isolation valves must be operated manually.
This entails entry into a potentialiy high
radiation zone in containment.

¢ In a manual operational mode, the motor-
operated valve (MOV) stem positions may
not easily translate into meaningful flow
rates unless some calibrations were made
beforehand.

The use of the accumulator or CFT level instru-
ineatation is one potential measurement. How-
ever, the sensitivity for transient flow conditions
may not give accurate readings.

A-1.6 Conclusions

It has been shown . at gravity drain of coolant
from the RWST to the RCS is one potential
option to temporarily maintain core cooling after

a loss-0f-RHR event. A limited analysis of three
different plants anc gravity drain configurations
were presented. Beginning two days after shut-
down under ideal conditions, core cooling could
be maintained for up to 0.4, 10.4, and 18.2 hours
tfor the Waterford, Catawba, and Davis-Besse
plants, respectively. The relatively shornt period
for Waterfoed is due 1o the initially low RWST/
RCS differential head. It was assumed that the
RWST/RCS flows cou'd be throttled and that
spill-out paths were available for Davis-Besse
and Catawba. In practice, these assumptions may
not be realistic and core cooling times may be sig-
nificantly shorter,

An additional survey was made 1o see if accu-
mulator/flood tank systems could be « 2d as an
alternate way of passively injecting liquid into the
RCS during a loss-of-RHR scenario. The use of
this system is problematic for long term cooling
because of the limited water volume and difficul-
ties in properly throttling the injection flow rate.

A-2. VENTING ANALYSIS

A-2.1 Introduction

This section presents a simplified approach to
evaluating RCS venting capabilities following a
loss of RHR event. Venting capi. ilities play a key
role in any analysis to quantify RWST gravity
drain potential (see Section A-1) as weli as lim-
iting potentially damaging RCS pressure excur-
sions. In the event that no RCS drain path is
available to mainiain core subcooling, vented

NUREG/CR-5855
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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
analysis was applied.*> Survey methods u<ed to
identify possible vent paths are similar to those
used to identify gravity drain paths in Section
A~1. In some situations, depending on the vari-
ability of the RCS inventory, a vent path has the
dual potential of functioning as a RC3 liguid
drain path. This section addresses the following
ISSULS:
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e  For a given system pressure and decay
power what venting configurations are ade-
quate 10 relieve boiloft?

o  Conversely, for a given venting configura
tion what envelope of steady-state pressures
and decay powers can the configuration
apernite in?

o  For scenarios where boiling has not
been initiated what RCS vent sizes are
needed 1o sustain gravity drain without RCS
pressurization?

The motivation for performing such vent analysis
includes

e  Developing a methodology (o evaluate
whether large vent paths open to contain-
ment during a loss-of-RHR cooling accident
are adequate to minimize KCS pressuriza-
tion and altow for RWST gravity draii.

e Developing a similar methodelogy to evalu-
ate what small vent paths are appropriate to
relieve core boilof! at pressures above the
RWST gravity head.

e  Obtaining estimates of RCS steady-state
j.essure levels while venting through vari-
ous RCS openings, using data from three
representative plants

¢  Obtaining rough estimates of steam genera-
tor steady-state pressure levels while vent-
ing through various openings, again for
three representative plants.

It should be noted that this analysis makes no
consideration of operational factors that might
prevent or make difficult or time-consuming the
implementation of venting arrangements consid-
ered. Such factors include the effects of radiolog-
ical releases during venting, current technical
specification requirements related to allowable
valve lincups. and human factor considerations.

Section A-2.2 discusses steam venting capabil-
ities for a range of vent sizes, Section A-2.3 dis-

Appendix A

cusses secondary side relieving capacities, and
Section A-2.4 containy conclusions relative to
the results in the preceding sections

A-2.2 Steady-State Primary
Venting Analysis

Heat removal through the steam generators or
condensation on internal surfaces is not consid-
ered. Both large and small RCS venting configu-
rations are included in this section. In general,
steam discharge from relatively large RCS vents
produces relatively small RCS pressure changes.
Hence, the RWST gravity drain is still a possible
mption for maintaining core cooling. Several sim-
plifying assumptions were made:

¢ Prior to reaching steady-state boiloff condi-
tons. it is assumed any noncondensables
inttially in the primary system have been
completely vented.

e It is assumed that the RCS 1s initiaily at mid-
loop configuration, with the upper head on
and the core liquid in a state of saturated
boiling,

o There is a continuous replacement of botled
off hiquid. It is assumed that either the
ECCS, charging system, or gravity drainage
from the RWST is available. For those situa-
tions where RWST/RCS gravity teed
appears feasible, estimates are given for the
amount of time before coolant s depleted.

¢ The containinen! pressure is maintained at
atmosphenc conditions,

A partial listing of possible vent paths for the
Catawba, Waterford, and Davis-Besse plants 1s
presented in Tables A-9 \hrough A-11. Some of
these mentioned vents are wntermediate in size
and could result in either choked or unchoked
flow. There is ulso the possibility of venting from
the RCS through ECCS lines to the auxiliary
building. Because of radiological concerns. these
path ways were not considered.

NUREG/CR-5855
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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 pressunzer 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 34 Can be manually opened to containment.

Ruptured Tygon hose 34 Depending on the location, this break
could vent either steam or liquid.

Pressurizer vent line | Can be manually opened to containment.

a. Waterford has no pressurizer PORVs.

b. Tygon hose connects from hot leg drain hine to the top of the pressurizer differential pressure tap.

A-23 NUREG/CR-5855
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Table A-12. Sumimary of vent paths for the Davis-Besse 2 by 4 Babeock& Wilcox plant,

Diameter
Vent type {in.) Comments
One pressurizer manway 16 Located near ton of pressurizer steam dome.
Four primary steam generator 16 One manway each at the inlet plenum and outlet
manways (1wo 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 removai of safety valves for maintenance

discharge lines can open a vent path to containment. The
removal of the valves is an infrequent
occurrence,

Vesse! upper head vent line 3 This line connects 1o 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 | Contain flow restriction orifices that limit flew
in a loca event. Can be opened to containment if
vital power is lost.

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

a. The long term use of the PORV requires that it vent to containment. which requires that either the quench tunk be
open 1o containment or the line down stream of the PORV be open contamment. Such alignments are off normal
configurations,

b. Tygon tubing connects from tae colg leg to the upper pressurizer differential pressure tap.

NUREG/CR-5855 A-24



Calculations were performed 1o determine vent
size ranges that are adequate 10 accommodate
core botloft without significant RCS pressuriza-
tion.® In this analysis, the steady-state Bernoulli
equation was used for unchoked flow conditions,
and the homogeneous equilibnum model (HEM)
wis used for choked conditions.'2'? Generally, if
choking occurs, the resultant RCS pressure is 1oo
high to allow significant RWST/RCS drainage;
RWST/RCS drainage will cease under most cir-
cumstances. The HEM critical pressure ratio is
approximately 0.58 for saturated steam flowing
into the contamment at 14.7 psia. Therefore, for
RCS pressures above about 25 psia the discharge
will be choked.

For unchoked flow the steam discharge rate is
given by

Mo = Agl281440(PpciP)'? (A6)

where

Agr =  the effective flow area (ft’)

¢ = density of steam (Ibm/ft?)

Pres =  primary system saturation pres-
sure upstream of the vent open-
ing (psia)

AP = Pges - Peon

Peon =  the containment pressure (psia)

and the effective flow area is given as
Ag = C4A
where

Ca =

equivalent discharge coefficient

e. The RCS pressurization is defined as significant
if the veat discharge chokes, RCS pressurization sig-
nificantly degrades gravity drain potential, or local-
ized RCS pressurization generates differential hot/
cold leg pressures that induce core level depression

A-25
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A =

¥ 2
geometnic vemt arca (1),

For choked flow the steam discharge rate is given
by

Moem = ‘4-:'!(".1\.'4,‘”#(\’ (A-T)
where
Genoke (PRes) = choked mass flux (ibm/
fti-s)

The mass flux function Gepere Pres) was gen-
erated using the HEM model. In the above for-
mula, Cy is a lumped parameter that is a function
of a number of different variables including'+'5

e Geometry ¥ -« ses and frictional losses
that incluu. =xpansion and contraction
losses

o Compressibility ettects, which are a fung-
ton of vent geometry, specific heat ratios,
and the ratio of down stream and upstream
pressures

. Whether or not the flow is choked or
unchoked.

In a conservative analysis, Cy would be esti-
mated to produce the worst case (i.c. the lowest
flow) and therefore the smailest possible dis-
charge coefficient.

For steady-state venting conditions, the core
boiloff rate m,,,, . 15 equated 10 M g4 S0

M hosiof Moeam = QUO/ B (Pres) (A-B)
where
Alt) = core decay power (Btu/s)

latent heat of vaporization
(Btu/lbm),

hig(Pres) =

Given a specific venting configuration. the
steady -state RCS pressure that results from dis-
charging steam into containment can be readily
calculated as a function of decay time. If the flow
is found to be unchoked, the pressure is caiculated
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from combining Equations (A-6) an. (A-8),
giving

Pacs = Pow + 1Q/1y, )7 /28, "k’-“iﬂ
(A-9)

which must be solved iteratively for the primary
system pressure, since hyg and p are functions of
Pres. If Equation (A-9) produces a pressure and
the critical pressure ratio is 0.58, or lower
(Peon/Pres = 0.58), Equations (A-7) and (A-8)
are used, ana the pressure 1s found from
Gonstke Pres) = QUD/(Aghe) (A-10)
This indicates the pressure needed to produce a
mass flux equal to the boiloff te divided by the
effective area.

Using the above methodology, tables were
generated using steady-state RCS pressures for
various venting configurations and times after
reactor shutdown for the Catawba, Waterford,
and Davis-Besse plants, respectively,

Tables A-13, A-14, and A-15 show estumated
steady-state pressures for a number of both small
and large vent configurations for these plants.
The decay times correspond to the times used in
Appendix B. In general, su Il vent paths using
the pressurizer PORVs, code safeties, or HPVVs
are not viable for RWST/RCS gravity drain. Even
some large vent paths (such as in Waterford) are
not adequate because the mnitial RWST/RCS dif-
ferential pressure head is 100 low.

The tabies also show gravity drain times for
those venting configurations that do not “over-
pressurize” the RCS. These times were calculated
assuming the drainage commences at 4- hours
after reactor shutdown, the steanming rate remains
at the 4% hour level, and the drain rate exactly
matches the sterming rate until the differential
head between the RWST and RCS is lost. It
should be emphasized that these estimated drain
times are theoretical limuis, with no consideration
given to how the drainage procedure could be
'mplemented, controlled or monitored.

NUREG/CR~5855

R il o T il S e ¢ i

e e e Wr—

The venting results shown in Tables A<13
through A-16 indicate that open steam generator
manwiuys are the most desirable vents because

ey cause very hitle RCS pressunization and

allow maximum use of RWST water. Indeed, for
the Waterford plant, these are the only viabie
vents for a feed and steam procedure. For
Catawba and Davis-Besse, the pressurizer man-
ways are also viable feed-and steam vents,
although their use results in a reduction in drain
time. None of the smaller vent paths could be
used in connection with feeding from the RWST
because the elevated RCS pressure precludes
gravity drainage into the RCS

As indicated earlier, these results are based on
assuming steady-state conditions. Prior to reach-
ing a quasi-steady feed-and-steam condition,
noncondensables in the RCS must be vented after
boiling in the core begins. Because of the differ-
ence in density between air (or nitrogen) and
sieam, the pressure drop through a vent path dif-
fers for the two gases at a given volumetnc flow
rate. Since air is about twice as dense as stean for
the same volumetric flow rate, the pressure drop
for air is larger relative to the steam pressure
drop. This will lead to a transient RCS pressure
behavior during the period when noncondens-
ables are being purged. This may temporarily
cause the RCS pressure to rise above the values
shown in Tables A-13 through A-16,

A-2.3 Secondary Side Venting
Analysis

The steady-state methods for calculating
relieving capacities are also applicable 10 second-
ary side systems. Numerical examples using
representative plant data from the previous
section are presented in this section. This 1s of
relevance to conditions where one or more steam
generators are functioning as heat sinks following
a loss of RHR, As described in Appendix B. with
a closed RCS, the primary pressure at steady-state
is directly dependent on the secondary side satu-
ration state.
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Table A-13. Estimated RCS venting conditions after 4 loss of RHR for Catawba *

Gravily drain

time
Venting configuration Hours after shutdown (h)®
4% 83 167
Corresponding RCS steady-state pressure
(psia)*

One SG manway opened 149 148 148 62.7
Four SG manways opened 14.7 147 14.7 63.6
Three code safety lines open to 238 219 202 206
comainment
Pressurizer manway through surge 18.6 17.7 169 49.0
line open
Three PORVs open 753.1 623.0 507.6 None
Three PORVSs, upper head vent and 4897 410.6 4372 None
pressurizer vent (assume orifices are
removed) opened

A A: 48 hours the saturated steaming rate is 13.2 \bm/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.

¢. All RCS steady-state pressures based on the assumption that tnere is no primary/secondary side heat sink, and that
containment pressure remains at atmosphernic conditions.

A-27 NUREG/CR-5855
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Table A-15. Estimated RCS venting conditions after & lass of RHR for Davis-Besse

Appendix A

Ciravaty drain

time
Venting “onfiguration Hours after shutdown (h)®
4% %3 167
Corresponding RCS steady-state pressure
(psta)

One upper steam generat f manway 16.7 192 158 877
opened
Four upper steam generator manways — 15.2 15.1 150 97.0
opened
One pressurizer manway through surge 217 20.2 18.9 58.7
line open
One PORV open 4164 1501 2882 None
One PORY, high point vent valve (2) 3038 256.4 2120 None

(assume orifices are removed) opened

b —————-

a. AL 48 hours the saturated steaming rate is 108 thm/s and initi u grayty drain RCS shut off head is A5.5 puia.

b. Drain times calculatad by conservatively assuming maximum steam flow a1 48 hours with maximuin hack pressure

at 4K hours.

¢. AllRCS steady-state pressures based on the assumption that there is no primary/secondary side heat sink, and that
CONt@nment pressure ins al aum, conditions.

NUREG/CR-5855

T ———






Appendix A
Table A-17. Summary of secondary steam discharge paths for Wat. ‘ord.
Size diumeter
Vent description (in.) Comments
Al least one vent line per steam 2 It is assumed this line can be opened to
generator ‘ containment of atmosphere if vital
power is lost,
Six main steam safety valves per line 3.5 Cannot be easily opened manually.
with vanable settings
Atmosphernic vent valves—one per line 00 Cannot be easily opened on loss of vital
power,
SG secondury manways 16 Two per steam generator,

i This is an effective diameter based on 8 HEM choked fiow relieving capacity of 1,307,000 1hm/Mh ac i pressure of
1,088 psia.

b This is o effective diameter based on a HEM choked flow relieving capacity of 375,000 Ibm/h at a pressure of
1,068 psia.

Table A-18. Summa.y of secondary steam discharge (-iths for Davis-Besse.

Size diameter
Vent description {in.) Comments
At least one vent line per steam 1S It is assumed this line can be opened to
generator containment or atmosphere if vital power
1s lost.
Power operated atmosphenic vent valves i Can be manually opened if vital power is
one per SG lost.
Nine spring loaded sefeties per steam 4.5b Cannot be easily opened manually.
generator with variable settings
Secondary SG manway 16

& This is an effective diameter based on a PORY HEM choked flow relieving capacity of 459,000 bm/h of full flow at
apressu, 1,040 psia,

b. This is an effective diameter based on a PORV HEM choked flow relieving capacity 845,760 Ibm/h at a pressure of
1,118 psia.

A-3] NUREG/CR--5855



B Tabie A-20




Appendix A

Table A-21. Estimated steady-state SG venting pressares after a loss-of RHK event for Davis-Besse.

Venting configuration

Hours after shutdown

One SG with one opened manway

Two 5Gs with each with one opened manway

One SG with one opened code safety

Two SGs each with one opened code safety

One SG with an opened atmospheric dump valve (ADV)
Twa SGs each with an opened ADV

One SG with one opened vent line

Two SGs each with one opened vent line

A Dump valve will open at a set point at 1,040 psia

4% K3 167

Corresponding SG steady-«tate pres re

(psia)

15.0 149 14.%
14.8 14.7 147
SK4 3.6 432
20.6 193 182
1148 K3 K27
10.7 1.3 4%
10400 1 0400 9%4.0
6120 1.3 4182

work. Plant specific hardware modifications may
be required to make a tie-in with the fire protec-
ton system.

A-2.4 Conclusions

A simplified analysis has been performed to
evaluate the potential for feed-and-steam decay
heat removal of the RCS, and to evaluate steam
generator secondary side venting when ong of
more steam generators can be used as heat sinks.

Conclusions from this study are as follows: .

¢ Analysis of the three plant types shows the
wide variability in the potentiai for feed-
and-steam decay heat removal, Assuming a
loss of RHR two days after shutdown under

A-33
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ideal conditions, the theoretcal time period
during which feed-and-steam could take
place ranges from 15 hours 1or Waterford to
97 hours for Davis-Besse.

Primary feed-and-steam decay heat removal
is generally only po.sible when one or inore
manways are used as vent paths. Smaller
venls cause system pressurization sufficient
to preclude RWST/RCS gravity drainage.

With respect to venting of the steam genera-
tor secondary side, maintaining a pressure
close 1o that of containment requires tha!
either a secondary manway is open or all
steam generators are functioning with at
least one code safety open in each.
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A-3. ENVIRONMENTAL HEAT LOSS FOLLOWING LCSS OF HHR

A-3.1 introduction

A-3.2 RCS Hea! Lossina
Closed Partially Filled
Configuration




ambient loss rates Figure A6 shows a schematic
view of a Westinghoose reactor and surrounding
contamment structure.

The outer boundary of the reactor vessel was
approximated as a vertical cylindncal surface and
the loap piping as horizontal cyhndrical surfaces
that are exposed 10 free convestion air cooling.
For turbulent convection the heat transter correla-
tion is!?30

Nu = 0. 18P (A-11)
where

Nu = average surface value of the Nus-
selt Number

Pr = Prandtl number
h = Grashof number.

Figure A-7 is a plot of the estimatea convection
heat loss rates as a tunction of surface tempera:
ture for the temperature range 200-300°F, In the
analysis, the vessel and piping bare metal surface
arcas were 2,050 fi? and 3,500 ft2, respectively.
From these results, it is clear that the convective
heat losses are a small fraction of the minimum
decay power.

The bare metal approximation was also used to
obtain an order of magnitude value for radiative
environmental heat los: 25, The sume set of

assumptions were made in doing the radiative
energy loss approximaaon.

The radiant heat loss rate 15 estimated as
follows'¥31:

O = Ade(T? - T (A-12)
where
A = the RCS surface area (f1?)

d = Stefan-Beltzmann constant 0.1714
x 10 Bru/(h-n2-R4)

¢ = isthe emissivity of the surtace

Appendix A

T, = the RUS exterion piping st jace
temperature (R
T. = the contamment temperature (R),

‘

For mila steel, € is about 0.3, The calculated

radiative Joss for an assumed contamment lem-

perature of 100°F is also shown m Figure A-7.
The radiative toss rates are agmn significantly
less thun the expected minimum decay power.

A-3.3 RCS Environmental Heat
Loss In an Open
Configuration

It1s of some interest 1o estimate the rate of neat
transferred 1o the contanment from an uncovered
core. The assumption is made that the upper head
and internals have been removed for refueling,
and that th= core has boiled dry following a loss-
of RHR event. Linder this circumstance, both
convection and radiation would be expected to
transfer some decay heat to the containment.

In this simplified analysis, several assumptions
are made.

¢ There are no other openings between the
RCS and containment.

¢ The loops are blocked by nozzle dams so
that air trapped in the loop regions is
stagnant.

¢ Vital power is not available.

e The containment is maintained at a constant
temperature of 100°F,

«  The presence of vapor in the containment
atmosphere is neglected in the free convee-
tion and radiant heat transfer calculations.

o  Fuel damage effects are not considered
during the process that resulted in core
UNCovery.

o The cross-sectional top of the vessel upper
head mating surface is assumed 1o act like a
horizomal radiating and convecting heater
plate.

NUREG/CR-5855
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Figure A-6. Containment elevation view of a Westinghouse PWR.”
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Figare A-7. Ambient convection and radiation losses.

o Fuel axial and radial temperature gradients
are not considered. For convenience, i 18
assumed that the fuel clad and surrounding
air temperatures are uniform,

The cross-sectional area at the core upper ple-
num/upper head interface is approximately
190 {12, This is used as the characteristic heat
transfer ares in the radiant and convective esti-
mates. The surface tlemperature 15 set equal 1o the
outer clad fuel temperatures at the top of the core,
The free convection correlation for a horizontal
flat surface is'%2!

Nu = 0.54PrGr)'* (A-13)

Using Equation (A-13) with air property data,
Figure A-8 was generated. This figure presents
the estimated unper core/coptainment convective

heat loss rate as a function of temperature for the
range 200-2200°F As was the casc with external

i.  The upper limit of 2 200°F corresponds to the

peak clad temperature used in most standard safety

LOCA analysis. Above 2 200°F significant fuel dam-
3191

age beging ==+

RCS convection in a closed configuration, the
ahove loss rates are well below the minimura
decay power. Convective losses may be signifi-
cantly enhanced if convective celis from the
upper vessel regions penetrate deep into the fuel
rod assembly regions. The analysis of such inter-
nal flow fields and corresponding heat transfer
characteristics analysis is outside the scope of this
appendix.

The corresponding radiant heat loss rates were
estimated using Equation (A-12). Only radiation
transport from the top of the core surface was
considered. Transport losses in other wirections
are not significant because »f intemal radiative
refle~tions off internal vessel metal stuctures. A
more accurate calculation requires the use of
actual ermissivities and view factors for structures
in containment and the upper region of the vessel
Figure A-9 shows the radiant heat losses as a
function of the upper core surface temperature.
The radiative losses were significantly larger than
the corresponding convective losses. At 2,200°F
the radiant losses were large but still below the
minimum decay power level as discussed in

NUREG/CR-5855
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Figure A-9. Upper core radiant losses.
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Section A-3. 1. Relative to the upper core temper-
atures, the lower regions of the core are much hot-

ter. If the top of the cote reacnes 2,200°F, lower

core regions would be much hotter 1t is clear that

J. Clearly, for lurge encgh fuel clad temperatures,
containment radiant heat losses become significant.
However, such iarge losses develop at temperatures
where unacceplable collateral damage to the fuel and
containment structures are haghly probable.

A-39

Appendix A

radianmt heat losses could not xeep core fempera:
tuies below safe himits,

A-3.4 Conclusions

- A simpl'  J analysis has shown that for
acceptable tuel temperatures, environmental heat
losses 1o containment are a fraction of representa-
tive shutdown decay powers.
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Analysis of Plant Equilibrium States in
Loss-of-RHR Incidents
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Appendin B

SUMMARY

This appendix investigaies the thermal-hy.draulic response of a ruclear steam
supply system with a closed reactor coolan system (RCS} to loss of residual heat
removal cooling capability. The specific processes investigated include boiling of
the coclant 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 procosses, and void fraction distributions
on the primaiy 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
impotiant 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 dums installed, and the behavior of noncon-
densables in the pressurizer are the most important factors relative to RCS pressure
increase. The decay heat level and number of active steam generators (as long as
nozzle dams are not installed in others) Yas only a second-order eftect. In addition,
the analysis shows that pure reflux condensation in the steam generatcrs provides
the lower limit on the pressure increase. That is, the other possible heat transfer
regimes are expected o 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 PK L facilities. The mod-
els predict the data with reasonable accuracy.

B-5 NUREG/CR-5855
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Appendix B

Analysis of Plant Equilibrium States in
Loss-of-RHR Incidents

B-1. STATEMENT OF PROBLEM
B-1.1 Introduction

A study conducted at the 1daho National Engineering Laboratory (INEL) for the US. Nuclear Regulatory
Commission (NRC identified vari _ natural circulation cooling mades that might be used in the removal
of decay heat following loss of residual heat removal (RHR) duning maimtenance or refueling shutdown of
U8 pressurized water reaclors (PWRs).! The study also identified the important thermal-hydraulic
phenomena thit 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 sy stem (RCS) filled with nitrogen ot air. Of particular cond m was the RCS pressure reached
in establishing stable refluxing. If this pressure approgsched approximately SO psig, it might be sufficient to
cause failure of temporary closures, such as nozile dams, and pressures as low as about 25 psig could
threaten thimble tube seals.

A review of the various integral system thermal-hydraulic codes such as RELAPS and 1 RAC-PF]
suggesied that there are significant uncertainties with respect to treating the noncondensable phase. These
uncertainties cast doubt on the codes’ current ability to adequitely moedel 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 (o and during reflux 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 physical
processes ocourring in the vessel, coolant system, and steam generators, Each assumption is discussed in the
following two sections.

Section B-2 presenis the model developed for all the dominant phenomena that would be expected to
ocourt for @ loss-0f-RHR event in a closed system with reflux condensation cooling. The model is ussessed
against theoretical and experimental work related to natural circulation with nonzon Jensable gases in
Section B-3. Section B-4 discusses the results obtained using the model and Section B-5 shows the
sensitivity of model calculations to changes in key parameters. The final section, B-6, discusses the
conclusions that can be drawn from the analysis and what further work might be necessary to improve our
understanding of the system responses 1o the assumed scenario.

B-1.2 Loss-of-RHR Scenario

The operating condition and configuration of the system assumed at the time of loss of RHR is mid-loop
operation with all RCS openings secured (i.¢., primary coolant system is closed from the containment). One
or more of the steam generators is in wel layup. and nozzle dams may or may not be in place in one, but not
all loops. Air or nitrogen fills all reactor coolant system internal space above the coolant level, Such a
configuration can exist shortly after shutdown hefore refueling aperations begin (within two or more days),
or after refueling has been completed and preparations are underway 1o start up

B-7 NUREG/CR-5K855
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B-1.3 Physical Phenomena

MODEL DEVELOPMENT

B-2

B-2.1 Piston Model
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Section B-1, In this section, the models and associated assumptions used o caloulate the conditions of the
primary system are presented.

The principal assumption of the so-called Piston Model i that the noncondensable gas from alimost every
section of the RCS is transported into a noncondensing section (a “passive” region) of the steam generators)
by the bailing of water in the core, This movement, or transport, of the noncondensable gas into & reduced
volume by the steam is similar to the effect of a piston compressing a gas in a cylinder. Galy two hasic
principles, with o few simple assumptions, are needed o 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

¢ The noncondensable gas originally occupying the upper plenum, upper head, and the hot legs 1s com-
pressed by the steam into the steam generator tubes and cold legs.*

o An active steam generator is defined as one in o wet-layup condition without nozzle dams installed.
allowing it 10 be a heat sink for the loss-of-RHR analysis. An inactive steamn generator is one with the
secondary side dry (filled with air or nitrogen) with or without installed nozzle dams,

o Noncondensable gas is compressed into any inactive steam generator without nozzle dams. The vol-
ume that the noncondensable gas occupies in the inactive steam generator(s) is the same as the volume
the noncondensable gas occupies in the active sieam generator(s). Therefore, the total amount of non-
condensable gus 1o be compressed is equally split between the active and inactive steam generators.

*  The tlemperature of the steam abov= the core, in the hot legs, and entering the steam generator equals
the saturation temperature corresponding 10 the primary pressure.

e Condensation of the vapor entering the steam generator tubes begins at the top of the tube sheet and
extends a distance through the tbe bundle referred to as the condensing length.

e Inthe noncondensing region of the steam generator, steam and roncondensable gas are mi xed together
and have the same temperature as the = :condary side of the steam generator.

o The steam generator tubes all behave idenucally.

o Forcondensation on 1 prmary side of the steam generator tubes, a modified Nusselt-based thin film
condensation model, a two-phase annular condensation correlation, or a two-phase nonannular con-
densation correlation may be applied.

o The heat transfer across the tube walls and at the outside surface of the tubes is calculated using a sim-
ple conduction calculation a ' .atural convection correlations (boiling and non-boiling conditions),
respectively.

o Nocredit is taken for heat transferred 1o the structure of the reactor coolant system.

The assumed behavior of the pressurizer during the pressurization of the RCS has a significant effect on
the calculated end state. Three different cases were examined:

¢ Gas partitioning: The noncondensable gas onginally 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 behavior of the pressurizer is treated is a variable and i< subsequently discussed.
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Appendix B

where

Cprs = liquid specific heat at constant pressure at saturation

G,, = mass flux in the steam generator tubes

Mg, =  viscosity of saturated vapor

Ap = cross-sectional flow area for all the active steam generator tubes.
For turbulent flow of the vapor alone, the heat transfer cocfficient is

ki@ C e ey

&p = 0.(!)2('—-”—,‘—~) a(m:) (B-18)

The total energy transfer between the primary fluid and the inner wall surface is obtained by puiting the
appropriate 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 rransfer.
The heat transfer coefficient for single-phase natural convection is obtained from a correlation base. - heal
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 correlations 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 natursl convection adjavent to vertical plates and cylingers, the heat transfer coefficient is obtained
from the Nusselt number given by®

Ni = 0.021GrPr)"¥ (B-19)
where
Gr = Grashoi number

Pr =  Prandl number.

The average Nusselt number over the condensing length is

u = Ei.l-ﬁ- (B-20)

where
ky =  thermal conductivity of subcooled liuid.

The product of the Grasho: and Prandtl numbers i

cBRATL}
8 ’fA——— (B-21)
vk,

GrPr =
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Appendix B

For the pressure range of interest i anatyses of the loss-of - RHR incidents (0.1 10 0.4 MPa), these
correlations give a drift velocity of about 0.2 mys (0.6 ft/s).

The distribution coefficient, C,,, is given as a function of pressure by?
Co = 1.2 = 0. 2pu/0)"" (B-38)

which gives a value of about 1.2 for the conditions of the loss-of-RHR incident. With Vg, from
Equation (B-36) or {B-37), and C,, from Equation (B-3%}, the average voud fraction of Equation (B-34) can
be evaluated.

The voids generated in the core move upward by buoyancy into the core outlet and upper plonum. The
void fraction in these regions can be evaluated by use of Equation /B-30) above with appropriate values of
Vy and C,

) o

Vioid correlations give a wiae range of voud distributions i the core and the regions above the core. In
m . .es, a parhcular correlation combined with the mitial bquid level and decay power will predict that
the “.smure will rise into the steam generator tubes and in some cases even go over the U-bend in U-tube
steam generators. Some experimental confirmation ot this possibility has been provided by expeniments in
the PKL system.?” These tests, however, were conducted at power levels that are greater than those expected
for loss-of-RHR incidents. This aspect of the response of PWR systems to loss of-RHR incidents requires
additional investigation,

If the froth level does enter the U-tubes, then a nonannular two-phase heat transfer coefficient maust be
calculated. From Reference 7, the following equation is used to determine the heat cansfer coefficient
during this situation:
by = hyy + hy(! = 9 (B-39)

where hyg is determined from cither Equatien (B-17) or (B-18), hyg is calculated using the Dittus-Boelter
correlation for forced convection inside tubes

k
he = 0.023 =L Re*pr (B-40)

and ¥ is calculated from the relationship

L4
y = —H— ~ (B-41)

SN -5

where
age = voud fractiop of the upper plenum
S = liquid film thickness.

Correlations have been presented to determine the void fraction in the core and voper plenum and the
effect on the primary heat uansfer coefficient f a two-phase “froth” enters the steam generator U-tubes.
Void fractions were calculated in the core region using the dnift flux correlations and the results are shown as
a function of decay poser level in Figure B-1.
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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
level in the steam generator U-tubes, a large uncertainty exists for the proper vaiues of Cy and Vg to be used
in Equation (B-33). Because of this uncertainty, it is important that a sensitivity study examines the effect of
the primary heat transfer coefficient on RCS nressure. This study was perforined aid the results are reported
in Section B-4.1.

B-2.4 Flooding of the Steam G nerator U-Tubes

If the core decay heat power level is sufficiently high and only one steam generator is available for heat
removal, the potential for flooding 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.

To evaluate the conditions under whi~h flooding would occur, the Wallis correlation® was applied. The
Wallis correlation is given by

. [
\/j: + myjyy = C (B-42)
where
jo = nondimensional superficial vapor velocity
5 JyvOy (B-43)

-
/ gDsglos — €y
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where

Q. !

R e Wt (B-44)
b ()th[rAMiNm!
where
Agg = Cross sectional flow area per steam generator 1Ube
Ji = nondimensional superficial liquid velocity

- ks (B-45)

"y'gDL‘i(;‘c'I i ()')
where

g, = density of liquid.
For tarbulent flow, m = 1, and for steam generator U-tubes, C = 08.°

Equations (B-42) through (B-45) can be used to detarmine j,' VETSIS @ reactu: '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 ralue of j; versus reactor power.
Therefore, the point where these two curves intersect is the maximum reactor power possible without
exceeding a countercurrent linitation in the steam generator U-tubes. E» periments have also shown that
CCFL occurs whea j} is greater than 0.5.10.1112.1314.13 Figure B-2 shov:s this tzchnique as applied to the
H. B. Robinsca Fiant. For CCFL not to be a problem or area of concem v/ith H. B Robinson. the decay heat
levels must be below 11 MW (shutdown for greater than 27 hours). *vote that this point also hes a Jy value
just below 0.5,

B-2.5 Thermodynamic and Transpert Properties

The model equat: ns for the physical processes discussed in this appendix require thermodynamic
equation-of-state properties and transport propertics for water. Properties are needed for subcooled liquid,
saturated liquid, and vapor states. For analysis of loss-of-RHR incidents, the properties are needed over a
limited range of pressure.

High accuracy, high-order polynomials were fitted to tabulaed thermodynamic and transport properties
of water'® over the ranges of pressure and temperature required for the analyses. The resulting polynomials,
while accurate over the range of data from which they were obtained, cannot be extrapolated beyond the
range of fitted data. For analyses of los,-of-RHR 'ncidents in actual power ploats, 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 presstre and
temperature, Additional polynomials were fitted for the pressure and temperature range of the Semiscale
experiments.
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Figure B-2. Wallis flooding correlation for H. B. Robinson with one steam generator available as a heat
sink { ; from mass balarce is calculated assuming all steam is condensed and flows dovnward as hiquid).

B-2.6 Ccde Package Description

The appropriate equations from the previous sections v ere written into a FORTRANT7 computer
program (o 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 nerforming a specific task.
Table B-1 list: shem by name with a description of each subroutine’s computational task. Code cor-ailing,
debugging, and running are performed on a Macintosh llci using Absoft’s MacFortran/020™ software
package in conjunction with the file editor QUED/M™ by Paragon Concepts.

A computational flow 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 (RHRin, Build. Read! and Read2). A good
portion of the code is involved with the caiculation of the equation constants, property values, size of the
level swell, and in determining spacial volume sizes (DecHt, SubEOS, SstEOS. GasEOS, IntVol, HBRVol,
OgoVol, Const, ConstQ, Void, Root, and SysPro). Each flow chart block inside the iteration loop represents
a single su™routr (from top to bottom: WaiTem, WalThC, Hsys, Solver, Intout) and al! are called from the
HTC subroutine.

Two different methods exist to input the data needed for the calculations. reading two files or interacting
on the terminal. The two input files are a control mput file and a plant data file, An example of the control
input file is given in Figure B-4 with appropriate ¢ ymments on each input variable listed below the actual
input data lines. The plant data files for H. B. Robinson ar4 Oconee are given in Figures B-5 and B-6.
resprotively.
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1 Start

[lrzltiauzo arrays and constants

v

Read input seck

3

Calculate constants, ievel swell,

physical properties, and volumes

i=i+1

s
Calculate temperatures ac.0ss
steam generator tube wall

Y

Calculate steam generator tub
wall thermal conductivity

v

Calculate primary and secondary
heat transfer coefficients

1

Run Newton-Raphson solver
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l-l-"rint intermediate results

No

Converge

or i>»limit?

Print fi. ai results

Figure B-3. Computational flow chart for the Piston Maodel code package
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(, aee Data (Section name, volume (m’ 3), ana ref. height (m))
2568.

Steady-State 100% Power
Number of RCS Loops
Lower Plenum

Core Region

Core Out Region

Upper Plenum (Lower)
Upper Plenum (Middle)
Upper Plenum (Upper)
Upper Head Region

Haot Outlet Pipe

SG Iniet Plenum

Inlet Tube Sheet

Hot Straight Section

L' Bend Region

Cold Straight Section
Outlet Tube Sheet

SG Outlet Plenum

RCP Suction Leg Pipe
Reacter Coolant Pump
RCP Discharge/Cold Leg
Downcomer (Lower)
Downcomer (Low Middle)
Downcomer (Middle)
Downgcom:r (Up Middlie)
Downcomer (Upper)
Pressurizer

Prer Surge Line

SG Secondary Side
Steam Generator Data
U-~Tubes in the SG
U-Tuhe Inner Diameter
J-Tube Wall Thickness
Total SG Flow Area

Hot Leg Pipe Diameter
Leop Ceal Volume

Core Flow Area

Figure B-6. Plant data file for Oconee,

s

-

0. 1623E+02
09700401
0.3705E+01
0.3463E+01
(L90S0E+01
0.4907E401
.1 3s0E+02
0.1501E+02
0.6733E+01
0. 1310E+01
0.1939E+02
0.00D0E+00
0.1939E+02
0.1489E+01
07171E+(1
0.8998E+01
0.3171E+0!
0.2- 67E+01
(L1702E+02
0.2206E+01
0.6270E+00
0.2095E+01
0.3658E+01
0.4306E+02
0.5970E+(0)
09704402

15531

0 1408E-0]
(. B640E-03
.2442E401
0.9144E+00
0.4998E+0|
0.4434E+01
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0.2305E +01

0.3658E4+01

(.6320F +00
(. 3493E+00
(.9144E +00
0.4967E+00
0.1748E+0 |

0.1127E+02
0. 1192E+01

0.6830E+00
(.7942E+01

0.0000E 400
0.7942E+("

0.6100E+00
0.1066E+0 1
0.9897E+01
0.1321E+C1
0.1036E 01
G487 1E+0]
Q.6314E+00
0.3036E+00
4. 1006E+01
(" 'S3E+OL
0 SE+02
07 _BE+0]
£ iI5R9E+02
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¥ ree types of output files are producea by the code. Oz 1s an output file with values of the major vari-
abies only, such as saturation temperature and pressure. A second type 1s a diagnostic file that virtually prints
all variables that are calculated or used in each subroutine to aid in any type of code or nin debugping. The
last cutput file is one comaining variable values produced in the iteration ioop to evaluate the performance
of the Newton-Raphson numerical method. This output file can be transferred easily to a Macintosh graph-
ics package such as CricketGraph o KaleidaGraph for plotting.

B-3. MODEL ASSESSMENT
B-3.1 Theoretical and Experimental Support for the Piston Model

In the carly 1980’ the etfects of smail break loss-of-coolam accidents (LOCA«) were the center of nuch
attention in the nuclear industry. As part of the overall study of small break LOCAs, the fimits of natural
circelation heat removal were investigated: this included the reflux condensation mode. Several full-scale
and individusl component experiments were performed to characterioe the reflux condensation heat transfer
maxde and to venty those thermal-hydraulic codes then in use by the industry. Appropnate experimendial test
data were obtamned 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 |- the crucial assumption in the
Piston Model presented in this appendix. Reference 17 gives experimental results showing where tne
noncondenisable gases go once they enter the steam generator tubes, and an analytical calculation 1o
compare with these experimental results. It was determined, for the case when only steam enters the steam
generator titbes, that thiee 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” zone. The active zone contains only condensing
water vapor at the temperature corresponding to the primary side soturation prassure. The passive zone
contains a mixture of water vapor and noncondensable gases with no condensation occurring and a
temperature equal 1o the secondary side temperature. The expenment also showed that the mixture of the
steam-noncor. Jensable gas in this passive zone is given by Dalton’s Law so that the secondary temperature
determines toe partial pressure of the water vapor in the passive zone,

Reference 18, in part, exam.aed the effect of noncondensable gases on the condensing length in an
inverted U-tube. The Nusselt filmwise condensation theory and an energy balance across the U-tube was
used to predict the condensing length. This analvtical length was compared 1o experimentally measured
condensing lengths. Their results showed the Nusselt theory to overpredict the true condensing lengih with
the deviation becoming zreater for higher steam flows. That is, a smaller length was measur :d than the
condensing length determined using Nussclt's film condensation theory. The difference was attributed 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
locally 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 experimerts only examined the effects occurning in the steam generator's tiubes. The code
developed to evaluate the etiects of loss of RHR must be applied to a complete RCS system. Thus, 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 thermosyphou experiments
were examined and discarded because of a lack of information needed to accurately model or evaluate
results with the Piston Model. Two scaled reactor system experiment - were identified to have all of the
necessary system information and experimental results. These are the Semiscale natural circulation
experiment NC-6'" and the PKL I1iB 4.5 test results for a [oss-of-RHR eveit under reduced invenrory
conditions 2"
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B-3.2 Semiscale Natural Circulation Test NC-6

A senes of natura, circulation expenments was conducted in the Semiscale Mod-2A test facility to help
verify codes thet analy ze the reactor system response o sinall break LOCASs. In one of thesc tests, NC-6_the
test [acihity was placed in a reflux condens: .« n mode vnder reduced coolant conditions, Then a series of
nitroge: gas injections inte the steam gener: o nlet plenum was perfonned to determine its effect on the
condensation rhenomena, This test was conducted atan op.rating system pressure of approximately
900 psia und at a decay heat level expected after a reactor scram. Reference 19 was used to provide an
analytical method as a simple verification of the experiment results.

The Prston Model (using the Nusselt laminar film model) was evaluated for the conditions present during
the NC-6 test run. ‘(he 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 result: 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 average heat transter coefficient, leading to a larger condensing length and greater
noncondensable compression,

B-3.3 PKL Experiment Simulating a Failuie-of-RHR Event Under
Mid-lcop Conditions

This experiment® closely approximates the reactor system conditions for a joss-of PHR event during
mid-loop operation. It was the only experiment found to specifically examine the system response during
the tow pressure, temperature, and power conditions existing when a plant is in cold shutdown with RHR
cooling lost. Thas, this experiment should seemingly provide a good assessment of the Piston Maodel,

The systen: condition was shut down, at 323 K (122°F) and atmospheric pressure, with the RCS water
level at mid-loop and nitrogen gas filung all RCS snace above the water level. One steam generator was in
wet-layup and the other three had their secondary sides drained but nu dams insialled. The reactor decay
heat level was set to a value corresponding o 1% (0.25 MW) of full power and later lowered to 0.7%
(0.175 MW). This power level 1s about twice as high as one would realistically expect because of the
minimum of twe days needed after shutdown to place the system in mid-loop operation.

Ths relatively high power level resulted in a large froth level being generated in the core, spread down the
hot legs, und into the steam generator U-tubes. The resulting steam generation rute was high enough to be
atove a countercurrent flow limitation (Figure B-8), resulting in flooding of the steam generator U-tubes,
The experimental results <howed that a wat.r slug formed on top of the condensing length. Jhe water slug
was at the temperature of the secondary side and remained for the duratioi. of the experiment, even after the
power was reduced o 0.7% (0,175 MW),

Table B-2. Semiscale analysis and espenmental resul(s.

Mass of Ny injected Predicted pressure Experimental pressure Srror
) (MPa) (MPs) (%)
0.05614 6.410 6.1 5.08
(19454 6.920 6.5 6.46
0.32641 7415 7.1 4.44
0.41389 1.745 (7 ().5§_
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RCS pressure (MPa)

Figitre B-7.

Non-dimensional superficial velocity

Figure B-8.
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B-4. PLANT CALCULATIONS




Table B-3

"4 B-4.1 Variations in Key Parameters

Tabie B-4
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From Equation (B-4). the steam genarator secondary side plays an important part in the RCS prossure
Basically, one would expect the RCS pressure to change in the same manner as a chiange 11 the secondary
side temperature. Once boiling occurs on the secondary side, the saturation condition: that exist there will
depend very heavily on ad>quately reheving steam from the secondary to the atmosphere. This capability 1o
dump steam is determined by the size of the turbine bypass valve, the size of the secondary side relicl valves.
and the ability of these valves 1o be opened by the plant operators at the time RHR s lost 3ecause of the
uncertainty in all three of these factors, one cannot complete.y be ensured that a steam dumping capacity
will exist “or all plant conditions 1o keep the secondary side at atmospheric prossure. For these reasons., three
secondary side pressares (1, 2, and 3 atm) were selected 1o 10w the trend in RCS pressure versus a change
in secondary side saturat:on conditions.

The mass of noncondensable gas is also in Equation (B-4). This value changes when the iitial coolant
level in the RCS varies. Bes'des the mid-loop operation level (30% of the hot leg occupiea by coolani), three
other coolant levels are selected 1o determine the rend of RCS pressure as a funchon of the quantity of
noncondensable gas. The values selected are 75% of the hot leg with coolant, 25% of the hot leg with
coolant, and at the core outlet level [hoght ubove the core s 0774 m (2.54 10 for H. B. Robinson and
0.807 m (2.65 f1) for Oconee]. These three values have no special significance with respect to plent
operation, but do represent a range of valuss 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 waler
level swell in the reactor vesse! and whether or nat CCFL might occur in the steam generator U-tubes, 1f the
leve! swell does enter the steam generator tubes, then a two-phase nonannular flow regime exists and the
appropriate ina: ransfer coefficient must oe used. However, as discussed in Sections B-2.3 and B-3.3, the
heat transfer coefficient cannot be accurately determined when this condition exists. Thus, a single-phase
and a best estimate two-phase nonannular heat ranster coeflicient was used 10 analyze the response by
H. B. Robinson. It was shown in Section B-2.4 (U-tube floading) that after H. B. Robinson has been shut
down for more than «wo days. a CCFL condition cannot occur. even if caly one steam gencrator is available.
For the Oconee plant with two OTSGs, level swell and CCFL are not a concern Yecause there s a large
volume of the candy-cane hot legs and no countercurrent flow exis's (i.e., the steem flow and condensate
flow is in the same direction ). Therefore, the heat transfer coefficient was varied oiry for the H. B, Robinson

plant.

Lastly, the assumed interaction of the pressurizer with the RCS during the noncondensable compression
phase can have a significant impact. Three cases are examined involving different assumptions regarding
pressurizer gas content, two of which are bounding cases.

These conditions set the scope of the analysis performed to bouad the RCS pressure as a result o a
Joss-of-RHR event. The following two « - “fions present these results, the first for H. B. Robinson and the

second for Oconee

B-4.2 h. B. Rcbinson Pla.. Resuits

Table B-S lists the Piston Model calculations performed for H. B. Rabinson. Eacn condition 1s analyzed
for the four times after shutdown previously identified uniess otherwise noted.

The calculated resuits for RCS pressure are shown m Figures B-9 throueh B-12 and Table B-6. The first
figure shows the results for the three different steam generator availability cases (runs 1, 2, and 3).
Figure B-10 groups the results when the steam generator reliefs or bypass valves cannot reduce the
secondary side pressure to atmospheric pressure. Figure B-11 shows ihe effect of inrtial prir.ary water mass
inventory on RCS pressure. The last two figures for H. B. Robinsos show how extremes in the flow regimes
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Table B-6. H.B. Robinson pressurizer sensitivity cases.

RCS pressure
{psia)
One SG uvailable
Pressunzer case with 2 dam pairs 3 8Gs available
Gi  panition 459 K3
No gas exchange 604 434
Gas purge 9.4 52.6

from level swell could affect the RCS pressure (as exemplified in the PKL data). Finally, Tuble B-6 shows
the effect of differing assumptions regarding pressunzer hbehavior.

Figures B-9 through B-13 show how litile 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 over 30 days) Examining the physi-
cal processes occurring from the time core boiling begins (o 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 1o sweep the gas into the steam gonerator. In the case of H. B, Robinson, the vol-
ume of noncondensable gas must decrease by approximately 42% of its original volume This equates to 2
pressure change of about 25 psia, raising RCS pressare from 14.7 1o about 40 psia. The remaining rise in
RCS pressure is that needed 10 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 nozzle 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 gencrator cases, the amount
of noncondensable gas compression needed to introduce steam into the steam generators is virtually the
same. The small difference in final pressure results from the marginal difference in the condensing length
between the two cases needed 10 remove the decay heat from the primary system. In the case of two steam
generators with nozzle dars, the removal of the sleam generator snd cold leg velumes as & 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 refiects the increase.

Figure B-10 shows the effect of a sieam generator 's steam relief system that cannot maintain secondary
pressure al atmospheric pressure. The end result is 10 elevate the saturaied steam and gas temperature in the
passive section of the piimary 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 atmespheric pressure in the steam

generator.

Figure B-11 shows the change in H. 8. Robinson’s RCS pressure as & function of the imtial waier mass
inventory (directly related to coolant level). 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
inventorics are directly related becarse of the initial condinons that exist before the loss of RHR. Thus, a
change in the noncondensable ga', inventory gives an accompanying change in water inventory. Using
Equation (B-4), one can infer that an increase in noncondensable gas inventory (and therefore a decrease in
water mass inventory) means an increase i RCS pressure. This can be seen in Figure B-11.
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Figure B-13. RCS pressure as 2 function of the primary heat transfer coefficient for H. B. Robinson
48 hours after shutdown, one steam generator available, econdary pressure at atmospheric, and no installed
nozzle dams,

As shown iu Section B-3.3, the madel could only bound the RCS pressure {or PKL Experiment [11B 4.5
when froth (o7 a two-phase nonannular flow) enters the steam generutor tubes. To examine 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 | as a
reference. The void fraction variati~n 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 coefficient 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 1s assumed (¢ be 48 hours, with one available steam generator and no
nozzle dams.) Calculations were run for eight different values of the coefficient, ranging from 10,000 o
100 W/m?-K (1760 w 17.6 Btuwh-ft-°F), corresponding to reflux condensation and single-phase liquid
heat transfer, respectively. Only heat transfer coefficient values lower than 500 W/m?.K (8¢ Buh-fi’-°F)
huve a significant effect on pressurc. Above 500 W/m?-K, the change in condensing length is not great
enough to have a significant effect on the passive length conta.ning the noncondensable gas. Therefore, 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 pressunizer during the
noncordensable compression phase. The “base case” Piston Model assumes that the original mass of
noncondensahle in the pressunzer 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 origially in he reacior vesse! above the core, plas that in the hot legs

NUREG/CR-5855 B-3%
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hetween the vessel and the pressurizer sarge hine, 1s compressed into the steam generator and the pressurizer
This case assumes that only noncondensable gas enters the pressurizer until a steam/gas front passes the
surge line. The second case, called the “purge” case, has all of the onginal pressunzer noncondensable gas
empty into the hot leg and then be compressed into the steam generator. In this boundimng case, steam 15
assumed 1 replace all the nonconcensable 1n the pressunizer.

These three variations in the assumed movement of nuncondensable gas in the pressurizer
produce significantly different final RCS pressures. Table B-6 shows the calculated RCS pressures for
H. B. Robinsan for the three cases. including the effects of the number of steam generators available. The
differences 1n pressure ase as one might expect, with the lowest value occurning when the pressurizer
“ahsorbs™ some of the noncondensable from the vessel and hot tegs, and the lughest when the pressunzer is
emptied of all noncondensable gas (which must be compressed into the steam generator). The intermediate
pressure is produced by the “no gas exchange” case.

The cases that represent a scenario closest 1o reality might be arvuable. On the one hand, it seems likely
that some additional noncendensable gas would be compressed into the pressunzer (as in the gas partition
case ). On the other hand, since stearn entering the surge line 1s considerably lighter than the noncondensable
gas in the pressurizer, it 1s conceivable some gas might be expelled. The “no gas exchange” case is ther
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 veed, the number and type of
analyses necessary are fewer in number than v H B. Robinson. The runs performed for Oconee are shown
in Table B-7. The first seven runs are similar in nature to runs | through X for H. B. Robinson, with the
nozzle dam case omitied. The results are shown in Figures B-14, B-15, and B-16, and in Table B-X. Gconee
exhibits the same trends as H. B. Robirson (a slight drop in pressure with lower decay heat levels or having
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 curves of Figures B-9 and B-10 for H. B. Robinson
also ocour for the Ocanee 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 m their hot leg
volumes. The drop in RCS pressure as decay heat decreases is sull fairly small. However, there i1s & more
noticeable drop in RCS pressure for Oconee because of the greaier compression of the “passive” tube length
per available condensing iength. For Oconee, with its farger hot leg. the drop in noncondensable volume to
compress the gas into the steam genierator is at most 37% of the original volume, as compared to 58% for
H. B. Robinson

Figure B-15 shows the change in Oconee s RTS pressure as a function of the initial water mass mventory
Oconee's results differ frorn H. B. Robinson n that the slope of the data points is lower. This is due to the
smaller change in non. ondensable gas mass for a given change in coolant fevel in Oconee

For wet layup conditions in OTSGs, the secondtary side is nearly water-full. Therefore, once boiling
begins on the secondary side with no make-up feedwater available, the secondary side water level will begin
to decrease. Hence, the tube length avarlable for heat rejection begins to decrease. As the possible
condensing length and tube volume decreases, the volume available for the passive length comtaining
noncondensable gas also decreases. The recult of this is that the system pressure inoreases. Run
investigated this phenomena and the resu'ts are shown in Figure B-16. Note the rapud nse in system pressure
once the steam generator has been allowed 1o boil for three hours without make-up feedwater. This behavior
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Table B-7. Analysis for Oconece.

g vipuaddy

Number of Secondary Secondary
Run SGs used as side pressure botling time
number a heat sink (psia)} RCS water level ihj Comments
! ! a7 Mid-loep operation 0 Make up feedwater avaslable
2 2 i4.7 Mid-loop operation 0 Make-up feedwater avaiabie
3 1 29 4b Mid-loop cperation 0 Make up feedwater avaitable
4 i 4.1 Mid-loop operation 0 Make-up feedwater available
5 ] 147 Core outlet 0 Shutdewn for 48 h
6 1 147 25% of hot leg 0 Shutdown for 48 h
volume
7 1 147 75% of hot leg 0 Shutdown for 4% h
volume '
8§12 ! 147 Mid-ioop operation 1,2.25,3, Shutdown for 48 h, no make-up
and 3.25 feedwater avatiable
13 i 147 Mid-loop operation 4 Pressunzer gas “partinoning.”
shutdown for 48 h
i4 2 147 Mid-loop operation 0 Pressurizer gas “purging.” shutdown
for 3¢ h

| atm = 14.7 psia.
b 2atm =294 psia.
¢. 3amm =44 psia
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Appendix C

RELAP5/MOD3 Analysis of Reflux Condensation Behavior in
a Steam Generator During Reduced Inventory Operation

This appendin presents the results of the
RELAPS/MODA analyses of the consequences of
a loss of the residual hea removal (RHR) in pres-
surized water reactor (PWR) systems with - -tube

C-1.

Transient thermal-bydraulic analyses of the
consequences of the loss of RHR were performed
using the RELAPS/MOD3 code The analyses
assessed (a) the primary and secondary system
thermal and hydraulic performance following a
failure of KHR and (b) the capability of the
RELAPS/MOD3 program to perform transient
analysis under near atmospheric pressure
conditions with noncondensable gas in the reactor
coolant system.

The analyses presented 0 this appendix focus
on assessing the reactor coolant system (RCS)
pressure and temperature response if the steam

C-2.

RELAP5/MOD3
Computer Program

Transient thermal hydraulic analyses of the loss
of RHR were performed using the RELAPS/
MOD3 (Version SmS) computer program’
executed on a DECstation S000/Model 200 RISC
Workstation. The RELAPS code was used to
assess the performance of the H. B. Robinsor plant
(HBR-2), which is a three loop Westinghouse
PWR with a thermal power rating of
2,300 MW(Th). The trutial HBR-2 model was
first developed in 1983 for pressurized thermal
shock analyses® using previous versions of
RELAPS (RELAPS/MOD1 and RELAPS/
MOD2). This imnal model consisted of a detanied
representation of the HBR-2 plunt describing the
primary «nd secondary systems, including the

C-21

C-3

steam generator designs. Preparation of the
RELAPS/MOD3 mode! and the results of four
analyses performed using this model are dis
cussed in this section

BACKGROUND

generators are used as an alternate means of
decay heat removal. The principal heat removal
mechanism in the steam generator is expecied to
be reflux condensation. During reflux condensa-
tion, steam enteis the steam generator tubes
where it condenses and drains back 1o the hot leg
Reflux condensation is of interest becaase the
RCS may contain air above the Liguid level
located at the midplane of the hot and cold legs.
The air would probably prevent natural circula-
nion through the steam generator tbes 10 the cold
leg. As a result, RCS wemperature and pressure
wili be determined by the efficiency of the reflux
condensation process

METHOD OF ANALYSIS

main steam and feed systems. Conversion of the
original HBR-2 model to RELAPS/MOD3 was
completed tin December 1990.* This model 1s the
basis for the RELAP modeis used in this appendix.

The HBR-2 plant has three primary coolant
loops that are explicitly represented in the base
RELAPS model. These loops are designated as A,
B, and C. Each loop consists of a hot leg, U-tube
steam generator, reactor coolant pump suction
leg, reactor coolant pump, and a discharge leg.
The pressurizer is attached to Loop C. Heat
structures were included to represent the metal
mass of the reactor coolant system piping, steam
4 Private communication from Paul Roth, EG&O
ldaho, fnc., ldabo Falls, fdaho, 10 Leonard Ward,
EG&G  Idahe, Inc., Idahe Falle,  Idaho,
January 4, 1991
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which is far highier than the pressure expected of
reflux condensation in the sieam generator is
removing heat from the RCS. The principal res-
son for the digh-pressure prediction is the caleu-
Jated accumulation of water in the sieam
generator active tube region. The water was
entrained by the steam penetrating the hot leg
fror the reactor vessel. With the accumulation of
water at the inlet to the steam generator active
tube region, the two-phase flow rates at the
entrance to the wbes were calculated 10 be oo
low 10 provide sufticivnt condensation heal trans-
fer 1o esrablish a steady-state heat removal capa-
bality that matched decay heat generation. The
high interfacial drag between steam and water
predicied by RELAPS in the hot leg expelied
unrealistically high amounts of water from the
hot leg piping in the intact loop while also limit-
ing the drainage of condensed and deentrained
water towird the vessel rom the steam generator
tubes and inlet plenum.

Tocircnmvent U is problem, the hot leg and wnlet
plensm Lo the steam generator were divided into
two parallel components to allow drainage of the
liquid from the steam geperator and ialet plenum
1o (he vessel upper plenum in the lower half of the
hot leg. At the same time, steam can exit the vessel
toward the stearr generator along the upper half
The volume of the onginal hot leg components
(pipe and steam generav inlet plenum) is divided
equally between the upper and lower portion of the
divided hot leg components. In addition, the
option to not use the choking model in the unc-
loop madel was selected for afl junctions on the
primary side of the reactor coolunt systern. This
option was selected because RELAPS/MODA wvas
predicting unrealistically low sound velociies
{10 ft/s or jess), which would result in the predic-
tion of choking under conditions where choking
shoutd not occur,

Figure (-4 presents the revised nodalization of
the hot 'eg and inlet plenum. The hot leg is split
equatly into two parallel s=ctioms with an elevation
difference of 1.611 feet The inlet plenum is also
moaeiled as two separate components designaed
as 406 and 506, Compunents 406 and 506 connect

NUREG/CR-5K35

the lower and upper portions of the hot leg (o the
steam genecaton inlet plenum, respectively.

The split hot leg nodahization allows sieam o
exit the vessei along the upper hot leg segment
while condensed and deentrained Liquid can
return 1o the vessel along the lower portion of the
pipe. Thnis type of flow behavior is expected
during reflux condensation.

C-2.2 Analysis Results

The four cases analyzed are histed below.

o (Case —1The RCS 15 at mid-loop uperauon
with an initial water temperature of 9%0°F and
a tnitial water level at the hot leg centerline
elevation. Air at 90°F and 100% relative
humidity are present in all volumes above
the centerline of the hot and cold legs. The
decay heai power level assumed correspends
0 one day after shutdown (0.5% power or
1.5 MW)

o Case 2—This case i1s the same as Case |
except rhat the devay heat power fevel
assumed vorresponds to one week after
shutdown (0.3% power or 7.13 MW),

o  Case 3--This case 15 the sare as Case |
except that the initial RCS Tiguid level is at
the top elevanon of the hot and cold legs

o Case 4—This case is the same as Case |
except the nitial RCS level 1s at the elevation
of the reactor vessel flange,

For all cases, the secondary side of the steam gen-
erator was imtialized with water at a temperature
of 90°F, When secondary boiling started, a vent
path was assumed 1o be available to maintain sec-
ondary pressure and temperature near atmospheric
conditions. Also, after secondary boiling began,
the addition of auxihary or emergency feedwater
WS pecessary to prevent loss of the secondary as
a heat sink.

In comparing Cases | and 2. the sensitivity of
RS peak pressure 1o the'time of loss of RHR
following  shutdown is  illustrated.
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Cases 1, 3, and 4 reflect the sensitivity of peak

RCS pressure @ the initial RCS water level. The

results of the four cases are discussed beiow,

C-2.21 Case 1—Loss of RHR at One Day.
Figure C-8 shows the pressure transient in the pri-
mary side of the steam penerator wheri the RHR 1
lost one day after shutdown, The peak pressure of
about 41 psia (285 < 10% Pa) was achieved about
7,000 seconds after the loss of RHR. The peak
pressure is reached at the time that the water i the
stear generator secondary feaches saturation (sat-
temp), which is reflected in the behavior o the pric
mary and secondary water temperatures (tempf)
and the vapor void fraction on the steam generator
secondary side (see Figures C-Hand C-7),

Table C-1 presents the Case | distribution of
air in the RCS @ a funcion of time. These results
show that the wir is preaicted to be removed from
the vessel, hot leg piping. and steam generator
wlet plenum and accumulated in the steam gener-
ator active tubes and outlet plenum volumes.
pressurizer, and suction leg piping. Botling in the
core region is injtisted about 1,280 seconds after
oss of RHR as shown in Figure C-8. or when the
liauid in the vessel above the care reaches satura-
tion. Saturation is indicated by the waler tempera-
tare in the uppermost core volume (114-06).

After the initiation of bulk boiding in the vessel
and once the steamn has compressed the air in the
RCS to a volume les: than that of the steam gen-
eratus active tube region, a condensing surface 1s
‘ormed. As a result, the primary heat transfer rie
increases and secondary side boiling is soon
achieved. Once secondary side borling oceurs and
the secondary temperature stabilizes, the primary
system pressure then achieves a maximum. At
this time, condensation in the generator nocurs
primarily in the first tube volume above the tube
sheet, with some condensation also occnring in
the text active tubs volume. Figure C-9 shows

the vapor void fraction in the first two valumes of

the steam generator primary tubes (40X 0] and
308012y while Figures C-10 and C-11 show the
heat fux in the sleamn generator primary tubes in
these regions. The primary side heat transfer

NUREG/CR-5855

i e e

C-10

coeficienits for these volumes are pro ented in
Figures C-12 and C-13.

Because of the low decay heat fraction and the
limited mixing of the air and sieam in these first
two Stedm generator active tube volumes above
the tube sheet, primary pressure stabilizes. The
condensation coefficient of about 3,000 W/M? K
or 2% Bruh-07-9F after 7,000 seconds 15 sutfi-
cient 1o remove decay heat al the primary 10 seq-
ondary temperature difference of about 35°F,
which develops during the later portion of the
transient {se¢ Figure C-12) The primary 10 “ec-
ondary temperature difference is llustrated in
Figure C-14. After 7,000 seconds, the mass flow
foward the steam generalor in the upper portion of
the hot leg pipe is balanced by an equal amount of
downflow from the steam generator toward the
yvessel in the lower part of the hot leg. Fig-
ure C-15 illustrates the establishment of this
quasisteady -state mass How in the upper and
lower portions of the hoi leg. The high mass flow
rates are due 10 the hagh hot leg steam veolocilics
tha! entrun the water in the upper partion of the
pipe. Deentrained and condensed water accumu-
lated 1o the steam generator ialet plenura and
tubes flows back toward the vessel in the lower
spction.

Figure C-16 shows the noncondensable mass
fraction in the U-bend of the steam generator
active tubes. Figure C-17 presents the vapor
temperature for this case. The secondary side
tempersture is also shown in Figure C-17. The
decreasing mass fraction m the &ir region
indicates that some steam has entered the cold
side of the steam generator aciive tube region,

It 18 also of particular importance to note that the
RELAPS wansient pressure response displays an
ascillatory behavior once the peak pressure of
about 41 psia s achieved after about 7,000 seconds
(Figure C-5). These oscillehons are a result of the
changes in steam velocity at the entrance 10 the
stearn generator tubes, and affect the condensation
coeflicient and void fraction in the first tube region
above the tube sheet. The transition from counter-
current two-phase flow to slug flow as liquid
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Yable 1.  Distribution of air in the RCS for RELAPS/MOD? Case | (use of steam generaton for decay

heat removal).
| Mass of air
(It}
i Component (component number) Inn.ial 3,600 s 7,200 s 9.000 5
Downcomer (100) 1.7 124 107 10.3
Downcomer (102) 2.6 8.5 137 134
Downcomer (104) 0.0 6.6 10.5 104
Downcomer (106) 0.0 48 124 14,7
| Upper plenum (120) 88 <lr? <10? <l0?
| Upner plenum (122) 34.0 19 <10? <lilr?
Upper head (126) 352 4.2 0.08 0.03
Hot leg (404, 405, 504, 505) 6.0 008 <102 <102
{ Steam generator inlet pienum (406, S06) 78 <10? <l <107
i‘ Steam generator tubes (408-01) 56 1.1 <10° <102
! Steam generator tubes (408-02) 5.6 7.7 59 6.7
E Steam generator tubes (408-02 1o 408-08) 139 50.4 614 62.5
’y Steam generator outiet plenum (410) 79 13.0 7.1 6.7
| Pressurizer/surge line (340, 341, 343) 91.4 879 §5.5 63.9
! Cold leg (412,414,416, 418, 420) 16.8 25.8 S8.4 S(\.9
|
!
|
|

NUREG/CR-5855 C-14
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builds up and drans affects the pressure drop af
the tube entrance. The subseguent effect on the
steam velocities in the active tubes causes the
heat transfer coefficient and vond fraction 1o vary,
producing the oscillations in RCS pressure
(Figure C-5).

These results may be particularly important.
The results suggest that while RCS peai pressure
for the above reflun hoiling conditions may not
exceod nozzle dam farlure conditions, if the oscil-
latory ressure behavior persists, in time it alone
may be sufficient to dislocate a dam. I such condi-
tons are realistic, the success of reflux boring in
mitigating the consequences of a loss of RHR
depends not only on the peak RCS pressure but
also the amplitude and period of the peak pressure
oscillutions (hat result later in the event,

C-2.2.2 Case 2—Loss of RHR at Seven
Days. V'igure C- 18 shows the pressure respanse in
the RCS when the RHR 18 Jost seven days 2fier
shutdown. The peak pressurs of about 58 psia
(26,5 x 104 P iy reached approsimately 12,000
sovonds ahter e loss of RHR occurs. The peak
pressure for this case is also reached at the time
that the steam generator secondary reaches satura-
tion s indicated by the behavior of the secondary
water temperature (lempl) (Figure C-19),

Tuble C-2 prosents e Case 2 distribution of air
in the RCS as a function of time. These results
again show that most of the air is predicted 10 be
purged from the vesscl, hot leg piping, and steam
generator inlet plenum once care boiling begins
In genetal, the steam caries the air into the high
points of the RCS or steam generator and pressur-
izor regions, Unlike Case |, some wr remains in
the upper head because of the lower sicam velocity
in this region. The lower steam velocity i caused
by the much lower decay heat level. Boiling in the
core region begins about 2,600 seconds after loss
of RHR as shown in Figure C-20. Boiling occurs
when the water temperature in the uppermost
core volume (114-06) reaches the saturation

remperature.

Figure C-21 illustrates the vapor void fraction
in the first two volumes of the steam generator pri-

Appendix C

mary tubes (0801 and 408-02) and again whiows
that condensanion in this portion of the steam gen-
crator develops sufficicatly 1o remove decay heat
when primary pressure reaches 3% psia. Fige
ures C:22 and C-23 are plots of the heat flux
through the steam generator prmary (ubes in the
first two volumes. The heat transfer coefficients
for these volumes are shown in Frgures C-24 and
('-25, while the primary 1o secondary lemperature
difference in the volume just above the tube sheel
iy given in Figure C-26.

These results are very simular (o those for Case
| above except the magnitude of the heat flux is
lower for Gus case because of the lower decay heat
power. Based on the Cuse 1 and 2 results, the peak
pressure achieved after the loss of RHR is rela
tively insensitive to decay power since the bulk of
the RCS pressurization is a direct result of the need
te compress the air volume to a value that allows
steam 1o reach the first sieam generator active vol-
ume creating & condensing surface. The pressure
required 1o compress the air to this condition is
independent of power because the bulk of the pres
surization of the RCS 15 needed 1o compress the air
10 the volume of the steam generator and outlet
plenum volumes. Lower decay heat power levels
sitnply ¢ he initiation of boiling and conse
Guently ay the time the peak pressure
(3%-41 psia) is achieved. The mass ow charac-
tenistics m the upper and lower portons of the hot
leg are similar to Case |, as shown in Figure .27,
The nonconden~able mass fraction and vapor tem-
perature characteristics are also similar to Case |
as shown in Figures C-28 and C-29, respectively.
The analyses using the alternate methods of
Appendix B also confirm these RELAPS resulis,

C-223 Case 3—Loss of RHR at One Day
with the Liquid Level at the Top of the Hot
Leg. Figure C-30 shows the transient pressure in
the RCS when decay heat is lost one day after
shutdown. Unlike Case | with the imtial level at
the hot leg centerline, the imitial RCS water level
for Case 3 is increased to the top elevation of the
hot leg piping. Following the loss of RHR and i
tiation of bulk hoing in the RCS, the peak pres-
sure of about 40 psia (285 « 1% Pa) is reached
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are not erewted in the hot feg that could cause
pump cavirtation and failure) could inhitit reflux
boiling at pressures below the fatlure limits of the
temporary RCS boundaries.

Table C-4 presents the Case 4 distribution of
air in the RCS as a function of time. For the ear-
lier cuses with the lower imitial water leveis, the
higher air inventory in the RCS did not inhubit
reflux boiling, and peak RCS pressures remained
from 3% 10 41 psia. For Case 4, where the initial
water level is at the reacior vessel flange (well
above the hot leg elevatiog), peak RCS pressures
of 95 psia or more are predicted. The higher pres-
sures are caused by the farge inventory of sub-
cooled liquid, which results in sufficient fluid
expansion following a loss of the RHRS to plug
the steam generators with hquid.

Figures C-46 and C-47 are plots of the heat flux
through the steam generator pnmary tubes in the
first two vo'umes. The heat transfer coethicients
for these volumes are presented in Figures (48

C.57

Appeadix €

and C-49. Atter about 20,000 sevonds mto the
event with the flow rate and resulling primany
heat transfer coefficient established. the slowly
INCTeasing primary 10 secondary emperatute dif-
ference graduaily establishes a primary heat
removal rare that can maich the core decay heat
generation rate. The primary and sccondary tem-
peratures are Hustrated in Figure C.50. The inlet
and outlet mass flow to the inlet plenum are
shown in Figure C-81. Figures C-52 and C-33
display the steam generator noncondensable mass
fraction and temperature, respectively.

Although a natury! circulation flow through the
steam generators U-bend region 1o the cold side 15
nof estabhished donng this event, the pnmary o
secondary temperature difference. Mlow, and hence
heat transfer coefficient in the first volume of the
steam genc “ator active tube region develops suffi-
ciently 1o nearly stabilize RCS pressure at about
95 psia. Note that RCS pressure has not yet stabi-
hzed completely and displays about a 1 psi
merease over the lust 5,000 seconds of the event

NUREG/CR -5855
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Table 4.  Distribution of wir in the RCS for RELAPS/MOD3 Case 4 (use of steamn genermtors for decay

heat removal).
Mass of air
{Ih)
Component (component number) Initial 1080 5 18,000 5 30,000 4
Downcomer ( 100) 0.0 1.3 <02 2.2
Downcomer (102) 0.0 9.3 36 5.7
Downcomer (104) 0.0 53 7.2 5.6
Downcomer (106) GO 0.0 8.1 5.0
Upper plenum (120) 0.0 <107 <102 0.0)
Upper plenum (122) 00 0.03 < s 0o
Upper head (126) 52 0.2 0.01 1.6
Hot leg (404, 405, 504, 505) 0.0 <10 <l0? <102
Steam generator inlet plenum (406, 506) 0.0 <107 <02 <102
Steam generator tubes (408-01) 53 <l0? s 0.01
Steam generator tubes (40%-02) 5.6 0.1 <10 om
Steam generator tubes (408-03 10 408-08) 315 46.7 46.3 50.5
Steam generator outlet pienum (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) 0.0 334 399 458
!
|
|
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Low-Pressure Reflux Boiling Condensation with
Noncondensables in Pressurized Water Reactors
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Low-Pressure Reflux Boiling Condensation with
Noncondensables in Pressurized Water Reactors

D-1. INTRODUCTION




Appendix D

o Steam gencrators are operahle

. Uncoatrolled loss of reactor coolant does
Not OCCUL.

It was also noted that stable modes of reflux
cooling can be reached with aperator adjustmenis
1o the RCS inventory. Thus, the need for accurate
water level indication was identified.! This need
was apparent after the Diablo Canyon incident in
April of 19872 Considerable uncertainty was
associated with the Reactor Vessel Refueling
Leve! Instrumentation System.

Experiments in integral test facilities such as
SEMISCALE S50 LOFT PRLA O FLECHT-
SEASET,'M'? EPRI/SRL LSTE''® and
BETHSY '® have demanstrated that reflux cooling
is an effective means of decay heat removal in
plants with U-tube stecam generators (UTS s,
Local or separate eff sots experiments. such as
those performed &' ihe University of California at
Santa Barbara,! "' # the Massachusetts Institute of
Technotogy (MIT)" the Umiversity of California
at Berkle v, 2¥ and one by Hein et al *' have discov-
ered unstable U-tube flow characteristics dunng
the reflux condensation mode of natural circula-
tion. Several of the above references addre:s
potent: 1l adverse effects associated with flooding
and steam generator liguid hold-up, and loop hig-
uid seal fornation that may occur during reflux
coohng. The situation during the Vogtle incident
was further complicated by the low system pres-
sure and the presence of large amounts of air in the
steam generator U-tubes. The experiments con-

P T TIRT——
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ducted by FLECHT-SEASET, PKL. EPRISRI
and the University of Califoraa at Santa Barbacs
considered the effects of noncondensables on
reflux cooling at low prossure, Thus, these tests arg
considered more refevant 1o the Vagtle incident
than the tupl, pressure (=1000 psi) experiments
performed in SEMISCALE, LOFT. LSTF, acd
BETHSY, or the work by MIT and Hein, waich dud
not examine the effects of significant amounts of
noncondensable gases on borling condensation,

Experiments in integral test facilities such as
MIST, > OTIS,* and those st EPRUSRI™ and the
University of Maryland at College Park
(UMOP S have demonstrated the effectiveness of
boiling coadensation as a heat removal
mechanism in j lants with once-through steam
generators (OTSGs). MIST and EFRISR1experi-
ments investigated the effects of noncondensable
guses, bul the MIST experiments were conducted
at high pressure and with a cold leg break so that
the primary system wau not closed. OTIS and
UMCP experiments Aid aot consider the effects of
nopcondensables

The resalts of (hese experiments were
examined 1o determine the effects of noncondens-
able gawes, flooding, loop seal formation and
clearing, degraded secondary conditions, and low
pressure, This anpendix describes the phenomena
associated with reflux condens ation cooling in
plants with a UTSG-type design, and addresses
the phenomena associated with botling condensa-
tion in plants with OTSGs,

D-2. REFLUX CONDENSATION PHENDMENA IN PLANTS WITH
U-TUBE STEAM GENERATORS

In the reflux condensation mode of natural
circulation, single-phase vapor generated in the
core flows through the hot leg piping, 1s condensed
in the steam generators, and flows back to the core
as a liguid. Experiments have demonstiated that
in the absence of noncondensables, an
approximately equal condensation sphit exists
Farween the upflow and downflow sides of the
steam generator U-tubes. **=® In the upflow sides
of the sicam generator U-tubes, a countercurrent

NUREG/CR - 5855
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flow of vapor and coudensate is established,
Condensate drains back to the core through the hot
leg while vapor continiues to flow aver the U-tube
upper bend. In the downflow sides of the steam
generator U-tubes, vapor and condensate flow
co-currently into the cold leg suction piping.
Figure D-1 illustrates this phepomena in a single
U-tube. Since the primary heat transfer
mechanism during reflux cooling is conden-
sation, small primary-te-secondary temperature

P
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Figure D-1. Liguid distnbution in a single
U-tube durmg reflux condensation.

differences and mass flow rates are characlerisie
of this mode of natural circulation %1924

Reference 2, which explains the loss of RHR at
Diable Canyon in April of 1987 dunng reduced
inventory operation with noncondensables.
describes the following three possible directions
the steam-gas mixture can flow from the vessel *

e  The vessel upper head. As the pressure
increases, the steam-gas mixture may be
vented through the reactor vessel upper
head vent or through the vessel bypass
paths. However, the vent flow 1s much
smailer than the steam generation rate so
this path will not relieve the reactor coolant
system pressure.

e  The hot leg and into the pressurizer through

the pressurizer surge line. A vent path exists

D-7

Appendix D

i the prossurizer throuth the powes
operated relief valve.

4 The hot fep and o the sieain generator
J-tubes. No veut path is available unless a
slemn generator manway is open.

Note that the steam-gas minture will most fikely
fellow the first two paths until the pressure
increases sufficiently to expose a condensation
surface m the steem generator U-tubes,

D-2.1 Flooding Effects
(Nonuniform U-tube
Fiow)

During reflux condensation, flooding is pos-
sible in the counter-carrent flow regions in wae
upflow sides of the steam generator U-tubes, and
the stratified counter-current flow regions in the
hot legs. The tendency for flooding may be
enhanced by a low system pressure and the
presence of noncondensabie gases. Low sysiem
pressute results in lower steam densities and
hence, higher steam velocities. Nencondensable
gases in the steam generator U-tubes cause a
greater fraction of the condensation to occur in the
upflow sides of the U-tubes. As a result, more con-
densate mut drain from these tubos and the likeli-
hood of liguid holdup 1s incrzased. Slooding has
been uhserved in a numiber of rethe, condensation
experiments 5141516171519

To describe the flooding eifects on the retiux
flow behavior, the weminology of Nguyen et al.
will be adopted.!” They identified three distinet
U-tube flow maodes associated with reflux con-
densation. At low vapor velocities, the classical
reflux condensation phenomena was observed. Al
the onset of flooding at the sieam generator inlet,
there is a transivon from the classical reflus mode
to what Nguyen ¢t al. labeled the oscillatory
mode.!” This mode is characterized by the forma-
tion of liquid columns in the riser sections of the
steam generator U-tubes, The transition 1o the
oscillatory mode begins when portions of the
liguid condensate are carried upward by the vapor
flow. This phenomenon can be quaniified with a
Wallis-type flooding correlation. Liguid hold-up

NUREG/CR-5855
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was observed when the nondimensional super-
ficiul vapor velocity, 75, was 0,50 This result 1«
supported by high pressare large scale test factlity
(LSTF) data in which bguid hold-up aoourred for
J, & Odand f; = 056 comesponding to
core powers of 8% and 75 respectively. ' Flood-
ng whso occurred in the FLECHT-SEASET faci)
ity tor j; = 0.50. which corresponds to core
power levels of about 2.5% at o pressure of 140
psia 4 aus, 0 the FLECHT-SEASET facility there
dvns no stable reflux motes for decay heat levels
greater than 2.8% core power,

T canr over mode ogours when sulticiently
high vapor velocities ars able (o carry the conden-
sate over the upper U-bends of the LU-tubes. In
thix siwantion, & co-carrent flow of ligind and
v por exiiis in both the upflow and downflow
sides oo the stesm generator U-tubes, and a trans-
o o twosphase natural clrealation may ocewr
The 'ransition to the carry-over mode was
ubie vved by Nguyen ¢t al. 1o occut when

Reflux condensation

Osillatory

foo = 09 whide LSTE  experiments
observed this Tlow mode when /= 0.8 (106
CONE POWeT).

Flow maxdes simlar to those desonbed above
have also been observed by Calia and Grftigh "
RETHSY.'™ Hein et al 7' Semiscale. and in
PKL® The three modes of LU-tube behavio
described shove wre Wustrated i Figute 2

OF particular concern with regard (o nucleat
reactor safely analysis is the oscillatory U tube
flow mode. A positive hydroatane head in the
steawm generntor Ltubes exents a back pressure on
the core Liguid level and, while core cooling
remains effective, core hguid level depression is
possible. "™ This effect was first observed in Sem-
scale, where it was discovered that core coolam
level depression duning pump suction loop seal
tormation can be aggravated by the existence of a
positive hydrostatic head i the s.cam generator
Ustubes

Carryover

Figure 0-2.  Two-phase flow patterns in an inverted 1-ube '

NUREG/CR- 5855
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The oscillatory mode was so named becavse of
the observed peniodic il and dump behavior in the
Udubes. As the ligud column i a U tube reached
the 1op of the U tabe bend, spillover occurred
After spillover, a siphaning effect would pu't the
! quid column over the Uduhe bend. Steam flow
i this Vleared tube would then increase signifi-
cantly, astowing the remaning tubes to partially
drain until the pressure drops in all lubes were
equal. A hiquid column would again form in the
cleared tube and the pattern would repeat. The
spillover event appeared 10 accur randomly i any
one of the U-tubes. 11 is believed that the random
nature of the Auctuations of the liguid col ooy 1s
the cause of the randomness in the spillover
event ' In the presence of nancondensable gases,
spillover events may redisitibute the noncondens
ables 10 other noncleared U tubes of to other loca-
tions in the pritnary loop. The distribution of the
nencondensables in the primary loop is very
important in determining the thermal hydraulic
behavior of the system. A redistribution of gases
caused by U-tube spillover events should be
considered when determining the system thermal
hydrauhic respoase,

1t should be pointed out that calculations of
steam velocities in the Ygtle steam generyors as
a function of decay heat, when compared with
eriteria for the onset of flooding, indicate that
flooding would be unlikely 1o occur under condic
tions during reduced inventory operation. Ay
decay heat lev' s as high as 30 MW. flooding
would not ocour as long as two or more steam
generators are active. With only one steam gener-
ator available, flooding would not be expecied at
decay heats below 18 MW, Decay heat levels
wonrld be below this vidue two days after shut-
down. The results of the tlooding calculations are
shown in Figure D 3

Several additional comments should be made
with regard 1o U-tube flow phenomena during
reflux cooling. First, it is noted that the exper-
imenital rsults cited above are based on a imited
armber of U-tubes in the steam generators, lo this
situation, individua! tube behavior has a greater
effect on the system thermal hydraulic

D9
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response than it would 10 an actual PWR sleam
generaior with a much larger number of L tubes
(thousands of tubes ). In addition, the tube 1o
tuise intetactions that may occur throngh the
steam generaor inlet and exit plena are nod unde.
stood. Finally, the University of Cahlorma al
Santa Barbara research indicated that w
common advenced thermal hydravlic analvsis
systems codes, RELAPS and TRACFI, have
difficulty predicting the onsey of the oscillatory
U ube flow mode and the growth of the higud
column, '

D-2.2 Loop Seal Formation and
Clearing Phenomena

During rud-loop aperation, & hguid seal exists
in the loop cola leg suction piping. During reflux
cooling. the ligud seal impedes the fow of vapor
through the loop piping. An expenment condugted
in the Semiscale factlity demonstrated that the
effect of the loop seal is imore comphicated than a
simple manometric balance between the reactor
vessel and gownflow leg of the loop s s The
impontant parmaeters were identified as the core
vapor generation rale, the core coolunt bypass
flow. the U-tube conaensation rate, and flooding

1f the core vapor generation rate s sufficiently
hugh, a differential pressure may develop between
the reactor vessel thot leg) and the downcomer
(cold leg).* Consequently, the vessel coolant level
may be depressed relative 10 the downcomer. In
addition, this core lguid level depression may be
intensified by higuid hold-up in the steam genera
tor U-tubes resulting from flooding at the steam
generalor inlet.

There are often two sets of bypass paths in
plants with UTSGs capable of removing steam
from the upper vessel plenum to the downcomer.
One set is the downcomer inlet annulus-1o-upper
head flow path, and the second sed is leahages
through the gaps at each hot leg penetration by the
slip fit between the core barrel assembly and the
reactor vessel 7 The flow behavior through these
rare bypass paths during this type of transient is
not well understood.

NUREG/CR 5855
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Figure D-3. /] relative to decay heat leve's and the number of active stean generators at stmospheric

pressure.

The Semiscale experiment, mentioned above,
demonstrated that core vouding was prssible
hefore the Blowout of the pump suction higuid
seals. Y0 Figure D-4 demonstrates the hydrostatic
heads in the primary system that lead 1o the core

| liquid leve! depression phenomena.

Loop seal blowout during the high-pressure
Semiscale experiments was observed to be a
steady process, However, i experiments con-
ducted in the low pre: ... FLECHT-SEASET
facility, the clearing of the loop seal was not
steady. It was observed that steady-state reflux
condensation was periodically interrupted by
venting steam through the intact loop seal.'! The
core vapor generation rate was greater than the
steam generator condensation rate and conse-
quently, uncondensed vapor flowed into steam
generator exit plenum and cold leg, displacing the

NUREG/CR-5855

ligud in those locations, The vapor dep ressed the
ligwid level in the downside of the cold leg suetion
piping unt) steam eventually vented through the
loop seal. The differential pressurce between the
ioop hot and cold leg nezzles was temporarily
relieved, and the liquid seal re-formed. This pro-
cess s illustrated ta Figure D-5. The following
effects resulted from venting steam through the
loop seal. ' ¢

¢ Fluid from the downcomer was forced into
the rod tundle by the vented steam, This
hiquid replaced the two-phase mixture in the
jower elevations of the vessel and tem-
porarily stopped vapor generation in the
lower vessel elevations, The liguid from the
downcomer also forced the two-phase froth
level well above the hot leg nozzle elevation,



Figure D-4,

depression.
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o A two-phase minture was foreed into the
steam generator inlet plensum.

¢ The flow in the steam generator U-tubes
changed from countercurrent to co-current
two-phase flow.

It is beheved that the penodic venting of sieam
through the loop seal duning reflun condensation
is 8 low-pressure effect. This phenomena has also
been observed in the low-pressure PKL facility. '

Effect ».f Noncond-
ensable Gas on Reflux
Cooling

D-2.3

Calia and Griffith' noted that at low pressure.
a smiall mass fraction of noncondensable gas may
become a significant volume fraction in the
primary system. At low pressures, the wifluence of
noncondensable gases on veflux coaling 1s more
pronunced than at high pressures. The primary
concern regarding noncondensabie gases dunng
reflux cooling is that they vl accumulate in the
steam generator U-tubes and disrupt the condensa-
tion of steam from the core. The following general
effects of noncondensables on reflux condensa-
tion have been observed in Semiscale, ™’
PKLA FLECHT-SEASET,? and EPRY/
SRI':

¢ The condensation of vapor from the core is
shifted to the upflow side of the sieam gener-
ator Ustubes while noncondensable gas is
deposited in the downflow sides of the stear.
generator Us-tubes, the steam generator exil
plenum, and above the loop seal ligquid vapor
interface,

o The steam generator is divided into active

and passive zones thereby reducing the total
condensing surface area. In the case of large
amounts of noncondensable gases in the pri-
mary system, the condensing surface will be
confined to a short distance above the tube
sheet along the upflow sides of the sieam
generator U-tubes,

D-13
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o I steam is unable to reach the steam gen
erator Ustubes because of noncondensable
gus blockages, the system pressure will
increase until the noncondensable gas
volume has been sufficiently compressed 10
allow condensation in the lower ponions of
the upflow sides of the steam generatos
U-tubes.

¢ Anincrease in the primary -to-secondary
temperature difference is necessary o
remove the core decay heal because of the
reduced heat transfer area. An increase in
the primary pressure also results

Tests conducted by EPRI/SRI concluded that
the amount of noncondensable gases that could be
accommodated by the primary system is hnuted
only by the decign pressure of the system as long
as secondary cooling is available.'* In this Jow
pressure (<75 psi) experiment, helium gas was
injected into the primary system in increments that
amounted 10 60% of the total system volume.
was observed that reflux condensation s highly
tolerant of significant amounts of nongondensable
gases. When noncondensable gases prevented
steam condensation, the system pressure would
increase 1o compress the noncondensable g. s vol-
wine, thereby exposing a condensing surface in the
lower portions of the stegm generator U-tubes. In
this expenment, adequate core cooling was pos-
sible with reflux cooling even with significant
amounts of noncondensable gases. However, this
experiment was conducied at approximately 195
core power and problems asso-iated with flooding
did not oceur.

Experiments in the low-pressurs (spprox-
imately 140 psi) FLECHT-SEASET faciliy
indicated that flooding 1s 4 potential problem dur-
ing reflux cooling.'? Low system pressures yield
higher steam velocities and consequently, the
Nooding characteristics differ from those of high-
pressure systems. Flooding problems are also
complicated by the presence of noncondensable
gaies, which tend to shift the condensation 1o the
upllow sides of the steam generator U-tubes. This
results in more condensate trying to drain from the
upflow sides of the U<tubes. Hence, the noncon-
densables increase the probability for higmd col-
umn formation in the steam generator U-tubes,
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The combined effects of low pressute, mwcon
demable guses (helium), and Nooding in exper
ments performed i the FLECHT SEASET
fuciliny are discussed below,

Noncondensable gas would collect ghove the
higuid-gas imterface above the leop seal and extend
upward into the steam generator exat plenum and
the steam generator Usaibes, This noncondens.
able gas exeried a back pres. e on the vessel Ly
uid, forcing core hguid level depression. Petiodic
venting of the noncondensable gas through the
loop seal temporarily relieved this pressure differ-
ence. However, the flooding tendency of the uphill
sides of the steam generator U-tubes added 1o the
pressure exerted on the vessel ligud level The lig:
uid level in the vessel was depressed to approsi
mately two feet below the bottom of the foop seal
elevation. ' By comparing the tests with and with-
out noncondensable gases, it was discovered that
the frequency that steam vents through the loop
seal was greater than the frequency of the noncon-
densable gas vents. Core uncovering did not occur
in the test where noncondensable gases were not
present.'? The longer venting penod in the non-
condensable gas test may be due 1o the fact that
helium is lighter tan steam. Recall that air s
heavier than steam, so similar behavior might not
occur when it i tie noncondensable gas prisent
in the wowntlow side of the loop suction. Noie aiso
that the . eloony ol dwe vapor genctaed in the cose
exceeded the steam generator Uube flooding
Llimit in both these tesis

D-2.4 Secondary Side Effects

Experiments porformed at the low-piessi.e
PKL test favility investigated the effects of
reduced secondary inventory on the ¢ffectiveness
of reflux cooling,'” The resuits indicated that the
primary-to-secondary temperature difference
increased because of the reduced heat exchanger
area. A halving of the primary-to-secondary heil
transfer area occurred when the seconday level
was lowered 10 uncover half of the U-tubes, and
this resulted in 8 doubling of the temperatare dod.
ference when no noncondensable gases were pres-
ent. When noncondensable gases were present,
this temperature difference increased by a f~clorof
four ifrom 2K to 8K).

NUREG/CR-3855
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Reforenoe |ostatedd that at avoie powes ol
S8 MW, S day s wonkd be regured (o boataoft the
secondury ligud. However, it was also stated tha
o the Vogtie nciden had occumred carhier i the
refueling process, the core power could have been
ws hghas 170 MW and the tirme W secondary boil:
ot woukd be signiticantly seduced

The presence of segriticant amounts of noncon
densable gascs in the steam generator U-ubes
reduces much of the heat transter arca in the higher
elevations of the steam generator tubes, Therefore,
one would expect that the effects of reduced
secondary invemory would be significant only
when the secondary liguid level drops 1o the lower
elevitions of the sicam generator U-tubes where
the majority of the heat ansfer oceurs

D-2.5 Vent Operation

Many plants with UTSGs have reactor vessel
upper head vent valves and pressurizer power
operated relief valves. Vent operation may be used
10 control the primary pressuie of 1o remove non-
vondensable gases. Plants equipped with these
system vents have backup systems to ensure
operation il a loss-of-power event occurs. How-
ever, if these backup systems Tail, it is unclear
whether the enyvironment » contsinment would
allow for manual operation of the vent valves. In
addition, effectiveness of vent operation is not
well understoond,

D26 Summary

Reflux condensation can be an effective means
of heat removal in PWRS with UTSGs, even i the
presence of significant amounts of noncondens.
able gases. Numerous experiments have demon-
strated this fact, 781026 Problems would arise if
the decay heat level was high enough to cause
flooding and/or to generate steam faster than it can
be cond msed in the sieam generators. However,
calculanons indicate this is unlikely at decay heat
levels typical during reduced inventory operation,

Under shutdown conditions, special equipment
such as temporary thimble tube seals, nozzle
dams. and higuid level instruments may be i
plave, These devices are vulnerable 1o failure at
elevated pressures. '~ This equipment may impose
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BOILING CONDENSATION PHE NOMENA IN PLANTS
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Figure D6

D-3.2 Secondary Side Effects




Figure D-7

D-3.3 Vent Operation D-3.4 Summary




11k £l
SUMMARY ANI ( N

nantions

Plants with U




condensation region 1o this location because of the
presence of the noncondensable gases increases
the possibility of liguid hold-up in the steam gen-
erator U-tubes. Other experimental observations
include the accumulation of noncondensabie
gases above the gas-liquid interface of the loop
seal. The venting period of noncondensables
through the loop seal was found 1o be greater than
the period observed for pure steam. Thus, the
potential for core liquid level depression caused
by the loop seal formation is greater when noncon-
densable gases are present. Uncertainties with
regard to noncondensables include noncondens-
able gas-sieam mixing, the potential for removing
noncondensables through venting, and the redis-
tribution or migration of noncondensables if a
spillover events occur in the steam generator
U-tubes.

Primary system pressure limitations from the
presence of shutdown equipment, such as tempo-
ray thimble tube seals, nozzle dams. and liquid
level instruments, could restrict the vse of reflux
cooling. If noncondensables prevent steam from
reaching a condensing surface in the sleam genera-
tors, reflux cooling is not possible unless primary
pressute increases compress the noncondensable
gas volume sufficiently 1o expose a condensing
surface. Pressure and temperature increases will
also occur because of the reduced heat transfer
area in the steam generator U-tubes from the

noncondensables present in the tubes,

D-4.3 Plants with Once-
through Steam
Generators

Plants with OTSGs are capable of using boiling
condensation to remove core decay heat. Two

T P T Ly T S——— N —
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types of boiling condensation are passitde i the
OTSG. Pool boiling condensanion occurs when
the prumary level is below the secondary poal level
within the steum generator. Auxiliary feedwater
(AF'W) boiling condensation normally occurs
when pool boiling 1s not possible, but a condens-
ing surface exists below the AFW sparger sprity
clevation. Experiments investigating boiling con-
densation include those performed at MIST.#
EPRISRL M OTIS, 2! and UMCP?* Low-pressure
integral tests investigating the etfects of noncon:
densables are limited to the work done by EPRI/
SRI*

In the presenice of large amounts of noncon
densable gases, the primary concem is the ability
of steam (0 reach the steam generators. Observa-
tions at EPRI/SRI?® indicated that the amount of
noncondensable gases in a steam generator
dictated the elevation of the condensation region.
High concentrations of noncondensable gases
accumulate above the primary liguid level in the
steam generetor because most of the steam las
been condensed from the gas mixture, Conden-
sation was impeded by these high concentration.
of noncondensable gases and the condensation
region was driven to a higher elevation in the
steam generator. If the condensation region is
driven above the top of the steam generator tube
sheet or above the secondary liguid level, & pres-
SUME INCTEASE 1S NECESSary 10 compress Lie noncon-
densable gas volume and regain @ heat sink.
Uncentainties with regard to the effectiveness of
boiling condensation with large amounts of
noncondensables include the availability of AFW,
limits on the primary pressure (level instruments,
elc.), secondary liquid level, and operating vents
1o control pressure and/oi to remove noncondens-
able gases.
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Scoping Caiculations

STEAM GENERATOR U-TUBE FLOODING CALCULATIONS
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£.2. HORIZONTAL STRATIFICATION IN THE HOT LEGS
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Figure E-2. Nondimensional superficial vapor velocity relative 1o decay heat and number of active

steam generators ' 2 atmospheres

The Joss of korizontal stratification s assumed
1o occur if the hot leg vapor velotity s greater
than the critical velocity defin " by Taitel
Dukler.” T« « nitical velocity 1s defined as

(g, = 0@, 00A
R <. %)

Vi ™ !,(_| -~ qos )

) T o) sind
where

o = angle between a vertical line
through the pipe center ans! the
stratified hguid level at the pipe
inner wall (see Figure E-3)

¢ = density of water

0. = density of steam

g =  accelerstion due 1o gravity

)

u hot leg vond fraction

A = cross-sectional area of the hot leg
piping

D ® tube diamedter,

The hot leg steam velocity is calculated from a
mass and energy balance according to

)
¥, = . (E-4)

Q = gore decay heat removed by each
active steam generalor

h, = latent heal of vaponzation

Ad = cross-sectional steam flow area
i the hot leg

NUREG/CR 5858



v

-‘-
\— hD «1/4

Figure E-3. The hot leg cross-secuonal geometry

250 1

200 4

150 4

Vg (fus)

© Loss ot noraowsl sathicaton |

.

es [ Stailied |

e | lOOp ow
——e—— 2 0Ops
e 3 OODS
r—— 4 |GOPS
s Yoy (Taitel-Dukler)

100 1
60+
U e L . 4 v
0 5 10 16 20
Power (MW)
69 9 2 1
Days after shutdown

Figure E-4. 1ot Jeg vapor velocity with a 0.25 liguid level in the hot leg pipe tor various numbers of

active loops.
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Figure E-8. Hot leg vapor velocity with a 0.5 liguid level in the hot leg pipe for vanous numbers of active
loops.

The hot leg vapor velocity was calculated as a these calculations are given below (1979 ANS
function of the decay heat, the hot leg hguid level, stundard decay heat data)
and the number of active loops. The results of the Rated plant y wer . 1411 MW

calculations are presented in Figures E-4 through
E-6. Recall that it 1s assumed that there is no flow
through an inactive Joop. Relevant data used in Ivumber of primary loops = 4

E-3. FLOODING AT THE HOT LEG BEND

Hot leg piping inner diameter = 29 inches

The calculations of hot leg flooding characier-

istics were hased on the Kutateladze correlation ® o ow o S 78 iB6)
Hot leg flooding can affect core level depression : . o:
and reflux efficiency
» where

The Kutateladze correlation chosen is

- 1 4 / = superhicial vapor velocity

- S ~ .
JKe # JK; = VA2 (E-5)

o - density of water

Flooding occurs when there is no higud down-
flow (K= 0) or when Ky = 3.2, K, is defined by 0o, . density of sicam

E-7 NUREG/CR-5KSS
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Figure E-6. Hot leg vapor velocity with a 0.78 Tiguid level in the hot leg pipe tor various numbers of
active loops.

o = surface tension A = Cross-sectional area of the hot
leps.

leration to gravity. :

& . -MOMIRE o fn grawit) Calculations of K at atmospheric pressure

were performed by varying the decay heat and the

A mass and encrgy balance in the primary loop number of active loops. The resulis are given in
is used 1o obtain an expression for the superficial Figure E-7. Relevart dat used =1 the caleula-
vapor velocity tons are (1979 ANS standard decay heat dat

Rated plant power = A4l MW
. ¢ :
Iy = oA (E-7)
4 Hot leg piping inner diameter = 29 inches
where Number of primary loops = 4
_ The results show that at atmospheric pressare,
Q = coredecay heat flooding would oceur only when one active steam
generator is required (0 remove approximale.y
hig = latent hoat of vaporization 'Y MW or more of decay heat
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Figure E-7. K, relative to ducay heat at atmospheric pressure for various numbers of active loops.

E-4. FLOODING IN THE PRESSURIZER SURGE-LINE

The calculations of flooding caaracienstics in
the pressurizer surge line are also based on the
Kutateladze correlation® Flooding in the vertical
section of the pressurizer surge 'ine can cause
core level depression because of Iguid hold-up in
the pressurizer. Reference 9 shows that a column
of water in the pressurizer can also cause erro-
neous reactor coolant system leve' indications
when the temporary reactor vessel level indica-
tion system is used duirg reduceJ inventory
opetion. BEqua, < 2 (EB), e D7) are
used 1o Srermive b o0 Saraeisnsues in the
Pressunzer surs

Calculations of Ky were performed at atmo-
spheric pressure. The fraction of the care gener-
ated steam entering the pressurizer surge line and

e e A s A e e e e s i Lo PR PR g p—

E-9

the decay heat were vaned 1o determine flooding
tendencies, The results of these calenlations are
shown in Figure E-8. Relevant data used in the
calculations are (1979 ANS standard decay heat
data)

Rated plam power = 3411 MW

Surgy line piping tnner =« 14 inches
chameter

Figure E-8 demonstrates that if all the steam
generated in the core enters the pressirizer surge
Jine, Looding is possible at all decay heats consid
ered. 1f one quanter of the steam prov's sed in the
core enters the pressurizer surge line, tlooding is
possible only of the decay heat is greater than
11 MW

NUREG/CR-S855
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