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ABSTRACT

'Ihis document is a synthesis of data and analpis concerning natural
circulation cooling in U.S. Pressurind Water Reactors during off normal
operation and accident transients. Its objective is the integration of
isnportant research findings concerning PWR natural circulation phenomena
into a single icference document. Sources of information include the Nustear
Regulatory Commission, reactor vendars, utility sponsored research groups,
utilities, national laboratories, research reports, meeting papers, archival
literature, and foreign sources.

Three modes of natural circulation are discutsed: single-phase, two-
phase, and tellus/ boiling condensation. General characteristics, analytical
expressioris, noncondensible pas effects, secondary effects, and nonuniform
now are described with regard to each of the natural circulation modes. Plant
operational data, tests in scaled esperimental facilities, and analysis with
thennat hydraulic system codes have demonstrated the effectiveness of single-
phas natural circulation as a cooling mechanism. Evidence suggests that

a two phase natural cliculation and tellus/boiliny condensation can also be
effective methods of alteroate core cooling. Ihperimental test facility data
and analpis are the prirnary components of the two-ptiase and retlus/ boiling
condensation natural circulation knowledge base,

?

,

FIN No Ab32S-Thermal llydraulic Research Center.
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NATURAL CIRCULATION COOLING IN U.S.
PRESSURIZED WATER REACTORS

EXECUTIVE SUMMARY

Natural circulation in pressurized ' water noncondensable gas effects, secondary side
reactors (PWRs) refers to primary coolant Dow e"ects, and nonuniform flow are described with
within the loops of a closed primary system, regard to each mode. Additionally, the role of
Natural circulation flow is driven by differences thermal hydraulic system codes in predicting
in- the average . coolant density within the na' ural circulation behavior. and the detection
primary system. These density differences result of natural circulation in operating plants, are

- from the heating of the reactor coolant in the also discussed,
core and the subsequent cooling of the reactor |

coolant in the steam generators, which are Single-phase natural circulation is the tiow !
elevated relative to the core, resulting in a loop of an essentially subcooled liquid driven by i

l
; gravitational driving force, Natural circulation tempeniture induced density diff;rences within

cooling is an essential means of removing the primary loop. The dominant heat transfer'

shutdown decay-heat in U.S. pressurized water mechanism is convection, making the loop
. reactors (PWRs) when forced circulation by the mass flow * ate the dominant heat removal
reactor coolant pumps (RCPs) is not possible. parameter. Plant operational data, tests in
The loss of forced circulaticca may result from scaled experiments, and analysis with thermal
the loss of offsite power, pump failure, or hydraulic system codes have demonstrated the
operator action based on operating proc-dures effectiveness of single-phase natural
for abnormal conditions. circulation. Ilowever, the presence of .i

'

noncondensable gases or low secondary liquid
The U.S. Nuclear Regulatory Commission- levels may compromise the c. cat removal

,(NRC) declared shutdown decay-heat removal an efficiency of this mode. The location, amount,
unresolved safety issue (USl A-45) in December type, rate of accumulation, and migration of the i

1980. A U.S. NRC task action plan was formed noncondensable gas detennine the extent of the
to resolved this safety issue, resulting in noncondenaahle gas influe. e. Ilowever, the

considerable study and analysis of the bebavior combined effects of these parameters are not
and phenomena that control the effectiveness of ccmpletely understood.
natural circulation cooling in PWRs.
A mation from integral test facilities, F%w stall ud reversal has bcu observed in -

p .e effects experiments, operating plant the U-tubes of UTSGs during scaled single-
,, and analysis c.ve made significant phase natural circulation experiments. The net

contributions to the natural circulation mass flow rate may be reduced slightly as a
knowledge . base and many important result of these tube-to-h,ae instabdities, but
phenomena have been identified through this adequate single-pht.se natural circulation
research. The purpose of this report is to cooling will not cease. Although this problem
integrate and synthesize the important results may not be a significant safety concern,
from this extensive research effort. simulating this phenomena may serve as a

useful test case for thermal hydraulic system
Three modes of natural circulation cooling codes. Note, it is important to identify and

are netmally recognized- me sirgle-phase understand nonuniform flow behavior because
mode, the two-phase mede, t ad either the reflux .there is : strong coupling between primary flow
condensation mode [U-tube steam generators and beat transfer, and because flow instabilities

'(UTSGs)] or the boiling condenser mode [once- may cause cperator confusion.
through steam generators (OTSGs)] depending
on _ the type of steam generator. General Two-phase natural circulation is e cnerally
characteristics, analytical expressions, defined as the continuous flow of liquid and

1
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sapor through the loops of the primary system. multi-channel instability. flow geometry
Yapor is generated in the core and Dows along effects, and nonuniform emergency feedw ater

with the saturated liquid to the steam generators (EFW) behavior,

where at least some of the vapor is condensed.
Density gradients and hence, the mass flow rate, During reflus/ boiling condensation, single-

are allected by not only the loop temperature phase vapor is percated in the core and flows
distribution but also by the loop void to the steam generators w here it is condensed.

distribution. Because of the additional heat Condensatbn is the primary heat removal
transfer from condensation, the required mechanism. Consequently this flow mode is

primary-ta-secondary tetaperature diff erence is characterized by small mass dow rates and small

smallei than that required during single-phase primary-to-secondary temperature differences.

natural circulation. During reflux conder~.ation in plants with
t rT'.Gs, vapor from the (. ,re flows thmugh the

The two-phase now behavior for plants hot leg to nie steam generator I! Gbes, when-

with UTSGs and OTSGs are similar if voids are
condensation occurs. Condensate in the up0ow

entrained in the Dow and pass into the steam sides of the steam generator U-tubes drains back

generator tubes. Ilow ever, in plants w ith to the sessel along the bottom of the hot leg.

OTIGs, flow interruption may occur because of Thus, a countercurrent How of liquid exists in

soids accumulating in the hot leg upper bend. the steam generator U-tub.s and hot leg.
Dependmg on 'he primary and secondary side Condensate in the dowtMow sides of the
con 41itions, flow interruption may last for an U-tubes flows concurrently with any

cuended period of t, .e and/or lead to an uncondensed steam into the steam generator

intermittent type circulatian. In plants with outlet plenum and cold leg pump suction
piping. Two types of boiling condensationUTSGs. the peak two-phase mass flow rate

occurs when voids occupy most of the w.am: have been observed in test facilities w ith
in the apflow sides of the U-tubes, but little OTSGs. Pool boiling condensation occurs when

volume in the downflow sides. the primary side vapor is adjacent to the
secondary side liquid, or pool. EFW boiling

The efficiency of two-phase natural condensation occurs when a condensing surface

circulation cooling may be redn:ed by degraded exists below the secondary EPN sparger spray

secondary side conditions and/or the presence elevation located near the top cf the steam
of n, acondensable pases. Iloweser, lost heat generator.
transfer during two-phase natural circulation
causes increases in the primary pressure, which it is well established that noncondensable

compresses the noncondensable gas solumes. gases impede the condensation process.
Effectise heat transfer areas are reduced andIn this manner, the primary pressure acts as a

correcting mechanism to compensate for lost higher primary-to-secondary temperature
heat transfer. This process makes two-phase differences are required to remove the decay

natural circulation more tolerant of heat. As for two-phase natural circulation,
concondensable gases than single-phase primary system preme acts as a correcting
natural circulation. mechanism to comt .s noncondensaMe gas

volumes in erder to compensate for these
Nonuniform flow may also affect the heat adverse effects. A secondary effect of

removal efficiency of two-phase natural noncondensable gases in UTSG plants is the

circulation. Types of nonuniform now in UTSG enhancement of floodmg tendencies at the

plants include: U-tube flow stall / reversal steam genera'or U tube inlet. Noncondensable

pher omena; cyclic fill and dump behavior in gases tend to force additional condensation to

stea n generator U-tubes; oscillatory U-tube occur in the upflow sides of the steam generator

flos < resulting from low secondary liquid levels; U-tubes resulting in an increased amount of
nor uniform Cow caut.ed by the transitmn from condensate that must drain against a vapor

sirgle-phase natural circulation, and unbalanced upflow .

lo ip secondary side condit;ans. Causes of
nonuniform flow in OTSG plants incluoe: the in OTSGs, there is a potential for lost heat

i itermittent circulation mentioned presiously, sink behavior when EFW is not available,

2
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because the steam generator primary side shown good agreement for a wide range of
condensing surface may be driven above the geometrical scales, linesever, certain types of
secondary pool Ic.el by reductions in the transients provide unique modeling problems
secondary liquid level and/or by the presence of for 'he thermal hydraulic system codes.
noncondensable gases in the steam generator Although, considerable progress has been made
tube s. in simulating most of the irnportant natural

circulation phenomena, additional code and

in UTSG plants, the flow of vapor to the m del development is needed to ensure that

steam generators may be impeded by flooding, simulation of the more complex phenomena can

both at the hot leg bend and at the steam be perfonned with coruidence,

generator U-tube inlet. For typical reflux An important issue to reactor safety is theconditions, flooding at the hot leg bend is ability to detect natural circulation. In some
unlikely; but flooding at the steam generator instances, operator action may be necessary toU-tube m, let has been observed in numerous

initiate natural circulation, and plant operators
scaled experiments. Flooding at th,s location cannot reliably depend on flow rate readings ati

may also mitiate an oscillatory U-tube flow natural circulation levels. Therefo~, trends in
pattern, charactenzed by hquid holdup m the temperature measurenants must be used to detect

,

steam generator U-tubes, which may aggravat natural circulation flow,
lo( p seal, core leul depressioa effects.

This aport shows the effectiseness of .

Thermal-hydraulic system codes must be single-phase natural circulation, two-phase
used in order to apply the results from scaled natural circulation, and reflux / boiling
experiments to large-scale operating reactors. condensation as heat removal mechanisms.
This is especially true in the case of the two- However, the heat removal efficiency of of all
phase and reflux / boiling natural circulation three modes depends, to a certain degree, on the
modes. Many comparisons of code calculations effects of noncondensable gases, secondary side
to experimental data for natural circulation have conditions, and nonuniform flow behavior.

._
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1. INTRODUCTION

Natural circulation cooling is an essential that the results were apphcable to full-scale
means of removing shutdown decay beat in U.S. PWRs. See References 4 through 16 for detailed

pressurized water reactors (PWRs) following the discussions of scaling analyses for natural
loss of forced circulation by the reactor coolant circulation driven flow. The scaling criteria used

pumps (RCPs) during operational transients or by the experimental test facilities are shown in
following accidents. Following the TMI-2 Appendix A.
accident in March of 1979, the Nuclear
Regulatory Commission (NRC) declared Natural circulatmn refers to coolant flow
shutdown decay-heat removal an Unresolved within a closed hiop (or reactor coolant system

Safety issue (USI) in December of 1980 (USl piping) in which heating and coohng effects
A-45, Shutdown Decay-llcat Removal.)1 J A result in different average densities in the heated

task action plan was formed to resolve the and cooled sides of the loop. In the case of a
concerns about the reliability and effectiveness PWR, these differing densities are created by the

of shutdown deca) heat removal in nuclear heat up of the reactor coolant in the core (heat _

power plants. The formation of the task action source) and the subsequent cooling in the steam

plan resulted in a considerable devotion of generators (heat sink ), which are located at an

resources and effort towards the behavior and elevation above that of the heat source to
phenomena that control the ef fectiseness of enhance the buoyancy e f fect . A net

natural circulation as a mechanism for shutdown gravitational force is thereby available to drive
decay-hem removal.3 This effort resulted in the the natural circulation flow. Periods of natural
generation of a vast amount of data from many circulation cooling in PWRs are initiated by
sources including the NRC reactor vendors, failure of the reactor coolant pumps, which
universities, utilities and utility-sponsored causes the loss of forced circulation. This can be
roearch, national laboratories, and foreign caused by events such as a loss of offsite power
sources. In addition to the experimental work, a (LOSP), pump failure, and operator termination

was devoted to the of fomed circulation based on operatingcomplementary effort
development and assessment of thermal proccuures for abnormal operational

hydraulic system codes that could simulate and conditions. Lanning and WunderlicksM
predict the natural circulation cooling estimate that approximately eight such events

phenomena. The purpose of this report is to occur per year in U.S. PWRs, so these events are

integrate and synthesize the important findings not uncommon. A compilation of actual nuclear

from this research into a single document. plant tests / incidents, between 1973 and 1990, ~
i

is presented in Table 1-i. Tests / incidents

This report will concentrate on PWRs between 1973 and 1980 were taken from a list

having plant designs utilizing U-tube type presented by Zvirin,18 and updates hav- been
by

steam generatcrs (UISGs) or once through type included from more recent b s

steam generators (OrlEGs). The report does not searching through Licensee Esent Reports
(LERs) and selecting those pertaining to naturaladdress phenomena associated with ses ere

accident natural circulation. The goal is to circulation cooling.

combine quantitatise results of experiments
and/or analyses to (nable the prediction of The report provides a concise summary of
lim 9ations, operating boundaries, and natural circulation (Section 2) as well as a
uncertainties of system response under various detailed review of natural circulation,

abnormal transient or accident conditions. phenomena (Secimas 3, 4, and 5). An entire
section is devoted to each mode of natural

The majority of the information presented circulation (single-phase, two-phase, and
in this report has been gleaned from the results reflux / boiling condensation). Sufficient

"

of scaled experiments and/or analysis; not from repetition of key points in each of these
tull-scale plants. Th. refore, the establishment sections provides an understanding of the
and use of appropriate scaling parameters in relationships between the different modes. In
these studies was necessary in order to ensure addition, there are two sections that address the

4
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issues associated with the role of thermal Appendices, and an Index. Appendix A serves
hydraulic systeto codes in predicting natural as a quick reference for information regarding
circulation cooling behavior and also the the integral test facilities cited in this
detection 'of natural circulation. The final document. Appendix' B provides a quick
Sections include a Summary and Conclusions reference for information pertinent to thermal-
(Section 8), a list of. References, the hydraulic system codes.

Table 11. Summary of natural circulation plant data a j

Type / Power
Plant (MW) Test / Incident Remarks

I
ANO-1 B&W . Loss of electrical power . Transient of only 5 mm.

860 * 2/22D5 . Far from steady state

Calvert Cliffs - . Test--natural circulation
_

845

Crystal B&W . Test--loss of electrical . Transient of 20 min. |
River 3 858 power . Non-symmetrical loops operational '

4/23D7 * SG lesel changing
. Quasi-steady state not fully

established

L Davis Besse 1 B&W . Test--loss of offsite power . Transient of 14 min.
906 12/3D8 . Secondary pressure changinga

,

a Quasi-steady state not reached

Davis Besse 1 B&W . Test -loss of offsite power . Transient of 9 min.
906 1/15D9 . Apparent quasi-steady state.

Davis Besse 1 - B&W . Test--natural circulation . Constant power
906 * 12/3D8 Steady state temperatures

* Oscillations in SG levels

Ft. Calhoun u. . Test--natural circulation Typically,40 min. transient
457 transition from forced to natural

circulation
!

Iladdam Neck . W (4 loop) . Test--natural circulation . Test initiated by pumps trip I hr
527 after reactor shutdown, following i

month operation at 70% power i

Kewaunee W (2 loop) . Backdown and shutdown due . Natural circulation transient of 2
535 to hot reserve aux. bus, days until RIIR activated

RCPs tripped . Steady state
a 4/26D5

Kewaunee W (2 loop) . Shutdown due to turbine . Natural circulation transient of 2
535 blade burst days until RHR activated

1/17D7 . Steady state

,

5
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- Table '1 1. -- (continuid) , _ ,

Type / Power
Plant (MW) Test / Incident Remarko- |

|

>

Kewaunee W (2 loop)' . Loss of offsite power . Trrmient of 9 hours until RiiR
535 1/17/80 activated

. Steady state
- North Ana 2 W (3 loop) . Test- natural circulation

939

Oconee-1 -- B&W . Natural circulation imposed . No input power,
860 by pressure decrease in SG. . Transient (30 min.) towards new

5/103 steady state at lower temp.

Oconee-1 B&W * Test--loss of offsite power . Transient of 22 mit.., quasi steady
860 * 11/4/73 state. '

Oconee-2 IkkW ' . Reactor trip following . Long transient.
860 separation from grid. . HPSI kept constant.

*5/2n4
;

PaEc as G . Test-natural cirm.at:or. . Transient of 45 min.
798 4/20n2 . Nearly steady state

Point Beach W (2 loop) . Test--natural circulation _

497

Prairie Island W (2 loop) . Tube break in SG * Pumps stopped after 13 min.
520 10/2/79 . Transient of 16 hours until RiiR on

. Injection of water to make up for
leaks

-Sequoyah W (4 loop) - Test--natural circulation . Pre-test RETRAN calculations
1148 6/80

St. Lucie W . Test--natural circulation _..

810-

St. Lucie -
_

. Loss of offsite power . Pressurizer level ;ontrolled by
810 6/11/80 spraying to fill vaid in the reactor

dome caused by c.epressurization

1.; St. Lucie - G- . Loss of offsite power . Behavior similar to abne incident.

| 810 4/15/80 . Depressurization and pressure
control were slower,

|:
TMI-2 B&W - Ac:ii / - . Switch to natural circulation

880- 3/28 N 4/27/79

TMI-2 B&W . Test--loss of offsite power . Transient of 40 min.
880 4/22/78 . Oscillations in temperatures

6
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Table 1 1. (continued)

Type /Powei
Plant (hl%1 Test / Incident Remarks

Trojan W (4 loop) . Test--natural circulation . Transient of 100 min. (from
2/14D6 startup,1130 e

Yankee Rowe 3y (4 loop) . Test--loss of offsite power . Transient of 3 hours
1175 Steady state

Zion-1 3y (4 loop) . Test-natural circulation . Results in agreement with
1040 theoretical calculations

1

Diablo 3y (4 loop) . Reactor trip due to power . Reactor placed in natural circulation |Canyon 1073 range high positive rate following reactor trip
Unit-1 6/14/90 .)

. LER #27590005

Salem Station W (4 loop) . Loss of offsite power * Reactor core cooled using safety
Unit-1 1100 * 8/26/86 injection and natural circulation

. LER #31186007
l

- Beaver Valley 3 (3 loop) . Tmbine trip / reactor trip due I
_.

Unit-2 333 to personnel error
11/17/87

. LER #31787003

St. Lucie CE (2X4 . Re,:ctor trip . Unit stabilized using natural
Unit 2 - loop) 9/9/85 circulation

839 * LER #31787003

Diablo }y (4 loop) . Reactor trip following an . Cooldown to cold shutdown
Canyon 1087 electrical ground on a initiated using natural circulation
Unit-1 connector to RCP 2-2 and Rilk system (28 hours)

7/17/88
. LER #32388008

Indian Point W (4 loop) . Loss of power during hot * Reactor cooled with natural
Unit-2 900 shutdc wn circulation for approximately

-

10/4/81 14 min
. LER #24783035

Byron Unit-2 ly (4 loop) Reactor trip and subsequent . Natural circulation was used to cool
1105 loss of offsite power due to the primary loop following loss of

a personnel error offsite power
10/2/87

. LER #45587019

Rancho Seco B&W . Reactor trip a Natural circulation was maintained
963 10/14/88 for approximately 1.5 hours

. LER #31288015

7
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Tablo 1 1. (continuco)

Type / Power *
Plant (MW) Test / incident Remarks

Reactor trip and loss of . Reactor cooled by naturalPrairie Island W (2 loop) .

Unit-2 500 power to RCPs circulation for approximately
12/21/89 3 hours.

LER #30689004.

Crystal River B & W (2 . Degraded offsite power & . RCS cooled by natural circulation

Unit-3 loop, reactor trip in W loop
lowered) 7/17/89 Thermal decoupling occurred in 'A'

666 . LER #30289023 loop

Turkey Point W (3 loop) . Reactor trip Natural circulation established,

l 'ait-4 666 6/17/85 verificd, and maintained

. LER #25185011

Virgil C. W (3 loop) Reactor trip Natural circulation was effectively

Summer 885 3'5/90 established
. LER #39584010

Joseph M. W (3 loop) . Reactor trip . Natural circulation verified and

Farley 830 8/14/85 maintained for approx. 25 min

Unit-2 . LER #36485010

Catawba W (4 loop) . Test--natural circulation _

Unit-1 1129 . I1/19/85
. LER #31787003

Calvert Cliffs CE(2X4 . Loss of non emergency ac . Natural circulation observed

Unit-1 loop) power
845 8/20/87

. LER #31787012

Palisades CE(2X4 . Loss of offsite power . Plant maintained in hot standby

loop) 7/14/87 with natural circulation for 9 hours

768 . LER #25587024

Indian Point W (4 loop) . Reactor trip . Natural arculatian established for

Unit-2 900 12/12/85 approximately 2 hours
. LER #24785016

W olf C rek E (4 loop) . Reactor trip . Natural circulation established for

1135 * 9/10/87 5 min.
. LER #48287037 s

Beavr Valley W (3 loop) . Peactor trip . Plant stabilized following turbine

Un ' 665 8/25/87 trip using natural circulation
. LER #41287019

N I

I
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Table 1 1. (continued)

Type / Pow r
Plant (MW) Test / Incident Rernatis

Palo Verde CE (2X4 . Reactor trip . Natural circulation established t.nd

Unit ' leop) * 9/12/85 serified following trip
1221 . LER #52885063

Millstone CE (2X4 * Shutoown due to hurricane . Natural circulation maintaine<l for
Point loop) " Gloria" approximately 24 hours
Unit 2 863 9/27/x5

. LER #33685014

Point Beach W (2 loop) . l.oss of load reactor trip due . Adequate natural cliculation
485 to lightning strike indicated by differential

8/16/87 teraperatures between the hot and
. LER #30187002 cold legs

1 1. 11. W (3 loop) . Loss of of fsite AC cvent . Plant cooled by natural cirent tion

Robinson 665 1/28/86 and by using SG PORVs

Unit 2 . LER #26186005

Turkey Point W (3 loop) . Reactor trip . Natural circulation verified

Unit-3 666 3/19/84
* LER #25084007

Palo Verde CE(2X4 . Loss c! offsite power . Reactor coolant system cooled via

Unit-1 loop) 10D/85 natural circulation after loss of
1221 . LER #52885076 forced circulation

ll&W - Babcock and Wilcox

CE - Combustion Engineering

W - Westinghouse

9
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2. NATURAL CIRCULATION PHENOMENA

The puy ,se of this section is to address the dif ferences 19 These distinguishing features are
.

general phenomena associated with each natural discust ed below,

circulation mode in sufficient detail to allow
effective discussions of specific issues in later in order to provide a more accurate
sections. In addition, distinctions in natural discussion of the three modes of natural
circulation behavior between plants with circulation, it is necessary to uilferentiate
UTSGs and OTSGs are made, between plants with Unfis and plants with

O!3G s, The major geometric uilferences
Three modes of natural circulation are nor- between the two designs are the shape of the

mally recognized. Single phase na: .d tubes within each steam eencratet, and the
circulation and two-phase natmal circulation are geometry cf the hot leg. These geometric
two of these modes. The third mode is called differences have little effect on tN response of

either reflux condensation or boiling single-ph:se natural circulation or even the "

condensation, depending on the type of steam early stages of two-phase natural circulation;

generator. As mentioned in the intcoduction, but as the amount of voids in the primary
natural circulation now in PWRs is driven by system increases, the natural circulation

|
temperature induced density gradients, enhanced behavior of the two designs may diverge.

by a thermal center elevation difference between Figure 2-1 (see Reference 21) presents a
-

the hot (core) and cold (steam generator) simple schematt design of a PWR system with

regions in the primarv loop.1%2" This density a UTSG, while Figure 2-2 (see Reference 22)

gradient produces a buoyancy effect utat drives presents a schematic of a pWR system with a
the natural circulation flow. Thus, single phase OTSG. In *he UTSG design, multiple tubes of
natural circulation is the now of an essentially different lengths are shaped in the form of 7

subcuoted primary liquid driven by liquid inverted U, aad the hot leg has a short vertical

density differences within the primary loop. section that enters the botwm of the steam
Two-phase natural circulation is normally generator, In the OTSG design, the multiple,
defined as the continuous flow of liquid and equat length tubes are vertical. The hot leg has a

vapor. In this mode of natural circulation, sapor long vertical section leading to an inverted
generated in the core enters the hot leg and U-bend. sometimes called the "canoy cane"

flows along with the saturated liquid to the region, which connects to the top of the steam

steam generator, where at least some of the generator.

vapor is condensed. Ilence, density gradients
an affected in the two-phase mode not only by Figure 2-3 (see Referente 23) is a
temperature differences, bui also mainly by the representative natural circulation How man for a

presence of voids in the primary loop. In both UTSG design {specifically, the PrimMrkreisinufe

single-phase and two-phase natural circulation, (PKL) facility in West Germany] 'i$e primary
the mass now rate is the most important heat side mass flow rate (measured at the downcomer)

removal parameter.21 Conversely, during and the temperature diffe ence between the
reOux/ boiling ' condensation, the loop mass primary side coolant at the steam generator
now rate has a negligible effect because the inlet to the secondary side fluid (the rectangular

zones indicate measurement imccrtainty) areprimary mechanism of heat remosal is vapor
condensation, in the reflux / boiling pioned versus the primary mass inventory fo-
condensation mode, single-phase vapor two-phase natural circulation and reflus
generated in the core flows through the hot leg condensation, and the lesel of subcooling for

piping, is condensed in the steam generator, single-phase naturat circulation. Note that for
and flows back to the core as a fiquid. In single-phase natural circulation the loop mass
summary, the three modes of natural circulation flow rates and primary-to-secondary temperature

are distinguishable based upon characteristie differences are nearly independent of
mass flow rates, loop temperature difference subcooling. As the primary inventory is
behavior, and basic phenomenological recluced. the primary pressure ,nd the amount of

10
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subcooling decrease, the core vapor generation of the U-tubes.1%2O Figure 2-4 illustrates
rate increases, and voids collect in the vessel this phenomenon in a single U-tube. The effects
upper head. As the inventory is further reduced, of Gooding, liquid hold-up, and oscillatuy
the hot leg eventually saturates; as voids enter U tube now may be observed in counter-current
the hot leg nonic from the sessel uppcr head. type flow situations.2" 20 These effects will
Up to this poi:,t the mass flow rate and loop be addcessed in subsequent sections.

temperature dif ference behavior have remain-d
relatis ely constant. Ilowever, the natural in OlSG plants, single-phase natural
circulation behavior changes significantly once circulation and the initial stages of two-phase
voids enter the vertical sections of the hot legs natural circulation are similar to that of UTSG
arid the up0ow sides of the ste am generator plants lloweser, during the latter stages of two-
U-tubes. The hot side density is tharply reduced phase natural circulation voids may collect in
because of the presence of the u :ds, while the the " candy cane" or U-bend region of th upper
cold side density has not yet heen significantly hot leg, and disrupt the flow. This flow
affected. Consequentiv, the buoyancy effect is inter uption may delay the onset of boding
enhanced, resulting in a higher loop mass flow candensation and result in the temporary lass of
rate. The mass flow rate peaks when voids the sicam generator as a heat sink. Figure 2-5
occupy almost the entire upflow sides of the (see Reference 27) schematically illustrates the
U-:ubes and single-phase liquid exists a the liquid distribution leading to now interruption
downDow sides of the U-tubes and in the cold and also demonstrates why this event is lw
leg. This situa isn corresponds to the maximum likely in the UISG. In the OTSG, a steam
hot-to-cold side density difference in the loop. bubble may interrupt flov when the primary
Once voids pass oser Ine *op of the steam liquid level is above the secondary side
generator U-tubes into the downflow side, the emergency feedwater spray elevation. The
buoyancy effect is reduced and the mass flow secondary !; quid level is thus unable to
rate likewise decreases.20 Further inventory condense the primary steam bubble and the
reductions result in the drop of the two-phase primary and secondary liquid temperatutes may
mixture below the 's of the steam genera,or equilibrate, resulting in a temporary loss of the
U-tubes, interrupting the two-phase flow and steam generator as a heat sink. In the U'ISG,
initiating reOux condensation. Durmg the two- vapor blockages may eceupy the upper U-bends
phase flow mode. the primary-to-secondary of some steam generator U-tubes, but the tops
temperature difference decreases tecause of the of the U-tubes are nonnally below the secondary
enhanced heat transfer resulting from vapor liquid level, keeping the steam generator in a
condensation. This effect is also observed in heat sink mode.
the reflux conden.ation mode where
condensation heat transfer is the primary means Durmg interrupted flow in an OTSG,
of decay heat removal.23 "spihover" occurs when compressio- the,

steam bubble (due to system press; chan 1

During reflux condensation, vapor following the loss of the steam generator as a
generated in the core is condensed on the inner heat sink) allows the primary liquid level in the
surface of the steam generator U-tubes. In the upflow side of the hot leg to reach the top of the
upflow sides of the U -tubes, a countei-turrent U-bend. Figure 2-6 is a schematic description of

Gow of varas and condensate is establAed. the primary liquid distribution just prior to ,

Condensate collects on the inner surface of the spillover. Spillover results in a recoupling of
steun generator U. tubes and flows back to the the primary and secondary sides, and continuous
core via the hot leg, while vapor continues to two-phase natural circulation will be
flow over the U-tube upper bend, in the reestablished until void blockages reform and
downflow side of the U-tubes, sapor and the flow is once again interrupted. This cyclic
condensate flow into the cold leg suction behasior is called intermittent circulat on.Mi

piping. Experiments have shown an With no further loss of reactor primary coolant
approximetely equal spht between the conden- this intermittent behavior would continue
sation in the uptkw and in the dcwnflow sid s indefinitely, a long as secondary coolant flow

14
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- was maintained. Eventually, sufficient loss of when the steam generator primary liquid level ,

'

: primary inventory results in a steam generator is. greater than the secondary level, but a
primary-lig. id level that is low enough to primeq condensing surface exists below the
initiate _ the boiling condensation mode of EFW sparger spray location., Hoth types of

intural circulation. boiling condensation are effective means of '

decay heat removal. Figure 2-9 shows the loop ,

in the case of a _OTSO, such periods of liquid distribution for a single tube during EFW

intermittent circulation do not allow the boiling condensation. Figure 2 9 is perhaps
presentation of a continuous flow inap such as overly simplistic in that liquid distribution
Figure 2 3;Instead, pressure response data can_ during EFW twiling condensation will actually
be used to indicate regions of different na: ural' vary from tube to tube depending on the i

circulation behavior. Figure 2 7 indicates proximity of the tube to the EFW sparger spray,

periods of draining and depressurization to the EFW flow rate, and the secondary vapor

saturation, two-phase natural =- circulation, u p fl o w.29,30 EFW liquid distribution is ;

interrupted flow, and boiling condensation. dependent upon the secondary vapor upflow
Single-phase natural circulation occurs during when the flooding _ line is approached.-

necur at the tubethe early period .of draining and Secondary side flooding ma{n
depressurization, and in any later post refill sup7 ort plates in OTSGs.2L

cooldown period. Periodt of continuous two-
phase natoral circulation can occur before and The preceding discussion of natural
after boiling condensation. circulation phenomena was simplified by

considering only the basic natural circulation ;

Figure 2-8 depicts the liquid distribution in responses. It is noted as a prelude to subsequent |

a OTSG loop during boiling condensation, sections that many ' issues related to natural
'

Because this type;of. boiling condensation circulation have not yet been addressed. For

requires the primary level to be lower than the example, nonuniform flow, multi-loop effects,
secondary level within the steam generator, the secondary side effects, and noncondensable
configuration showet in this figure is called gases can have significant influences on the
" pool" boiling c3ndensation. A second type of- effectiveness and tx.: .vior of natural circulation
boiling condensation mode, called Emergency coeling. Because of the importance of these
Feedwater (EFW) boiling condensation issues, they will be addressed relative to each

hometimes also referred to as Auxiliary namral circulation mode in the sections that
Feedwater(AFW) boiliag condensation], accurs follow.
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3. SINGLE-PH ASE NATURAL CIRCULATION

3.1 Introduction 2. Single-phase natural circulation is charac-
terited by decreasing cold leg temperatures.

The purpose of this section is to synthsire
available data into a format that will enable the 3. Single-phase natural circulation is charac-

predictbn of single-phase natural circulation terized by stable or slowly decreasing hot

sys tem behavior unde various operating leg temperatures.

conditions. The general characteristics of
single-phase natural circulation will be 4. During single phase natural circulation,

there should only be small differencesadd essed first in order to provide a reference
bet w een the hot Ic g and core exitbe.se for discussing more specific phenomena.

Also, a discussion of the calculation of steady thermocouple readmgs.

state single-phase natural circulation using
expressions derived from the simplified mass, These characteristics also give insight into

momentum, and energy equations is included, the detection of single-phase natural circulation
through the use of available plant temperature

Examples of general characteristics of data. They imply the existence of a primary
single-phase natural circulation include loop loop temperature hierarchy , w hich is
mass llow rate behavior, typical system characteristic of single-phase natural

parameter responses (temperature, pressure, circulation, as opposed to the other modes of
~ natural circulation. Figures 3-1 and 3-2etc.), and primary-to secondary heat transfer

behavior. Once the general characteristics of demonstrate this temperature hierarchy in a test
conducted in the Electric Power Researchsingle-phase natural circulation have been

established, specific phenomena associated Institute / Stanford Research Institute (EPRl/ SRI)

with certain abnormal conditions are identified four-loop test facility.32 Only one loop was
and discussed. For example, issues such as active during this constant power (12.1 kW)
noncondensable gases, secs ndary side test.The temperature hierarchy consisted of the
conditions, and non-uniform flow are addressed upper vessel, the hot leg, the steam generator

with regard to their effects on single-phase (U-tube), the lower vessel, and finally the cold

natural circulation. Operating limits and leg.32 The steam generator U-tube temperature

uncertainties associated with these specific shown in Figure 3-2 was measured in one of the

phenomena are emphasized. Finally, a brier six U-tubes at the top of the heat exchanger.
summary of important single-phase natural Comparing Figures 3-1 and 3-2 indicates that
circulation behavior will conclude this section, the lower vessel temperature is higher than the

cold leg temperature, in fact, the lower vessel 1

often precedes the cold leg in the temperature
J, .2 G3neral Characteristics hierarchy due to heat gained through the

do w ncomer.32 Additional evidence of the
Sit 4 e-pl ase natural circulation was existence of this temperature hierarchy ist

described in Section 2 as the flow of an essen- presented in Figure 3-3, which illustrates the
tially subcooled liquid in the primary loop, loop temperature distribution during the single-
driven only by liquid density differences phase natural circulation period of Semiscale
between the hot and cold regions of the primary test S-Nil-1.33
loop. The CE Owners Group Emergency
Procedures Guidelines 31 expands this generic Many SBl.OCA experiments 19.20.23.33.34
description with the additional characteristic > have demonstrated that single-phase natural
listed as follows: circulation persists in the primary loop until

the lower level of the voids in the vessel upper
1. During single-phase netural circulation, head drops to the hot leg nonle elevation. Once

hot-to-cold leg temperature differences in the level of voids reaches this elevation, soids
the primary loop are less than the normal enter the hot leg and two-phase natural
full power operating condition. circulation is initiated. Table 3-1 shows a

22
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BLSG Primary Tube ILSG PrimaryTube
Temperature Distribution Temperature Distribution

Uoflow Uofiow
T, = $37 Primary pressure T, = 5 4 5 -

Longest Shortest O I;I " L ngest Shortostgy 566 2 3)O O I Length LengthLength Length
U-Tube U-Tube U-Tube U-T be ,

555 (61)- 559 (61) 555 (211) 561 (84)

552(137) 553 (137) 550 (452) 545 (815)

547(213) 550(213)
544(404) 544(404) Downflowg g
540(556) 541 (556) O

565 565 568 Loncest Shortest539 (709) 640(709) $4g

538 (886) % Hot leg Length Length

543 343 549 U-Tube U-Tube,
Downflow

Cold leg 545 (211) 548(211)
Longest Shortest 538 (785) 547(668)
Length Length *

Number in parentheses is
U-Tuba U-Tube V elevation above tube sheet in

Vessel cm for primary fluid temperature

538 (99) 537(99) measurement

'

(Uncertainty a 3 KI
538(709)

Figure 3-3. Fluid temperature distribution (in degrees K) during Semiscale test S-NH-1 at
250 seconds.33
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Table 31. Comparison of primary mass inventory versus significant inflection poi..ts
in the loop mass flow rate as found in PKL. Semiscale, and LSTF natural circulatic,n
experiments.20

Last, Lowest
Single- Inventory at the

Scaled Phase Flow maximum two- 7xro Flow
Core Power Inventory phase flow rate Inventory

_Eacilit y (4) (%)
_ (%) (4)

PKL 1.5 99.0 95.0 80.0

Semiscale 1.5 94.0 86.0 70.0

LSW 2.0 96.0 85.0 70,0

Semiscale 3.0 96.0 88.0 65.0

1517 5.0 91.0 80.0 64.0

Semiscale 5.0 94.0 84.0 No Data
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comparison of significant in0ectica points in natural circulation is capable of adequate
the loop man flow rate versus primary mus cooling up to approximately 18% of full power.
inventory as found in experiments conctucted in
10 PKL, Semiscale, and 151F test facilities?" 3.3 Analyticai Expressions
Of particular imerest to this section is the
cohnm entitled "Last, Lowest, Single Phase As stated previously, during single. phase
FA w inventory." Comparisons (. PKL- natural circulation, the primary heat transfer'

F miscale, and LSTF mass Dow versus primary mechanism is convection. Therefore, the
unss inventory are shown in Figure 3-4J" primary loop mass flow rate is an essential
'iote that the mass flow rates in Figure 3-4 have parameter in determining the heat removal
Wen scaled by the ratio of the respectise power capability of single phase natural circulation
:aling factors using the Semi-scale cahnf cooling. Correlated expressions for the steady

te . a the base)0 The important point is that state mass flow rate and core temperature
although the scaling factors for these facilities difference bas e been derived for single-phase
range from 1/48 (LSTF) to 1/1705 (Semiscale) natural circulation in a PWR by Zvirin et
(the PKL saling factor is 1/134), the al.R36 For tmbulent flow, the:e espressions
qualitative behavior of the loop mass flow rate are given by
versus primary mass mventory is neat.y the
same. Differences in the point of transition g g;

3
i.

between single-phase and two-phase natural cir- w (3.g)L---

culation for the three test faciliGe* can be attri-
- C R -

butable to several factors, including:
2 1differences in the wssel upper head and hot leg p 13 - g,

3 (3-2)nonle geometries, different core power levels, ATn al
different sy> tem pressures, and different (PICN) . 00l-2E

secondary _ side conditions. In general,
if the flow is laminar, tne following

experiments hase shown that the occurrence of
a given natural circulation mode is primarily a eAPressions apply

function of the primary mass inventory, with

W=
p3ppauf{"2weak dependcacies on the other factor, (L3)~ - ~ -

mentioned above. . et

The dominant heat transfer mechanism in i
'P Esingle-phase nattual circulation cooling is coa' ATx= p

section. Het.t generated by the core is consected _2 gaLpic,

away from the reactor vessel through the hot leg
to the steam generator theat sink) via the sub- where
cooled primary liquid. Iicat is transferred from
the primary side to the secondary side in the * " 0 * "#,

*

steam generator. The cooling cycle is
completed when the cooled primary liquid flows temperature coefficient forback to the reactor vessel through the cold leg. P =

volume expansion at

average coolant temperature
The amoimt of heat removed from the core;

through single phase natural circulation
cooling is normally the amount produced by g acceleration of gravity .=

'

decay heat power levels (R5% core oower).
llowever, an Anticipated Transient Nithout equivalent driving head. forAL =,

L
Scram (ATWS) experiment in the Loss-of Fluid UTSG, the elevaticn35 demonstrated that single-' Test (LOFF) facihty dif ference between axial
phase natural circulation can accommodate heat midplane of core and axiali

generation greater than the decay heat. It was
concluded in this exr'eriment that single-phase midplane of actise tube

t

26

,

y



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

|

A

P

0.8 , , , , , , , ,

O LSTF 2% (48/1705) oo Oo UO PKL 1.5% (134/1705)0.7 -

0 g -

A Semiscale 1.5%
o Semiscale 3.0% oA A o

0.6 0- o 0 su ~

o
% 0.5 0 o A 0- 9 -

6 o o
a ~0 CD3o 0.4 o--

g0o-

$ U kbn 0.3 -

5 0
4

| 0.2 - -o

4 0
0.1 - -

A0o
0.0 tl O $# d i n i i i

55 60 65 70 75 80 85 90 95- 10 0

Inventory (%)

Figure 3-4. Comparison of LSTF PKL, and Semiscale loop flows,1.5% - 3 9% power.20
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bundle; for OTSO,37 38 the For steady state, the time dependent terms
elevation difference between in the governing i uations disappear 34 and the
axial midplane of the core momentum equation reduces to

and the axial location of the
steam generator thermal
center (location of aurage
temperature) 3

1 W* '

rdz (3-6);R q =-g (
input powerP . ,=

reference dcasity. Density for turbulent flow, orpt =

of coolant at average
coolant temperature

r W = - g f p di (3-7)

coolent specific heat atc =

constant pre.;sure at average for laminar flow. Note that R (or :) is the total
coolant temperature flow resistance parameter defined by the sum of

the frictional and form losses
overall flow resistanceR =

/parameter for the flow path
defined by the sum of the
frictional and form losses
(turbulent now)

f is Li
''

overall flow resistance [y" h (d,""
r =

parameter for the flow path ig
defined by the sum of the
frictional and form losses
(laminar flow) p

4 (3 8)+
A*j

core temperature difference, jgATg =

In the derivation of the above expressions, where the f are the friction coefficients in Oe
conventional one-dimensional mass, tubes, L; are the tube lengths, the A are the tubei
momentum, and energy formulations were used. cross-sectional areas, the D are the. hydraulici
The average cross-sectional temperature was diameters, and the Kj factors determine the I

assumed to be equal to the mixed mean V"fi""5 f rm I sses in the components of the.

temperatore and the Boussinesq approximation loop. 4 No e that the friction coef ficients andr

(i.e., the density is considered constant in the factors depend on the Reynolds number of the
governing equations except for the buoyancy flow. The overall resistance parameter can be
force term) was used. The density in the determined for multiple loops by evaluating
buoyancy term is assumed to vary linearly with resistance su factors for the vessel and loops
temperature according to mdividually,

p, pi 1.0 - p(T - T )~ (3-5) The energy equations for the loop~

i
- - components were simplific :ng an

densityequivalent " driving head" ins, ,

where pi and Ti are the reference density and niegral, an overall heat bala. - ihe core

temperature. All other fluid properties were ratM than the formal energy c., su, and by
considered as constant values, which is justified requinng that no heat losses occur between the
for small temperature variations, core and the heat exchanger (ATg = Th - T e).
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Zvrin assumed that the temperature distributions transfer areaf AT is a logarithmic mean temper-
of the primary fluid in the core and in the heat ature difference based upon the salet and outlet
exchanger were : linear,34 Although more steam generator plena Duid temperatures (Tet
accurate temperature distributions could have and Tpe, respectively) and the secondary 'luid
been used, comparisons of results from models temperature (Ts), which is assumed constant.42
based on linear temperature distributions with
results from models based on more exact AT is expressed as

approximations showed only small
deviations.34 40 thus justifying the linear -

"PP' Li""li "* (Tet;T ) - (Teg;T )g i

Previous research34.41 and PWR plant in 6

data 18 were used to test the accuracy of the pre- .Tys - T s.
ceding expressions for the mass Oow rate and
the core temperature difference, Reference 39 Figure 3 5 (see Reference 42) demonstrates
indicated that these expressions agreed with the behavior of Ke as a function of the
data from a variety of loops and PWRs to within secondary collapsed liquid level for several
30%. Reference 36 indicates differences different test conditions. For the five percent
between measured data from experiments and core power, single-phase natural circulation
plants and calculated values (using the above curve in Figure 3 5, Ke varies between
expressions) are between 17% and 23% When 1.2 kW/(m2K) and 2.0 kW/(m2K) (211.5
using these expressions, keep in mind the 2 2litu/('hft F) to 352.4 Iltu/(hit py),
simplifying assumptions discussed in the
previous paragraph and re3ard them as The data uncertainty in Figure 3 5 stems
approximate expressions, not exact solutions- mainly from temperature measurements. Note

that the largest uncertainties are prevalent when
In the case of a UTSG rejecting decay heat, the secondary collapsed liquid level is high and

the major primary to-secondary heat transfer the effective heat transfer area is large, in this
occurs near the bottom of the upflow sides of situation, the primary-to-secondary temperature
the U-tubes. The heat transfer rate decreases differences are small, resulting in large data
Eradually along the length of the U-tubes. The measurement uncertainties Conversely, when
result is an almost negligible amount of heat the secondary collapsed liquid level is low and
transfer along the downDow side of the U-tubes, the effective heat transfer area is small, the
compared with the amount occurring along the primary-to-secondary temperature difference
U-tube upflow side. The existence of rises to compensate for the reduced heat transfer
nonuniform U tube flow it20.2qa2J3.42,43 area. Consequently, the data measurement
suggests a correspondmg nonuruform heat uncertainties are reduc'd. ,

transfer behavior from one U tube to a'iother.
Thus, Koizumi et al. concluded that it ,vas better The overall heat transfer coefficient, Ke, is
to: define an overall heat transfer coefficient dependent upon the local overah heat transfer
representing the average fluid-to-fluid thermal coefficient, H.11 consists of three terms:
resistance based upon the heat transfer ar$- (a) heat transfer at the inner surface of the
below the secondary collapsed hquid level. , U-tube wall, (b) heat conduction in the U-tube,

*1uis overall heat transfer cocincient, Ke, is-

wall, and (c) heat transfer at the outer surface of
given by - the U-tube wall, i.e.

Q=Ke FR AT (3-9)

I"
" h (D /2)where Q is the total heat transfer rate, F is the t 1

total heat transfer area of the steam generator
U tubes (based on U tube inner diameter), and R g

is the ratio of the heat transfer area below the & (3-11)
h2(D /2)2collapsed secondary liquid level to the total heat

,
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where hi is the heat transfer coefficient inside comparisons with other low pressure, low-
the steam generator U-tubes, h2 is the heat temperature test facility data.
transfer coefficiert outside the steam generator
U-tubes. Di is the inner U-tube diameter, D2 the 3.4 InfIuence of Noncon-
outer U-tuh diameter, and kw is the metal densable Gases
thermal condt.'tivity of the U-tube wall.42
Koizumi et al. claim that Ke b reliably The effect of noncondensable gases in a
applicable to a full scale PWR, but warn that a PWR loop during single-phase ' n, al
currection should be incorporated by circulation is an important issue The preseme
soultiplying the Ke results presente d m of noncondensables in the primary loop may
Figure 3 5 by the ratio of the loca! overall heat impede or even stagnate the natural circulation
transfer coefficient of the full scale PWR and flow, thereby significantly reducing or
the local oserall heat transfer coefficient of the terminating the heat removal capability of the
LSTF. This correction accounts for differences steam generators. Noncondensable gases can be
in U-tube wall thickness and metal thermal introduced into the primary system through
conductivity between the LSTF and the full- safety %ction and by fuel degradation. For
scale PWR.42 Thus, Ke can be used to evaluate exam) E f rogen from the pressuriier vapord
heat transfer rates dunng each mode of natural space, e assolved in the refueling water, and
circulation. It can also be used in estimating the nitrogen from the accumulators (once they are
lower limit on the steam generator secondary depletui of w ater), are several sources of
side liquid lesel necessary for adequate core heat noncondensable gases. In addition, helium may
removal. enter the primar flow system if breaching of

i

cladding occurs. U 3.45
in the case of a GTSG, the primary-to-

secondary heat transfer occurs primar;ly in the The majority of tetearch concerning issues
upper elevations of the steam pencratar. Single- related to noncon(ensable gases has been with
phase natural circulation data frcm the regard to the two phase and reflux / boiling
University of Maryland College Park tL".iCP) condensation modes of natural circulation.
facility are shown in Figure 3-6.4' This figure is These topics are addressed in later sections. The
a plot of the overall but tramfer coefficiwt presence of noncondensables during single-
(UA) versus the hot leg mass flow rate (Will) phase natural circulation has act received as
during steady state, single-pbase natural much attention as the other two modes, but

i circulation coaditions. These data were used to research addressing this issue has been con-
correlate the heat transfer coetficient in terms of ducted.41.4 5 A 6,4 , .4 8,4 9 Ilowever, these
dimensicaless parameters. This cor: elation - ferences deal only with the UTSG rometry.
takes the following form Although m,.ny similvi ies exist betw eent

single-phase natural encdation responses in
Gz UTSG and OBG plants, caution should be

h,u = 0.028 ggFs (3-12) exercised in extending the effects of
noncondensable gases ir. UTSG plants to those

where Nu is the Nusselt number, Re is the 01 O'i SG plants.
Reynolds number, Pr is the Prandtl number, and

Figure 3-7 shows the thermal hydraulic
Gz is the Greatz number Gz - ReProg 44

'J response during a single. phase, tioncon -g
densable gas experiment conducted by Cha and!

-

| Equation 3-12 defines the heat transfer Jin in a twa-loop test facility modeled after a
| coefficient per total number of heat eghanger PWR with a UTSG geometry [ Korean Atomic

tubes. The correlatwn of Equation-3< 12 u valid Energy Research Institute (KAERI)].45 Nitrogen
for water at temperatures not exceeding 121'C gas was injected into the hot' leg of the one
(250 F) and pressures between 24i KPa and $86 active loop in discrete amounts, each
KPa (35 psi and 85 psi). Thus, Equation 3-12 is approximately 0.26% of the primary volume.
not applicable to full-scale PWRs, but it could The successive nitrogen injections resulted m

increased vessel temperatures and decreasedbe useful in rode assessment purposes or

31
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bop Dow rates. After the sixth injection, the During loss or reduction of single; phase
flow stagnated (approximately 1,56% nitrogen natural circulation in the PKL-Ill tests, the
gas in the: priraary system).- Note that -the primary system self adjusted to compensate for ,

pressure measurements in this facility were the adverse effects of the noncondensable >

obtained from a single absolute pre.sure gav The system responded to compensate for .|-

transducer in the vessel upper headi Thus, the lost acat transfer with flow and heat transfer
pressure readings in Figures 3 7 and 3 8 simply increases in undisturbed U-tubes, and pressure
represent the hydrostatic pressure at that and temperature increases that compressed gas ,

location. A drop in pressure indicates an volumes sufficiently to reuctivate some lost'

increase in the amount of voids (vapor or heat transfer surfaces.47 If core heat up occurs,
noncondmsable gas) in the upper elevations of steam will be produced a the natural
the loop,45 circulation driving head will inc. ease. This two-

phase loop density gradient may be sufficient to
Flow stagnation also occurred in a single restart flow in the bkicked U-tubes 47

'

active test loop at EPRl/ SRI following the
injection of helium gas directly into the top of A second test conducted by Cha & Jin, i

the steam generator U-tubes.46 Injection of (KAERI) used two active primary loops, with ,

helium gas directly into the hot leg of the Full- nitrogen gas injected into the hot leg of one of
Length Emergency Cooling-llcat-Transfer- these loops.45 The total accumulated nitrogen

_

Separate Effects -and -Systems -Effects Test gas amounted to about 4.5% of the primary
(Fl.ECilT-SEASET) facility during single-phase system volume, yet complete flow stagnation

_

natural circulation stalled certain U-tubes, but did not occur. The thermal hydraulic response
the loop flow did not stagnate.49 Successive during this test is shown in Figure 1-8 Note
non-condensable gas injections resulted in gas that after the seventh nitrogen injection, the

,

'blockages only in - certain U tubes, and_ the temperature response in the hot leg, cold leg,
noncondensables from additional injections and top of the steam generator decoupled from
tended to migrate to the already stalled the vessel temperatute. This suggests that a
U-tubes.4 9 During hot leg nitrogen gas change in flow also occurred. The sharp
injections in the four loop PKL-Ill facility, it_ divergence between th hot leg and vessel
was found that the rate of injection determined temperatures shortly after the seventh injection
whether loop flow stall would occur.47 Slow suggests the occurrence of at least a partial flow
rates of injection resulted in a more interruption. During this period,
heterogeneous gas distribution se that flow noncondensable gas bubbles may have blocked
stall did not occur in all U-tubes, Faster rates of some of the U-tube upper bends. Just before the
injection lead to a more homogeneous gas eighth nitrogen injection, it appears that
distributions in the steam generator - inlet normal heat transfer from the primary to
plenum and flow stall in all U-tubes was secondary systems reoccurred, possibly due to

- possible.47 some clearing of noncondensable gas
blockages in the U-tube upper bends. Note that

Results obtained from the FLECHT-SEASET after the eighth injection this pattern is
facility,49 the EPRl/ SRI four loop facility.48 repeated.

47and the PKL-ill facility indicate that single-
phase natural circulation remains stable for A third test conducted -by Cha & Jin
noncondensable gas injections into the vessel consisted of the injection of nitrogen gas into
upper plenum and the cold -leg. Ilowescr. the hot legs of both active loops.4 They found

_

PKL-ill tests also demonstrated that large that an amount of nitrogen gas approximately
amounts of noncondensable gu can eventually equivalent to 2% of the system volume
fill the vessel upper head and upper plenum. interrupted the single-phase natural circulation
When this occurs noncondensable gas will be flow in both loops.
forced into all the loops at the same time,
lerding to possible flow and heat transfer The diverse results discussed above demon-

47interruption strate that the issues regarding the effects of

34
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noncondensable gases on single-phar vtural 3.5- Effects- Due tO-

circulation remain to be fully quantified. SOCOndary SideUncertainties exist regarding the effects of
COndillonSparameters such as:

The location of the noncondensable The transfer of heat from the core to the*

gas source secondary side of the steam generator during
single-phase natural circulation depends on

The amount of noncondensable gas in conditions in both the primary loop and the
*

the system secondary side of the steam generator. In >

previous sections, the factors affecting the
The rate of noncondensable gas primary loop were emphasized. In this section,

*

mjection the effects that secondary side conditions can
have upon the natural circulation now and heat

The type of noncondensable gas (i.e.,*
tmnder are discussed. Some of the important

effects due to the solubility of the gas see ndary s,de patameters are the temperature,iin water, the density of the gas
Opw rate, and hquid level. These parameters

,

compared to steam, etc.) directly affect the heat transfer through the
steam generator tubes. Ilowever, other factorsThe number of active primary loops*

can also affect the local conditions on the <

The migration of the noncondensable secondary side of the steam generator tubes. The f*

gases in the primary system. procedures used to regulate the feedw. iter and
emergency feedwater flows (and temperatures) |

It is difficult to draw general conclusions during a transient affect the overail heat transfer
and/or local heat transfer, in addition, relieffrom the results presented, but it would seem

that upper plenum or cold leg injection would valve Havior can affect secondary levels, now

tend to accumulate noncondensable gas in the mtes, at.a temperatures. For example, isolation

upper head first, leading to an accommodation f a steam generator secondary side will lower
L

of greater amounts than if injected in the hot leg the flow rate on the secondary side of the tubes,
'

or U-tube entrance. These injection locations. thus decreasing the heat transfer. This can affect

also allow sufficient mixing and diffusion of the the natural circulation m the primary loop.

gases to preclude their accumulation in the
45 or direct Experiments have demonstrated that theU-tube upper hends; whereas hot leg

U-tube 46 injection may not allow sufficient stability of single-phase natural circulation
mixing and diffusion, flow is strongly dependent upon secondary side

hquid level. Low secondary liquid levels have
It appears that sinde phase flow resulted in an oscillatory type of flow behavior

interruption due to the presence of in several experimental investigations,19.22A2 -
noncondensable _ gases is more likely when Because the primary means of heat removal
there is only one active primary loop 45A6 .during single phase natural circulation is
Observations also indicate that mixing and convection, flow oscillations ' can strongly
diffusion of the noncondensable gases can be af fect the heat removal effectiveness. Thus, the
effective in preventing the accumulation of effects oflow secondary liquid levels on single-
noncondensable gases- in the U-tube upper phase natural circulation are very important.-
bends, and that the rate of gas injection may Investigations concerning single-phase natural
determine whether flow stall-is possible. The circulation have been performed at many
upper limits on the = amounts ._ o f facilities including EPRI/ SRI,22 Large-Scale

_

noncondensables that can be accommodated by Test _ Facility (LSTF 42 PKL lll,50 Boucle
the system (without the loss of single-phase d' Etudes Thermollydrauliques Syst6me
natural circulation) depends on the combined (BfmlSY),51 and LOFT.35 The results of several
effects of the parameters mentioned in the last - of these single-phase experiments are discussed
display list. as follows.

|
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Work performed .by' EPRl/ SRI in an Recent experiments conducted at the PKl lli
experimental two loop facility (modeled after a test facility have also investigated the ef fects of
PWR with an GISO geometry) discovered low secondary liquid levels on the effectiveness
oscillatory single phase flo.v- behavior at low of primary-to-secondary heat transfer)0 The
secondary liquid levels 5 Figure 3-9 presents objective of the PKL-Ill Loss of Feedwater Tot '

the uppet vessel- temperature trace for was to demonstrate that a single UTSG can
equilibrium states arresponding to different remove the residual heat during a hot standby
core pow er and secondary liquid levels condition even at low secondary levels, it _was
(measured from the hot leg centerline designed to determine the minimum secondary
elevation). Note the oscillations at the lowest level for removal of a decay heat of

- two constant secondary liquid icvels, it was approximately 1.7% of full power. The test was
-. found that the on-off behavior of the EFW initiated from a state of normal single. phase

pumps (in maintaining the secondary levels) natural circulation in each of the four loops.
arid the low secondary liquid levels were the Three of the primary loops were then isolated
contributing factors leading to this behavior, on both the feedwater and main steam sides.
Figure 3 10 shows the corresponding After a new steady state period was reached, the
temperature traces for a wetted steam generator feedwater to the remaining steam generator war

i tube, and for the cold legs in each loop, during terminated, resulting in a boiloff of the
the time of reduced secondary liquid levels. The secondary liquid.50
low tem peratures of the upper trace correspond
to the injection of the cold EFW spray. Note Natural circulation did not cease in the three
that all three temperature traces are in phase isolated loops. The $3K primary to-secondary
with each otherL Thus, in maintaining temperature difference in the single active loop
secondary liquid level, the cold EFW spray produced a net gravitational force that was
resulted in primary Dow oscillations in both sufficient to drive single-phase natura'
loops. It can be seen in Figure 3-10 that the circulation now in all four loops. Ilowever, the
amplitude of oscillations increases as the How rates in the three isolated loops were about
secondary liquid level decreases; whereas the one third that of the active hmp. Time response
frequency of the oscillatia.s decreases as the data for secondary liquid level, primary and
secondary liquid level decreases. secondary side stea m generator pressure,i

I pressurizer liquid level, and primary mass flow
| Single-phase U -t u be oscillatory flow rate are given in Figures 312 and 3-13.

behavior at low secondary levels was detected in Figure 313 demon-strates the reduction of the
experiments conducted in' the LSTF.42 secondary liquid level in the nonisolated steam
Figure 3-1I presents the temperature traces of generator and the corresponding response of the

'

three U-tubes representing the long, medium, pressurizer liquid level and primary mass .

and short length U-tubes, respectively, Note flow)0 Note that for secondary liquid levels
i that immediately after the termination of forced above -3 meters (9.4 ft), there are few changes

circulation the temperature in the longest in the flow behavior. Ilowever, once the
U-tube dropped significantly. In fact, the secondary liquid level dropped below 3 meters
temperature in this U tube became almost equal (9.84 ft), the temperature and pressure of the'-

to the secondary ternperature, suggesting a now primary mass flow increased and the mass Ocw
. stall / reverse phenomena (this phenomena will rate in the nonisolated hop decreased. Because
be discussed in the next section), llowever, at a of the large energy storage capacity- of the -
low secondary level 9pprokimately 24% of the isolated steam generators, the primary pressure
original 1009 inventory), the flow in this and temperature rise was gradual. The,se effects
longest U-tube experienced large fluctuations, are shown in Figures 3-12 and 3-13. Note that
Note also the increase in the temperature of the feedwater flow was restarted ence the secondary
short and - middle length U-tu bes at this level reached 0.6 meters (1.97 ft), thus
particular secondary inventory value. These checking the increases in temperature and
effects suggest a degradation in the primary-to. pressure and the decrease in the mass flow rate
secondary heat transfer at this low secondary in the nonisolated loop)0 This experiment
liquid level, demonstrated that a 1.79 decay heat level can
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l
he removed by a single steam generator under and the other to the dimension of space. The
steady stue conditions as long as a minimum most common types of single-phare
secondary liquid level of 3 meters (9.84 f t) and nonuniform behavior are nonuniform multi.
a primary-to-secondary temperature difference loop Dow and (in the case of a UlSG geometry)
of $3K were maintained, it was noted by nonumform U tube Dow. Single-phase natural
Umminger et al. that the minimum secondary circulation unsteadiness nonnally occurs only
lesel required to remove a given amount of heat during transitional flow periods. Otherwise, the
is only meaningful if a minimum primary-to- flow in single phase natural circulation can
secondary temperature difference is also generally be cons;dared as quasi-steady, For
specified.50 Umminger et al. also observed that example, the transition from forced circulation ;

naturd circulation flow was not terminated in to single phase natural circulation is often
the isolated loops.50 The observed degradation accompanied by decoupled loop behavior. In
in the primary-to-secondary heat transfer during this situation, the heat removal is often d.ifted
single phase natural circulation at low from loop to loop because of loop stalling,
secondary liquid levels is also supported by unbalanced loop conditions, etc.M This results ,

recent ex riments conducted in the BFDISY in coolant flow that is both unsteady and
facility,5 nonuniform. The comples switching of natural

circulation modes between loops is another
Single phase. natural circulation example of unstead , nonuniform flow on a

experiments conducted in the LOFT f acility loop-to-loop basis.J7 Hecause the other major
demonstrated the effectiveness of secondary type of nemniform flow (nonuniform U-tube
steam and feed operations in maintaining the now) is more specifically related to single-
steam generator in a heat sink mode. Single- phase natural circulation, it will be ine main
phase natural circulation can be maintained (or focus of this section's discussion. An
regained) in many situations by reducing the understanding of single-phase, nonuniform,

secondary temperature and pressure. This U tube flow behavior is a preliminary step in'

method will be addressed in greater detail in the the investigation of the more complex U-tube
two phase natural circulation section. phenomena associated with the two phase mode

of natural circulation, as discussed in - '

Thermal stratification on the secondary side cao Section 4.6.
also affect the efficiency of single-phase natural
circulation cooling. In the case of a UTSG,the Nonuniform U-tube flow during single-
majority of the heat transfer occurs in the lower phase natural circulation is primarily due to
elevations- of the steam generator, Conse- flow stall and flow reversal in the longest
quently, secondary liquid is heated from below length U-tubes. During single phase natural

circulation, t' e majority of the heat transferand buoyancy effects cause the secondary side to n

be well mixed. As a result, virtually all of the occurs near the bottom of the upHow sides of
secondary liquid will be available as a heat sink. the U-tubes. As a rt, ult, a column of dense Guid
in the case of a OTSG, wamlinF of the secondary forms in the upflow side of the U tubes. This
liquid occurs at the top of the steam generator, dense fluid must be forced over the U -tube bends
which can lead to thermal stratification in the by the net Civing force between the thermal,

secondary side. Thermal stratification can centers ;of the primary loop. This driving force
effectively reduce the liquid available for use as may not be sufticient in the longer U-tubes
a heat sink. because the length of the dense upflow-side

liquid column will be greater than m the shorter
tubed 0 A second contributing factor in the |

3,6 Nonuniform Flow now staWrever% phenomena is the frictional .

.

losses that restv as the primary fluid flows I
Flow in the single-phase made of natural through the U-tubes, which are even more

circulation can be classified as either uniform or s gnificant when occurrine in the longer'

nonuniform, and as steady or unsteady. The te'Tn U-tubeg6 Therefore, it is possible that in so'me
unsteady implies changes over time, and instances, the result:mt sum of these opposing
nonuniform implies changes due to location, fo ces may be sufficient to overcome the net
Thus, one term relates to the dimension of time driving fo'rce of the flow. Em aample, in the
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LSTF, ; 2% power single. phase natural where is the coefficient of thermal
,

circulation test, the pressure . in the' outlet expansion Ts is the secondary side -

plenum of the steam generator was greater than ,

that of the inlet plenum.. This resulted in a. temp rature, and po is the density at Ts.

pressure gradient force between the U-tube inlet .-

and outlet plena that opposed the normal flow Ileat conduction in the liquid was neglected,.

direction, causing flow stall and reversal in the
longest U tubes.20.26 Flow stall occurs only Temperature changes along the flow path.

when an exact force balance exists. Therefore, were not considered for friction or heat
U-tube flow stall 4 a me, ' table state in which a transfer coefficients,

small. disturbance in the force balance results in ,

the reestablishment of forward flow or the ileat generated by friction was neglected.'

initiation of ruerse How,20
An important consequence of the preceding

Experiments in the LSW,2 0 the Loop assumptions was that the tube velocity, y,

Blowdown-Investigation (LOBI) facility /2.5) remained constant over the length of a
and the Semiscale facility 24 have observed now U-tubeM Stabil:ty was investigated by first '

stall and flow reversal-. in the longest imposing a small-scaie disturbance upon the >

basic solution, and then linearizing theinstrumented U tubes. Figure 3 14 is a
schematic showing different types of U-tube governing differential equations with respect to
flew behavior versus the primary mass the disturbed solution. These equations wrie
inventory for different length U-tubes in each of then integrated and solved for the pressure and .

L the two loops of the LSTF.26 Note that flow temperature disturbances- in terms .of the
reversal occurs only in the longest U tubes constant tube velocity, v and the small scale
during single-phasc natural circulation. velocity disturbance. In order to investigate the

stability of parallel flow, two U-tubes were
In some instances, once reversed flow was analyzed. Instabilities were found by assuming

established in a U-tube, it persisted until the different velocity disturbances in each of the
peak mass flow rate occurred during the two. U-tubes. Next, the condition of equal pressures
phase mode of natural circulation,20 This at the tube exits was enforced. This yielded an
observation is consistent with an analytical and expression for the system eigenvalue.., The
experim ntal investigation - by Sunders, in sign of this eigenvalue determined whether the
which it was shown that parallel flow in the flow was stable (negative eigenvalue) or
tubes of a UTSG can be unstable for certain unstable (positive eigenvalue), Criticality
power levels.43 This conclusion was derived. (neutral stability; was characterized by a zero
from the results of a mathematical model based eigenvalue. The expression derived by Sanders
on.the 'one-dimensional Oberbeck-Boussinesq characterizing criticality (neutral stability) was

_

equations.4 3 Sanders made_ the following given as

assumptions in ' deriving the U-tube flow
v df T -equations:

90 f. + {jg
Density differences were considered only in =*

the gra"vitational body force tenn. Djl ydO
L dv .

'

Density changes were due to changes in*

temperature only. This temperature depen- p

1-z(1+2_

dence is given by

- p(T)= po(1 - p(T Ts) (3-13) 1 + 2 h ALg 3,(1 + z) - z

;

43
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where U-tube flow' reversal was observed daring
experiments in the LSTF20.26.and the LOlli

< A14 facility.52,5 3 During reversed U tube flow.
O 14)' differential pressure measurements at bothexp - y' ;.r =

facilities indicated that the pressure in the steam'

generator outlet plenum was greater than the
U-tube inner diameterD pressure in the steam generator inlet=

'

E #""*'2 '26 4 This observation is consistentl
f a friction coefficient in with Sanders theory, which predicts that when

U-tule parallel flow in the U-tubes becomes unstable,
the prer,sure in the steam generator outlet plena

friction coefHeient for total is greater than the pressure in the steamF =

primary circuit generator inlet plena. Physically, this
phenomenon is due to the density differences in ,

the liquid in the upflow and downflow sides of
'h* 'ube. Thiy pressure increase in the forward

distance between center of.h = irect,on is the most important parameterflow d. i
core heat input and upper for determining if U-tube reversed now is
surface of steam generator possible.43
tube platet

|'
L

Resersed flow was observed in the LOlli
average length of U-tube f,c;;; 43 but Sanders' theory did not predict=

.

this behavior, llowever, this discrepancy could'

ratio of U-tube wall heat tv due to the limitations of the mathematicalA =,-

transfer to heat capacity of model, some of which are listed as follows:
'

water
The use of simple models for U. tube friction.

Density; at primary side and heat transferpo. =--

pressure and secondary side The theory did not account' for different-
temperature. friction in U-tubes of different length

A second stability analysis by Sanders,
The influence of the position of differentsimilar to the one just described, demonstrated *

U-tubes in the inlet plena was notthat stability can be obtained with reversed flow
in some of the U tubes.43 considered

Flow mixing .in the steam generator plena' Figure 3-15 shows the conditions for criti.
*

was not studied.cality and the . zones of stability for parallel
Gow in U-tubes.43 The- results shown in
Figure 3-15 were computed using Equation Sanders concluded that although mstability.

314 43 Note = that: stability of parallel flow was not predicted by his theory, it was still the o

depends primarily upon the height of the steam mechanism causing the observed reversed flow

generators (h) with respect to the center of core in some steam generator U-tubes.43
,

|- - heat input, and the ratio of the friction in the .'

L U-tubes to the friction in the whole circuit (f/F)- The detection of reversed U-tube flow can

|: liigh steam generat_ ors and little circuit friction normally be accomplished from the observation
lead to stable parallel flow in the U-tubes. For a of the steam generator inlet temperature The~
given - plant with specified dimensions and steam generator inlet temperature will be
friction coefficients, stability depends upon the reduced if flow reversal occurs in a U-tube,

velocity, v.43
'

because of the flow of cooled primary liquidheat input, which is direc'ly related to the flow .

back into the steam generator inlet plenum via

45 ,
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' he reversed How U-tube. Thus, if flow reversal as noncondensable gases, secondary side con- t
t

is occurring, the steam generator: inlet plenum ditions, and nonuniform flow have been studied.
temperatute will be lower than the hot leg The general characteristics of single phase .

!

temperature.20.33 Figure 3-16 shows a natural circulation were described in
temperature drop of approximately 4 K in the Section 3.2. It was noted that this mode of
steam generator inlet plenum after 13,(XXI s de natural circulation persists during a transient
to the reversed flow in the longest U-tubes until the level of voids in the vessel upper head
during a 151F experiment.2c Figure 317 is a drops 'to the hot leg nonle elevation. The
corresponding schematic diagram that shows a dominant heat transfer mechanism during this
representative U-tube temperature distribution mode is convection, making the loop flow rate
during this situation. Note that the longest the most important parameter governing heat >

length U-tube temperature is nearly equal to the removal. Single-phase natural circulation was
.

'
secondary temperature at all U-tube effective enough to provide adequate cooling fm
elevations)0 power levels up to IM of full power in the

IDIT facility 35
Single-phase natural circulation

experiments have shown that the U-tubes with Approximate analytical expressions that
normal now direction provided a sufficient heat assist in predicting general single phase natural
transfer area for removing core power from the circulation response were given in Section 3.3,
primary, even with the nonuniform U-tube including expressions for the loop mass
behavior.26 Although the loop flow rates were flow rate, core temperature differential, and *

sufficient to keep the core well cooled, they overall primary-to-secondary heat transfer
were smaller than if forward flow existed in all coefficients,

'

the steam generater U-tubes.20 This obser-
vation may . explain why thermal-hydraulic Section 3.4 demonstrated that the presence
system codes sometimes overpredict single- of noncondensable gases may impede or even
phase mass flow rates in UTSG plants when stagnate single-phase natural circulation,
single U-tube steam generator models are especially if there is only one active primary
used.20.26 This topic will be discussed further in loop. Imponant parameters in determining the ,

Section 6.2. effectiveness of single-phase natural circulation
in the presence of noncondensable gases

-In summary, it should be emphasized that include:
the single phase natural circulation will not

The injection location of thecease or undergo interruptions in the presence .

of tube-to-tube flow reversals or instabilities noncondensable gas source
within the loop.54 Although reversed single-

De total amount of noncondensable pas in- phase flow in steam generator U-tubes may not .

be a significant reactor safety concern, the system
modelling this phenomena could be a useful test

The rate of noncondensable gas injectioncase for reactor safety codes. .

The type of noncondensable pas3.7 Summary .

The effectiveness of single-phase natural The number of actise primary loops*

circulation- cooling has been discussed with
regard to various PWR plant operating condi. The migration of the noncondensable pases.

tions. The general characteristics cssociated in the primary system.

with single-phase natural circulation have been
described; and analytical expressions, useful in The effect of secondary side conditions on

predicting single-phase behavior, have been single-phase natural circulation behavior was
studied in Section 3.5. It was demonstrated thatpresented. The_ influences on single-phase

natural circulation behavior of such parameters the stability of single-phase natural circulation

47
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flow is dependent on secondary side liquid flowever, it was emphasized that single phase
levels.'In the case of plantms with OTSGs, natural circulation will not cease or experience

_

primary flow oscillations may be caused by interruptions due to these tube to-tube now ;

. the on/off behavior of EFW pumps or _ by - nonuniformities. The modelling of this
nonuniform EFW tube wetting, it was also phenomenon may serve as a useful test case for
noted that secondary side steam and feed reactor safety codes.

'

operations are effective in maintaining a
steam generator in a heat sink mode. Single-ph.ise natural circulation is

generally an effective and dependable means
Section 3.6 addressed the issue of non- for removing decay heat in PWRs with either

unifonn single-phase natural circulation flow. OTSO or UTSG designs. Ilowever, it was
The discussion primarily dealt with non. pointed cut that abnormal conditions may
uniform flow in the tubes of a UTSG. It was compromise the heat removal ability of the
pointed out that flow stall and/or reversal may single phase mode of natural circulation.

- occur in the longer U-tubes of a OfSG.

3
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4. TWO-PHASE NATURAL CIRCULATION

4,1 |ntroduct|On nonunifonn behavior associated with two-phase
natural circulation and Section 4.' summarizes
the important phenomena associated with two-During two-phase natural circulati: , vapor

generated in the core enters the hot leg and phase natural circulation.

flows with the saturated liquid to the steam
generator, where the vapor is condensed. A 4.2 General Characteristics
continuous primary loop flow of a liquid and
vapor mi Ature is defined as th- oiode of two- Density gradients in the two-phase mode of
phase natural circulation. This normally natural circulation are detennined by both the
persists until the amount of voids in the primary voit distribution and the loop
primar) loop increases to the point where temperature differences The natural circulation
continuous two-phase flow no longer exists in behavior changes significantly as the hot side
:he upper (Lbends of the UTSGs or in the hot density is reduced by an increasing hot side void
leg upper " candy cane" bend leading to the fraction. As long as the cold side density is not
OTSGs. By definition, when this occurs, the reduced by voids, the buoyancy effect is
two phase mode of natural circulation is ter- enhanced by the increased hot side void
minated in the case of a UTSG, er interrupted in fraction, and a higher loop mass flow rate will
the case of a OTSG. Flow interruption in a GISG result. The loop mau Dow rate is the most
plant may be followed by an interinittent type important parameter affecting heat removal
of circulation, if there is a sufficient loss of from the core during two-phase natural,

| coolant from the primary system, thn may later circulation.21

( result in boiling condensation In the case of a
| UTSG plant, the termination of two-phase 4.2.1 UTSG Plants

natural circulation is usually immediately
followed by the onset of renux condensation. For plants with UTSGs, the peak mass now

rate in the primary loop occurs when voids
Two-phase natural circulation behavior can occupy omst of the voluine in the upHow sides

,

be much more complicated than single. phase of the U tubes, and single-phase liquid occupies
natural circulation behavior. Items such as How most of the volume in the downflow sides of the
nonuniformity, secondary side effects, effects U-tubes. This void distribution corresponds to
of noncondensable gases, and beat transfer the maximum hot-to-cold side density difference
characteristics are important during two-phase in the loop. Once voids Dow over the U-tube
natural circulation end will be discussed. Other bends into the downflow sides of the U-tubes,
phenomena such as steam generator inlet the buoyancy effect is reduced and the mass flow
flooding, vent valve behavior in plants with rate decreases.2" This effect is illustrated in
OTSGs, and thermal stratification can also Figure 4-1, a representative flow map which
influence two-phase natural circulation presents mass flow rate versus primary maw
behavior. inventory percentege from the PKL, LSTF,and

Semiscale natural circulation experiments.20
~

Section 4.2 will discuss general character- Initially, as the mass inventory is reduced, voids
' istics of two-phase natural circulation. appear in the upuow sides of the U-tubes, the
Corcelated expressions. which help quantify loop density gradient is enhanced, and the mass
two phase natural circulation behavior, will be flow increases. After further primary mass
presented in Section 4.3, Section 4.4 inventory reductions, the mass flow rate reachesn
addresses the influence of noncondensable - a peak value once voids reach the tops of the
gases on the characteristic two-phase natural U-tubes. Still further inventory reductions force

! circulation response, Section 4.5 investigates voids into the downflow sides of the U-tubes,
i the role of secondary side parameters in reducing the net gravitational force, arx!
| determining primary two-phase natural decreasing the mass now rate. Table 4-1 shows

circulation behavior. Section 44 discusses the observed ranges of primary mass inventories
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Figure 4-1. LSTF. PF.L, and Semisede mass flow rates as a function of primary mass inventory
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Table 41. Comparison of significant ,srimary mass inseniory inflection points as l'ound
in PKl., Semiwale, and I,STF experiments 20

1.ast Single- Insentor) at the
Phaw I' low Maximum Tw o. 7tro llow
insentory Phaw flow f(ate Insentory'4 ) i

_b uliin Colt' 1 ('U _ -. __l i L _ _ L'U__

IKl. l.$ 99.0 "$ 0 80 0

Semiscale 1,3 94.0 86 0 70 0

1511 2.0 96 0 H 5.0 70 0

Semiscale 3.9 96.0 8H.0 65.0
.e

' \

151F $.0 91.0 Nd.0 64 0

Semiu ale 5.0 94.0 84.0 No data

-
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i

:

!
for the oc:urrence of two phase natural circu- two phase mde of natural circulation in the
lation in the PKL, l S1F.and Semiscale natural steam rencrators, heat trar sfer acts pomanly to

i circulation esperiments. For example, two- redtwe the smount of .oids. ruher than reduse ;

phue natural cinulation occurred during the the temperature of the liuid. Thus, the tem-
'

LSTF ;h04 power cy.eriment when primary perature dif ference between the hot und cold ,

mass inventones ranged betwren 469 and 709. regions in two phae natural circulation is [
smaller than the characteristic single phase [

4.2.2 OTSG Plants natural circulation temperature ddreience. The
primary tc secondary temperatme dificience is '

The loop mass flow rate behavior ir$ Ol% also smaller duting two phase natural circu- |

plants duriug two phase natural circulation is lation than dunny single. phase tunural circu- ,

not easily described. As long as the voids are lation, as shown in hpure 40 for a UTSU i

entrained in the continuous liquid vapor flow design 40

and pav, thnngh the U bend region of the upper ,

hc4 leg into the steam generator tubes, the flow Reductioru in prirnan mm inventory I
behnior is similar to that in the OTSO plantE tesuh in increwd loop nuo.s flow rates as long j
llowever,if the voids increase sufficiently such as the cold side density is not reduced by voidt I
that they collect in the upper U bend. or " candy As volds reduce the cold side density, the loop |
cane, region of the hot |ep, flow interruption me now rate decreces. This can continue j

"

may occur. This phenomenon can re4 ult in a loop mass flow raic approachn zero. !a-.

cyclic flow behavior. Pressuritation, due ta loss Ont continuous two ph ne flow no longer
af the stca:n gener> tor _ ss a heat sink, exists in the upper U. bend, af tne UlSGs or the i

compresses the steam oubMe until the liquid hot leg upper luds lead;ng to the OTSUs. the !
level reaches the top of the U-bend. Once a two. phase mode of natural circulation will be
liquid brid e is formed between the hot leF terminated or interrupted,F

upflow and downflow sides, spillover and t

reestablishment of continuous two phase 4.3 Correlated Expressions
natnral circulation will occur until void for Two-Phaso Naturalblockages interrupt the flow once again. This
cyclic behavior u been labeled intermittent C|rculatlon
circulationM and can sometimes occur over
extended periods of it ie, in test facilities with 'lhe maw flow rate m the priman loop is
OTSGs, periodic interruptions of two-phase the most imponunt parameter gmerning heat
natural circulation have been fiequently semoval from the coic for both single- and two-
observed.ASW phase modes of natural circulation. In PWR ,

model testi, the loop man flow rate has been
Sufficia n' loss of primary mass inventory shown to be directly irlated to the man

during intermittent circulation will cause the inventory in the c imary coolantr

two phase and/or intermittent circulation to be system.19.40E Carrelated expressiam for
succeeded by the boiling condensation mode of single phase natural circulation were given in,

.. ural circulation, Depressuritation of the Section 3.3. The following discuuion includes
primary system during boiling condensation correlated expresnions used to desciihe two- ;

may allow high pressure safety injection (llPSI) phase natural circulation in PWR s.
'

to init. ate system refill. Two phase natu.al
circulation and/or intermittent circulation can The simplified primary loop con htions for
reoccur after boiling condensation if the two-phase natutal circulation are depated in
primary liquid inventory is increased Figure 4 331 *ihis figure shows a liquid filled
sufficiently during refill, cold leg, downcomer, and lower plenum. Vmd i

formatior begins a distance, L', above the
4.2.3 Summary of Two Phase bonum of the core. Voids are preseni in the

Characteristics upper vessel, the hot leg, and ibe steam
gener ator, The thermal leopth MLh the ;

lo summary, voids generated in the core are saturation eleutvon (11 and t*,e core length
condensed in the steam gen-rators during the (Lg are in61icated in this figure.

>
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primary mass inventory.+3
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Figure 4 3. Typical PWR system with tube steam generators.21
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equivalent two phase flow .4.3.1 Mass Flow Raio it w

resniante parameter.
f
f~b~'~

Yanous expreuions desciibing tw o phase
natural circulation phenomena hase been Note, howeser, that use of the abuse esprewinn
descloped.2W The f undamental auumption auumes knowledge of the aserage loop two- e

that the 11c a in two phase natural (irt ulation n phase density and two-phase flow resistance
quasiateady leads to an espression for the two- parameter, w hit h may be difhcult to obtain ia
phase natural tinulation man flow rate that is some instances.
sunilar to the smple phase expreuion gisen by
liuation 3-1.4 in the two-phase deris ation, the A inore detaded f ormulation for the two-t

small two phase dernity change phase mau flow rate in terms el the primary
tractional man insentory was derned by I)uticy

P and Surmk.21 This derivation also auumed the
Qh|p natural Orculation proceu to be quasi 4tra lyh I

Note that this auumpoon is suppoited by test
is used in place of the smgic phase expreuion data from SillIXJA espetiments.WSW I or a

PWR with (flSGs,1)ulley and Sursock obsened
pp that when the man flow rate. W, is plotted

N 2) sersus the noimali/cd mass imentory, I, theAp =

W maximum man flow rate o': curs during two-
phase natural cuculation. '1his peak flow rate is

whm caused by void formation on the hot side of the
loop, which in turn increases the loop natural

solumetne flow rateQ z
dduion dsim' Im Th @wt.

dectease in the man flow rate (following mau
P (ore power ; w;nt r) reductions) is caused by soids

ertteilng the co!.! side of the loop arid teducitig
bry latent heat of s apontauon 0 b natuW circukion dnviq' f orte, liased

oo these observations, 1)of f ey and Sursock
fluin i oef f cient of thennal idenufied four distind piimary man insentoryp n

esparnion regmns over which the maw flow rate exhibits
ugniinantly dif ferent behavior. 't hen they

nuid speritic heat tapacity. des eloped c Apreuions for the coolantc =

irnentory at tramition points in terms of void
the two phase deris ation results in the and systern sohane tractions. 'lhe first tegmn
followmg espreuion for the mau flow rate? occuts when the fractional man inventory is

approsimately one (a liquid full system). The
I tiow is single phase and the expressions in_-

2 P ~ F ^ I' E 3g. p.3) Secuon 33 can be used to estimate the man
- h R _ now rate. Two-phase fiow is dnided into twoip

iepions, one in which the mau flow tale is
increasing, and the other in which the mau

@cre flow rate is decreasing. 'lhe two phase flow
regiorn are separated at the peak two phase

W - mau tiow tme maw flow rate. The tractional man imentory at
this point is design.:ted as Im. Thus, the range

acceleranon of rrmit) of the second tractional mau inventory regionp =

is Im< l e 1. 'l he rar.ge of the third mau
thermal lengih (elevation imentory region is lit < 1 ( Im, w here l is theAL =

it

difference between tore and steam fractional man inventory at the point where
gericiatof therinJI centers) reflus (onderisanon just begim. Thus, tellus

comknsanon occun in ik fourW hadonal
y aserage loop two phase demits

- man unenfory region. Note that the roau Dow

$7
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rate is very small in this region. The
expressions for im and is, as defined tg Duffey C oP( 1 'y-) -

= ~ (4 9) iand Sursock, ate given as Pg bis Ac V jg ;

Im = 1 - ui(V + V2) (4 4)i %

*} core now Area(4 5) Ac =
im =

where Ik meau void fraction for the core=
,

maximum core void fractionvoid fraction for the hot side no =al =

regions
distribution coefficientCo a

Vi a fractional volume of core, upper
plenum, hot leg, and hot side of y density ratio (p:/ )P1=

,

the steam generator
latent heat of vaporizationhfg =

fractional volume of the coldV2 =

side of steam generator, pump, tj nondimensional saturation=
and downcomer, elevation. During reflux

condensation the loop is
-Note that al must be known at the transitional assumed saturated, so LI = 0,
point where ieflux condensation just begins,
before either is or im can be calculated. When P power (heat input)=

reflux is established, the primary loop is
saturated, and the mass flow rate is near rero, p* nondimensional pt.wer=

Note that during reuux, there is a noniero Dow
of steam (and returning liquid). Ilowever' vapor density
tecause there is flow in both the hot and cold

p8 =

legs (negative liquid now in the hot leg,
liquid densitypositive liquid now in the cold leg) the " loc,p" PI =

mass flow is physically small. The following
expressions may be used to estimate uj at the Vu fractional volume of the sum=

point where renux condensation begins21 of the upper plenum and hot
leg.

Itc (V ) + (uo . Iq)(Vu) Vg void weighted drift velocity '
I =

=
- (4 6)ai y)

loop mass flow rateW =

I
(Approximately zero for reflux

Co(1 y) .1.1r41 4. P'f.
'

-

(4-7) condensation).ac =
P.

See Reference 21 for the derivation details;
1 P. only the results of the derivations are presented(4,g),_

Co(1 y)1 P, below. Expressions for the mass flow rate, W,
are now given for the two fractional mass
inventories e vering the 'wo phase mode of

= -- 3-)( 1 - LI)cop (1
natural circulationp'

W C,
Vj+ ptcpg hrg Ac g

A 1. Im t I t 1
.
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f
2 I Near the maurnum flow raic, the two 1:hase !.

N(1 y)+y (4 l(O friction rnultiplier ($) is appmimhtely |W =W
.i w ,c,o;im ,

where
.

The resuhing expression is gisen letow.2:
.

|

kr reference value (h;.y)gy |
I

=

defined by Wm = (4 12)h-,,Co 7 i t.

Y2pl pl A ,

~7- :The theory presented atwe was com
with data from the Semiscale facility,393 paredY Ki

r

and
with data from the 11.ECllT SliASlir facility.dVA = now Area These cornpatisons are shown in l'igure 4 4
Duffey and Sursock state that the same approach

acceleration due to gravity can be used for pWR$ with OTSus if Irc is :
g =

defined ts the mass inventory fraction
Ki = loss coefficient for single * corresponding to now interruption and the

phase now volume fraction of the steam generator hot side
is taken tr. be rero.

iL height r.f the systern=
'

4.3.2 Overall Heat Transfer Coefficient
liquid densit) (UTSG)pi =

interpolation parameter in a UTSO, the now behavior in the primary !y =

; , g "' side during single. and two phase natural

= I ' I '" circulation may vary from tube to tube.
Consequently, the heat transfer fiorn the
primary side to the secondary side may also

M,i , single phase loop _ mass flow vary from tube to tube, Therefore, rather than
=

trie lsee Equation 31]. attempting to define local heat transfer
coef ficients, it is more practical to define an

2, Irv 1 I t 1 n overall heat transfer coef ficient by using the
inlet and outlet steam generator plena fluid

I temperatures and the secondary Huid
W =8/ '1"Y ( 1 . y ) 2

(4 11) temperature An expression for this overall
V2

;
-

UTSO primary to secondary heat trensfer
coefficient in two-phase flow was defined 42

An estimate for the maximum mass flow rate based on the " effective" heat transfer area (heat
can be obtained if the followinF assumptions transfer area below the collapsed secondary
are made:21-- liquid levcI) as

. - At maximum flow W >> pi cVg Q = Ke FH AT (4 13)A
-

- g
;
. where

3

Saturated flow (LI = 0).

i- y total heat transfer rate=
;

! . - The cold side void fraction is reto
y,e effective overall heat transfers

i.

Q*> is truch less than one coefficient defined with heat! .

transfer surface area below
collapsed liquid lesel

59
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total inner surface area of 4.4.1 UTSG PlatilaF =

t> tubes in a steam generator
thperiments conducted in the Semiscale ;

ratio of collapsed liquid level rac;;;gy,19 , e o ghe gggrr.spygrR =

height to average height of gac;;in ,4i 49.nl and a KAIRI ekperimental test
lblubes, in secondary side f acility45 hase esamined the effects of

""" " " #"'" # I"'#' "" I* * E""'# ""'"'"'
AT logarithmic mean temperature circulation behasior m UI.SO plant deugns,=

dillerence defined by Equation lhe Sem scale teu was designed to detennine if
3 10. nitrogen pas, injected directly into the steam

I""""'"' I" #I EU"b " "" """ *I# " "
Using the above espression, LSTFdata from the
ST SO 02 and SI-SG 03 esperiments were used F#"'" E#"""I"' "EE#' #" "" ' # " ""

* " * " E#" I " " N"* "" * "" ""
to obtain overall heat ttansfer soefficients.d2 ,EN*"O *"" "' # "'"W "I #"'#
li ute 44 shows that the oserall heat tramferE power 1)iscrete amounts of nitrogen pas wewcoef ficient for two plune natural circulation then injected directly into the sicam generator

2varied from 2.0 kWAm'K) [1141.9 litu/(hlt F)] nid piping.1)uring this tot, the bioken loop
2to 2,5 kW/On2K) (1427.4 lituAbft F)). of the teu f acility was disconnected so that the

N '# "'I ""E"*"7 D "#* "" * "
Recall f rom the discussion in Section 3.3

, single atti e loop. Note that in the Senuscale
that h. n dependent upon the local overall heat gj t; g ..brob'' loop moda a Wiee

tramfer coefficient defmed by hquation 311. PWR loop while the "imact'' loop inodels three
Thus, a correction should be incorporated m loops of a PWR. Fah of the twelve nitrogen
extending theke results to a full scale PWR, injections (~ I-24 9 stem volurne/ injection)
This correction consists of multiplying the wn, goitog.d by a period of Meady opnation
value of K, found in the I STF by the ratio of the with adequate cme cooling. The total nitrogen
local metall heat transfer coef ficient of the full mlume injected into the primary system
scale PWR to the local overall heat transfer amounbd to approsinately 13% of the pr'imary
coefficient of the I STF.4' system volume at the prinuuy temperature and

pressure. Figure 4-6 shows the behavior of the
4.4 Noncondensable Gases primary mau now and p. essure versus the

volume of nitropen in terms of the percent of
The ef fect of noncondensable gases in a system mlume.'9 Note the inunediate drop in

PWR loop is an imponant inue with regard to the mass flow rate af ter the first nitrogen
the ef fectiveness of two phase natural injection (1.4% of primary system volume).
circulation cooling. The primary concern in the The man How rate fell from its peak two-phase
case of a UTSG plant design is that value to a level characteristic of single phase
noncondemable pas will thsrupt the two phase natural circulation. lhe initial nitrogen

in the steam generator injection resulted in a pas bubble that blocked
flow by accumulatmg In the case 9f a UISG!U-tube upper bendt the flow through the steam pencrator U tubes.
plant design, the concer is that The initml pressure increase, caused by an
nonwndensables will collect in the " candy interruption of the two phase natural circulation
cane" region of the hot legs and disrupt the two- How, condemed a lar te fraction of the wids in
phase flow 59 in Section 3.4, it was pointed out the primary loop.6 ' System prenuritation
that noncondensable gases can enter (be eventually compressed the pas bh,c L age
primary loop through safety injection or fuel suf ficiently to allow the resumption of a natural
degradation. Research has concentrated on circulation condition consisting of single-
determining whether noncondensables will phase liquid and nitrogen gas bt.bbles. The
migrate to and collect in the upper elevations of condemation of voids ef fectively reduced the
the primary loop. There, they may interrupt the loop driving head, and resulted in the dmp in
two phase natural circulation flow and the loop mass flow rate 60 Smaller reductiom in
jeopardire the effectiseness of the twog.hase the loop man flow rate following subsequent
natural circulation cooling. nitrogen injections were attributed to increases

,
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Figuro 4 6. Influence of noncondensable gas on two phase natural circulation observed in the Semiscale
facility.19
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in pressure drop in the loop because of nitrogen restart in all of the steam generator U tubes, in
gas bubbles in the primary coolant, and to this case, noncondensab!c gas from U tubes
increases in the loop flow resistance which with testarted now may be sedntributed to other
resulted flom nitrogen gas blockages in some of stalled U tubes.19 '

the steam Fenerator U tubes.00
4.4.2 OTSG Plants

Eventually, most of the nitrogen gas ,

5injected into the primary system migrated to the Experiments performed by EpRl/S Rl 9
'

vessel upper plenum and to the upper U bends of insestigated the effects of nont undensable
seseral of the steam generator U tubes. The gases on two phase natural arculation in a ust i

nitrogen gas in the sessel upper plenum did not facility with a OTSG ty pe plant design. ,

innuence the man flow rate, liowever. nitrogen Nitrogen gas solumes up to IS1 of the sptem .!y

gas bubbles in the steam generator U tubes volume at the syttem temperature and preuure '

reduced the mass flow rate by increasing the were injected into the hmer hot leg of the
total loop tlow resistance by stalling the now single active loop Injectmn of nitrogen pas '

in some of the steam generator U-tubes? Esen caused incicases in the tempesature and pressure
though some of the U tubes stalled, the overall of the primary system. Preuute increases ,

primary to secondary heat transfer rat; was not resulted in the condensation of sohls in the
degraded.60 The obsersed Semiscale two. phase upuow section of the hot leg w hich
natural circulation behavior in the presence of significantly reduced the driving head for the

flow. Consequently, thenoncondensable gases was corroborated by
flow rate was reduced? primary system muusimilar results obtained by KAERI.45 and in the ,

ILECllT SEASiff f acility.4i A9 in Ihe KAERI
tests, nitrogen gas was injected into the hot leg 4.4.3 Summary of Effects of -

of the single active loop of a two loop test Noncondensable Oases on the
facility,45 The FLECilT SE ASET noncon- Primary System '

densable gas tests consisted of injecting helium
pas into both the broken and intact loops of the Experiments conducted in facilities with
test sptem. The broken loop represented a UISGdVN" and with OTSGs59 hue led to
single loop of the four loop reference PWR. the conclusion that adequate heat rejection is
while the intact loop represented the remaining possible with plausible amounts of

three loops. During the noncondensable noncondensable gases dunng two phase natural j
FLECilT.SEASET experiment 3.the broken loop circulation, lhe important parameters during
was in a stalled condition so essentially only two phase natural circulation are the same as
one loop was active in the primary system.49 those listed for simile-phase natural circulation'

;

in Section 3A, llowever. two-phase natural
circulation is nune mlerant of noncondemableFaster rates of noncondensable gas M

injection have resulted in loop Dow stalling.19 gases than single phase natural circulation

in another Semiscale experiment, an injection Limits on the amounts of noncondensablerate of 0.019 system volume /second was gases that can be accomumdated by a system are
sufficient to cause flow stall m the single act3ve dif ficult to define. The Semiscale experiments
loop. This flow stall behavjor was of ten demwrmd M com W mmi m 1

followed by rapid increases m the system poss He with nitrogn gas occup p 13G of
*

pressure and subsequent compression of the gas 1 0 Thth mtal em to
blockages. Condensation eventually raises the noncondensable gas experiments conducted by
liquid level m the upflow sides of the steam EPRl/ SRI concluded that the amount ofgenerator U tubes-to the tops of the upper noncondensable gas that can be accommodated
U bends. /. liquid bridge with the downflow
sides of the U tubes forms, and now quickly D " *D'** " d''""*," d Y Y

.

DY 'h* d#'IE"
pressure limits of the systemrestarts, After flow restart, the noncondensable

gas mixes and circulates with the primary Combto tion Enginening Owners Group '
,

coolant, liowever, as the amount of Amergency frondures Guidchncs provides a
noncondensable gases increases. How may not reference point for estimating this
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,

noncondensable pas limit. They state that the 4.5.1 UTSO Plants !

overall primary to secondary heat transfer !

coefficient will be degraded by approximately limperiments base shown that low
3% and the preuure will increase by about 24 secondary inventories can af fect two phase !

due to the presence of a noncondensable pas natural circulation.lW2 Also, it has been
solume that consists of the sum of the air in the demonstrated that unbalanced loop secondary '

refueling water, hydrogen in the primary side conditions in multiloop sptems san lead !

coolant, and hydrogen in the preuuriier vapor to now stall or oscillatory now behavior in
spaces 1 hey further conclude that this amount two phase natural circulation? Results from
of noncondensable pas in the primary splem sarious experiments mvestigating these iuues

,

will not preclude the transition from two-phase are discuued in the following paragrapht
natural circulation to single phase natural
circulation?2 4.5,1,1 R ahn d Se wmLny in sentury

The Semiscale Mod 2A facihty was used to
"' "I ""' "'"' ' i ''"l "' i"" i" "4.5 Effects Due io ','","""' d'' b'h". iIi WR geometry in these esperiments, the ,

Secondary Side enect of reduced secondarv mass inventory on
Conditions naiurai circulation cooliiig in a U1So was |

inverigated.

Conditions on the secondary side of the
in the Senu. wale teus. coolant was drained

.

steam generator directly affect the heat transfer from the prinian syuem untU die peak two-from the primary to the secondary through the
steam generator tube walls. Previous sections phase inau 0pw' rate was reached F M rnau

i"*'"I"ryi. The $ccondary ude was maintamedemphasired conditions in the prirnary loop and at a relatively constant saturation pressuretheir effects upon natural circulation phenom.
ena. This section discunes the effects that whue die seconday Intuid lesel was reduced in

disnete innements and inainta ed with feed ,

secondary side conditions can hase on two- and biced? Rnuhs wne obtained f or bothphase natura! circulation in the primary loop. single and Iwo loop configuration % at Iw o

A specific concern regarding the steam
generator is the consequences that could occur if The primary loop mau Dow rate as a
the secondary side heat sink is lost or degraded function of secondary side collapsed hquid lesel
during a transient. The primary side may net be is plotted in figure 4 7 for the single loop
sufficiently cooled if primary coolant is being Semiscale configuration? Reduction in
gradually depleted. This could esentually lead to secondary side liquid level had no signiticant
core voidm, g and dryout. cRect on man How rate for liquid lesels greater

than 50% of normal. At liquid levels below
As was the case for single-phase natural 501, the primary mass How rate decreased and

circulation, the main secondary side parameters large oscillations in this flow rate wen-
that directly affect primary to-secondary heat observed, lloweser, heat removal was still
transfer bre the temperature, flow rate, and liquid adequate? Testing with the Iwo. loop config-
lesel, Other factors can indirectly affect the - uration showed behavior qualitatively and
primary to secondary heat transfer by quantitatively similar to that for the single-
influencing these parameters. They include loop system,
relief valve behasior, feedwater injection, and
emergency feedwater behavior during a In a similar esperiment conducted in the
transient. Procedures used to regulate the LSTilST-NC/SG 03), the secondary inventory
secondary side conditions during a transient was reduced in discrete steps under a peak two-
will indirectly influence the primary.io- phase now condition (75% mass inventory,5'7,
secondary heat transfer. core power).'82 The results demonstrated that the
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ef fecthe overall heat trarnier coef ficient s are must hase a sink temperature lower than the i

approximately constant for different secondary primary system temperature so that voids can be
collapsed liquid lesels, llastd on !!quation 413 collapwd alter flow stall has occurred, it was ;

this implies that the total heat transfer is obwered that the oscillatory period shor1cned ;

directly proportional to the heat transfer area and the flow escursiorn reduced to brief giLes
below the collapsed liquid lesel. Figure 4 5 as the secondary iciel was further reducedh j
shows that the value of the metall heat transfet '

coefficient bawd or the effectne heat transfer 4.5.2 OTSG Plants I
2area ranged between 2.0 and 2.5 kW/m K :

2(1141.9 and 142L4 Utu/hft F) for two-phaw Secondary liquid lesel is a very important
natural circulationM2 parament in determining primary to4econdary !

hheat transfer in plants with Olh A loss of
4,5,l.2 Unbalaneed I oof the steam generator as a heat sink is lusible if

Sreundary Conditions. During the two- the primary sollapwd liquid level h abmc the
'

loop Semhcale experimem, the effect of secondary collapwd liquid level and liFW h not
unbalancing the Iwo secondaries was available. This situation can occur during two.
investigated t,y reducing the~ liquid level in the phase natura' circulation if a steam bubble ;

broken loop steam generator This level was forms in the hot leg "(andy cane" region and
~

reduced in discrest steps w hile coneant temporarily interrupts the flow. The-liquid
conditions v.ere maintained in the intact loop distribution during flow interruption is
secondary._ Note that in this contesi, the broken illustrated in Figure 2 5, ,

loop refers to the small Semheale loop !

simulating a single loop in the reference PWR Action of the injected emergency feedwater
(in this discussion it does not imply a I.OCA). can significantly affect natural circulation
Similarly, the intact loop refers to the large cooling in PWRs with 01 sos. The degree to ;

loop in the Semiscale facilit) (which simulates which the tubes are wetted by the EFW and the,

three loops in the reference PWin A flow How distribution over the tuto aho affects the !

reduction . : curred in the broken loop primary. heat inunfer.55 These effects depend mainly on
but little enange took place in the intact lo"P the EFW injection rate, and the possiNiity of

'

flow rate. Periodic stalling and unstalling of the secondary side flooding ncar the tube support
broken loop flow occurred at secondary plate (Isp). An analytical shuly predicted the :
inventories below 50% as shown in the possibility for now reverul in the unwetted r

j transient mass flow rate data of Figure 4-8.89 tubes for conditions typical of the hilST
,Thh meillatory behavior was due to void facility.M it concluded that with a large number '

formation in the upper U-tube U-bends, which of tubes wetted, demity differences can eauw
dhtupted the _ now, Some voids gradually internal circulation. driving primary flow <

collapsed and cauwd a rapid restart of the flow. upwards in the unwetted tuhnM lt is unknown
followed by more cycles of void formation amt whether the occurrence of this phenomenon has
collap>c. Figure.4 9 shows the broken loop been serified in the htuliiloop antegral hyatem
flow rate and the collapsed liquid leveh in the Test (hilST) facility.

;shortest (Flubes upflow and downdow sides.
The conditions just prior to flow restart are in the Once-Through Integral System (OllS)
depicted in Figure 410; note that flow was 3igt,ocA tesign, a lower steam generator water
sometimes observed to switch back and forth level |(3 '15 oi(10 ft) sersus 11,6 m ON tt))
between the short and long U tubes. resulted in a later transition to the boiling '

condernation mode. This occuned Iveause '

In- a multi loop system two conditions- primary inventory had to be drained until the
_

,

appear necessary for oscillatory behasior to steam generator primary liquid level fell below ;
: occur in one of the loops. First, enough of the the secondary liquid level. Note that in this test.
| steam generator U-tube surfaces must be the secondary liquid level coitrol impacted the

,

uricovered to degrade the heat transfer rate and availability of EFW. llad EFW been available. |.

thus allow voids to disrupt the flow in the high level EFW boiling condensation would
,

U-tubes. Second, the degraded steam generator hase o; curred as soon as the steam generator
t

j
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primay liquid lesel dropped below the 4 cam ol Guid i< m the downDow We of f!w tabt M
pencrator tubesheet.2" phenoinw wn repes d psidiW4 Dug

-

the hllmg penod, the inels in both sides of the
4.6 Nonuniform Two Phase U tube inticaw a- the sapor bubbie is

Flow Phenomena condenml llirme 412 (a>L w ben the miume ,

lesel m the upthm side teches the top 01 the
lthend. a quitk dump of the misture beginsTwo-phase natutal sisculation is sulycet ni two

E "' " ~I d"L W two-phase nduure flowsbeie ty pes of nonumf onmis in tiow. 'lhe htst thu' orb the ll tube, with a somiderable amount
type is loop nonunif onmty. and the set ond of hquid anryoser to the stearn penciator outlettype is U tube nonumlormity in (FISGs. Ih,th P '""* II 'f"'" 4 ~ I 2 (' d I'In" nme arainI
UT's0 and OhG plants caa base minunif orm stagnato w hen the soid dbtnbution in theloop flow phenomena AltluiupF H n posuble

(Ltube Ldishes the 11 tube dif ferenhal piewure
to have nonunilonn tube flow phenomena in an '"ninuin to aH Nubn. Ahn flow stagnatantOl SG (i.e4 due to nonuniform 1:l;W tube wtt.

soids nw rN m both udn of the tubs to ome'ing'On these ten are of equal length and again fonn a strani bubble at the top of thedirculon snaking nonunitono tiow less likely (Lbend 3than m the ene of the tr[SO, Therefore, th'c
nonunif orm tube tiow discuuion apphes unis
lo the UTSG plants.

'

Steam-water nortphase drag in the hot leg
and udet plenum (not floodmp at the U-tube

4.6.1 Nonunifotm U tube Flow odeth was deternuned to to responuble for the
high maturt inel in the (f.tulin during the

'l his dinussion concenn nonumf or m enhe Dll an t dump tiow phenomenon. Csche
U tube flow exhibittd in esprumental *:st hil and dump occurred in the Ifil at 29 ' core
laeditin with UTSGs dunnp two-phne natmal pow er f - om dig m g g, g

F
enculanom obsened flooding hintt (j' - () 4h A detailed

docunion of the role of intriphase drag inJ,6,f.1 Diffr r r n t INfuhr /*lo w natural mulahon is found m Reference (A the#rg/mrs. Primary mau imentory and ll-tute licquency and magnitude of the fill and dumplength are twa f acton that detennine U s be
U"*' 'hflered hom tube to tube. The longerflow behas ior. 'icus in the 1511: diul J tubn had longer intervals between dumpsnonunihan U tube flow under both unple A |

circulatih
whde the level oscillatium were largest in the'w o-phase modes of natura'

Figure a-ll> n a U tube How repune map i M medunn-to long tubes? It was obsetved that
the in el owillatium in individual U-tubn didindicain dif fetent [htube Cow behasim for not base a ugmficant impact on the Il ubeldif ferent leneth tulws and fut ddferent pinnary "*"nenaal pressure common to all tubes,

maw inventwies (at 24 cote powe: L Note that I UMe dilIctential pleMute was jagt) (omtant
rep mc (appgogyn3tepjin the two ph'%e 00% j

759 to 901 mass imenton ) social ditteient d"I"'",latre lent owdlatium in individual
tubM A temin f or this behasior enn betypes of U-tube flow can edtst m the dillerent und hom l'igure 4 -13." Tlus tipure, hom

length tubn. Conuder the flow map for steam Semivale data, shows the levels in the short
pencrator A as the i rimat) mau unentotv is and long LL ubes tomister.tly oscillated out oft

-'

reduced; the longest tubo nperient ed inened phee with each other. Thu% the tombinedtwo- phac flow and a e lie hil una dunp eMeets hom *wo locls upon 11 tube thfierennalbehas ior. the inedmm length tubo npenenced Pfe"ure tended to cancel, resulting in a fairlyf otward two phase low, tevened two pne conuant dihnential prewute between stearnflow, and a cy clic fill and dump behas.o. ( he
penerator plena.shortest tubes expe,ienced normal twe use

Oow and a cyche fill and dump behas mr ?
.f Ou tllatiom in dit(crential pleuute between

..

,Ihe idl and du np process, is depic ed in the top of the U-benA and one of die uemn
1ipute 4-12? 't he filknp period in the IKIF rencrator pkna dunny the Imter part of the tests
test wa about thu s, followed by a quitL dump was judged to be the Inuit of meillahom in the
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U tube continuous two phase flow, a fill- generator U-tubes. Semiscale tests demonstrated
and durnp now pattern in the U tubes or a that if noncondensable pas (nitrogen) is
combmation of the these phenomena.20 Note injected into the steam generator U tube inlet at
that Semiscale MOD 2 ($% cose power) and a sufficient rate (0.01 % of the system
LOlli MOD 2 0 5% core power) tests also volume /s), nonuniform U tube Dow results.19

- eshibited oscillatory behrlor during two- The flow in some tubes stall because of
phase natural circulation. ' N4 U tube flow noncondensable pas accumulation in the tube
stalls and oscillatory differential pressure U bend. The resulting reduced heat removal
responses indicate that the cyclic fill and dump capability of the steam generator will initiate a
phenomena may have also occurred in the rise in pressure that compresses the
Semiscale tests.2W The oscillations in the noncondensable gas bubble. If the pas bubble
LOlli facihty at 75% rnan imentory (transitino in a U tube is compressed sufficiently to allow a
region between two phase natural circulation liquid bridge to form between the upflow and
and reflus condensation) were attributed to a downDow sides of the U-tube, flow will quickly
syphon condemation phenomena similar to the restart in the U tube, pushing the
cyclic fill and durnp phenomern, described noncondensable gas out of the tube. The pas
earlier,64 espelled from a tube after flow restart may !

become well mixed and circulate with the j
At man inventories between 709 and $54 primary coolant; or it may be redistributed to

,

in the LS1F esperiments, the U-tubes emptied another stalled U tabe, the vessel upper head, )

of liquid. The transition to the re flus a preuuriier, or some other location in the
condensation rnode of natural circulation primary loop.1he migration tendencies of '

occurred in all tubes by the time the mau noncoudensable gases in the primary loop i
h ;igure 411 shows during two phase natural circulation are notinventory reached $5% I

that some inJividual tubes may start reflus completely understood. '

before others. For esample, in steam pencrator
11, the longer U-tubes began venus at a man 4,6.2 Nonuniform Loop Flow
inventory of approximately 70%, whereas the

, - shorter U tubes = did not begin the tellus Tramition between modes tf natuial cirru-
,

' condensation mode until the man insentory lation otten produces nonuniform loop Dow !

was reduced to approximately 60% phenomena- because of loop stalling,
j unbalanced loop conditions, etc. Typically,

4.6.1.2 Non uniform U tube Flo w this comples switching of natural circulation'

i Due to Secondary Side Effects One cause modes produces flow conditions that are both
of nonuniform U tute flow is a seduced mass unsteady and nonuniform. In transitions from

'

inventory in the steam generator secondary one natural circulation mode to another,
side. Semiscale lents showed that largc Dow nonumform loop flow can exist in plants with
meillations occurred in the primary loop for either UTSGs or ol'SGs.
secondary mass inventories below 50 % I9 - '

These oscillatiom were apparently caused by J.6.2J Nonuniform 1.oop Flow In
rapid accumulation and collapse of voids in the UTSG Plants. Section 4.6.l.2 indicated that
'U bends of the steam generator tubes.19 reducing the secondary man inventory in the
llowever, the oscillations had a negligible Semiscale f acility resuhed in !"ge flow

,

cifect on core decay heat removal. Testing with oscillations in the primary loop.19 These
a two loop configuration showed that the loops oscillations uppeared to be caused by -

behaved rather independently, implying the nonuniform U tube flow, namely the rapid
effect of reduced secondary inventory is accumulation and collapse of voids in the
nonuniform U-tube flow which, in tum, leads to U bends of the steam generator U tubes.
unsteady h>op 00w.tv Nonuniform U tube flow with - a normal

secondary liquid level did not have a significant
4,6,lJ Nonuniform U tube Flo w impact on the differential pressure acrou the

Due to Noncondensable Gas Effects, A steam generator (Section 4.6.1.It Thus, a
second cause of nonuniform U tube flow is the reduced secondary man inventory (less than
presence of norcondensable gases in the steam 50% normal inventory) combined with
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nonuniform U tube behavior may lead to a nonunifonn, unsteady loop Dow occmred during
nenuniform loop Dow.I' the VI PF period.

The effect of unbalancing the secondary Alternate now paths is another potemial

sides of the two loops in the Semiscale hbi-25 mechanism for flow inegularity. Reference 65

facility was also insestigated.I''lhe liquid level caHs this type of nonuniformit) Multi-Channel

in the broken loop secendary was reduced in Instability, in the UMCP facility, alternate flow

discrete steps while maintaining constant paths include two- complete loops each
secondary conditions in the intact loop, llelow consisting of two cold legs. Other paths are

a t.econdary imentory of 50% periodic stalling from the vessel to the upper regions of the

and unstalling of broken loop flow occurred downcomer through the reactor vessel sent

with little ef fect on the intact loop.I' The valves.M Thus, several equivalent energy
remova! How states can exist and unstable Dowunbalanced secondary sides caused a nonuniform
can occur when transitions between these flowloop flow in the primary system.
states are possible.M

4.6.2.2 Nonnniform Loop Flo w in A third seurce of nonunifonnity in loop,

OTSG Plants. Expe+imental evidence now n OTSG plants is due to Cow peometry ;

indicates that flow instability , effects.M For example, manometric oscil-is common '

during two phase natural circulatmn m OTSO lations between connected liquid legs can be
plants. Section 2 discussed the unsteady caused ihen voids form because of primary
(interrnittent) circulation exhibited in OTSO mass inventory depletion.O Manometric type
plants during two phase natural circulation, osc l lations have been observed in the UMCP i

The discussion in Section 2 was based on results facil ty,M the MIST facildy,56 and in esperi-
observed in the OTIS facility.28 Similar ments conducted by ANL66.

behavior has also been observed by EPRl/ SRI
in a test facility modelled after Three Mile 4.6.3 Summary of Nonuniform Flow
Island Unit 2 (TMI 2),22 in the UMCP Effects
fwility,M and in experiments conducted by
Argonne National Lab ( ANL),66.6L6069 The in summary, nonuniform and nonsteady
UMCP facility exhibP d an intermittent type Cows are common in two phase natural circu-
circulation described as the interruption- lation. This includes both nonuniform tube flow
Resumption Mode ORM).M in the EPRl/ SRI n UTSG and nonuniform loop flow in both ;

'

facility, natural circulation now changed from a UTSO and OTSG plants. Investigation of
stable to an oscillatory mode at 904 mass nonuniform primary Cow is important for two i

2inventory.22 Figure 414 2 shows temperature main reasons: (a) there esists a strong couphng
traces at the 90% mass inventory level. The between primary flow and heat transfer during
two-phase Dows were described as near single * two phase natural circulation, and (b) flow
phase stable (NSPS) and near-single phase' instabilities may cause operational confusion
oscillatory (NSPO). In the NSPS mode, the core because most How instabilities can be observed
now is approximately constant; and in the through temperature and pressure monitors.M
NSPO mode, the two loop Dows are in phase and Therefore, they must be identifiable and
produce oscillatory core flow. At a primary understood even if they do not jeopardire
mass inventory of 77% the two phase natural adequate core cooling.M.-

circulation was still oscillatory. At-69%
inventory, the system settled into a different in the UTSG plant design, two types of '

oscillatory pattern and a _ slightly higher nonuniform now have been observed in integral -

'

frequency than the NSPO mode. This latter mode test facihties during two phase natural
was called very large peak flow (VLPF) natural circulation: nonuniform U-tube flow, and
circulation. * Figure 4 15 shows the nonuniform loop flow. Types of nonuniform
temperature traces through the 77% and 694: U-tube now include:
mass inventory periods of time.22 It is clearly
shown that during the VLPF period the two U tube How stall and/or reversal (see*

loops were no longer in unison. Thus, Section 3.6)
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U tube flow . s t all caused by mass now rate decreaes. As the primary mau
*

noncondensable pas blockages in the inventory is further reduced, the loop mass
steam generator U tubes (see Section 4.4) flow rate esentually approaches rem and

,

continuous two phase flow is ! .t. This !
A cyclic fill and dump now behasior defines the transition from two phase natcral !

*

circulation to icDus condensation natural
Oscillatory U tube now resulting from low circulation.*

secondary liquid levcis (see Section 4.$). '

1:or plants with OIRh. flow behasior is
Nonuniform now within a primary circu-

lation loop may be caused by transitions similar to that in UTSG plants as long as soids
are entrained in the now and pau into thebetween the different natural circulation steam generator tubes. Once soids begin tomodes, unbalanced conditions betw een
collect in the upper U-bend region of the hotdif f erent primary circulalion loops (i.e, leg, flow interruption may take place.unbalanced secondary conditions), or from
Depending on conditions in the primary loopnonuniform U-tube flow in one or more and secondary side of the steam generator,primary loops (l.c., cyclic hit and dump

behavior), now interruption could last for an estended
period of time and/or lead to an intermittent

Nonuniform now during two phase natcral circulation. As primary inventory is lost, two-
phase (or intermittent) circulation will be

circulation in plants with OTSG designs r71 aced by the boiling condensation mode of.
natural circulation. {results from the following:

Intermittent circulation (see Sections 2*

and 4.2.2). TwgW uural circulwion prmido e
adequate meam of removing decay heat from

Multi channel instability, the coreM Because of additiorial heat transfer.

ho@ condemation, the required primary to- '

Flow geometry ef.f.ects, secondary. temperature difference is not as.

large during two phase natural circulation as

Fonuniform El'W behasior (see " "E "# " * " " #"'" "'*

Sections 3.5 and 4.5.2).
|Correlated expresfons for two phase ,

4,7 Summary natural circulation muss now rate, maximus.
mass now rate, and cifectise oveiall heat
transfer coefficient were presented inin two phase natural circulaJon, vapor is Section 4.3.

generated in the core and Cows along with the .

saturated liquid to the steam pencrator where at it was noted in Section 4.4 thatleast son.e of the vapor is condensed. Density
padients and, hence, the man now rate are noncondensable gases can produce now

affected by the presence of voids and by stalling in some U tubes in plants with
UTSGs, and can re 'uce the now rates in plantstemperature differences in the loop. The most with both UTSGs and OTSGs, if present inimportant parameter affecting heat removal significant quantities. When noncondensablefrom the core during two phase natural i

circulation is the loop man How rate. gases caused complete Dow stall during two-
phase natural circulation tests, subsequent
increases in pre uure were observed toFor natural circulation in _ plants with

UTSGs, the man now rate in the primary loop
compress noncondensable gas blockapes so
that the natural circulation llow could restart.reaches its maximum value when voids occupy in comparison with single phase naturalmost of the volume in the upflow sides of the circulation, two phase natural circulation wasU-tubes, but almost none of the volume in the
found to be more tolciant of noncondensable

downflow side. Once voids bcE n to 00% mtoI
gases. The effects of noncondensabic pase.sthe downnow side of the U tubes, th? loop were summartred in Section 4.4.3.
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i

Conditions in the Secondary sides of the plants. The different types of nonunifonn now :
steam generator can affect pnmary conditions behavior occurring in UTSO and OTSO plant
in two phase natural circulation. At secondary designs were summarized in Section 4.6.3,
mass inventories below 50% of normal,
oscillatory and/or nonunifonn behavior in the In summation. two-phase natural i
primary loop can result Also, actions of the circulation behavior can be much mote r

secondary side feedwater and relief valves can complicated than single phase natural
affect primary loop conditions During two- circulation behavior becaust: of the large
phase natural circulation, nonuniform and number of two phase flow patterns that can ,

nons'endy flows frequently oct m UTSGs and occur within the primary loop. ,

also in the primary loops of both types of

a

2

I

,

,

f
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5. REFLUX CONDENS ATION/ BOILING - <

CONDENSER NATURAL CIRCULATION-
4

'5.1 Introduction example, during both reflux and boiling
condensation, primary-to-secondary heat

a_ transfer is ac.omplished through . vaporThe single and mo-phase modes of natural
circulation were discussed in Sections 3 and 1. condensation in the steam generators. This heat

i The third mooe of natural circulation occurs transfer is very effective uue to the high latent ;

heat associated with condensation,
when the flow through the steam generators 17
no loncer a continuous twof ase mixture. The

Consequently, removal of decay heat from theS

fluid distribution is charactenzed primarily by core during reflux / boiling corafensation does

vapor in the upper elevations of the loop and not reymre large mass flow rates or large

liquid in the lower loop clevations. The vapor primary-to-secondary ternperatute differences.

generaed in the core flows through the hot legs Small mass flow rates and primary-to-secondary

and is etndensed in the steam generators. This temperature differences are characteristic of
both the reflux condensation- and the boilertype of natural circulation is called either the ,

condenser modes of naturai circulation.reuux;ondensation or boiler condenser mode,
depending on the type of steam generator,
Reflux condensation refers to plants with 5.2.1 Reflux Condensation, UTSG

Planla :UI'SGs. The boiler condenser mode (or boiling
condensation mcde) applies to plants with
05Gs. Reflux / boiling condensation has been in plants with UTSGs, reflux condensation

demonstrated as a viable means of decay heat occt.cs when sing'ophase vapor generated in
the core Hows through the hot leg piping to theremoval in - several integral test

facilities.co.24.28.40.55.56
UTSGs, and is condensed in both the upuow and -'

.

downflow sides of the steam generator U-tubes.

The general charactetis6cs of the reflux / Condensate in the up0ow sides of the steam

boiling condensation modes of natural generator U-tubes drains back to the hot leg and

circulation are discussed in .Section 5.2, eventually back to the vessel along the bottom

Sections 5.3 through 5.6 address analytical of the hm seg. A counter current flow of liquid

expressions used to describe reflux / boiling and vapor exists in the upflow sides of the -

condensation, the influence of noncondensable steam generator U tubes and in the hot leg.
Condensate in the downflow sides Dows intogases, the effects due to conditions in the

sect ndary sides of the steam generators, and the cold leg pump suction piping cocurrently
' ,rm flow, respectively. The with any uncondensed steam. The refluxno n

condensation process (showing liquidmd ecclusions concerning thisobsei
mode c .i circulation in PWRs will be distribution) is depicted in Figure 5-1,63

+
,

'

summaria . m Section 5.7.
Figure 2 3 is a flow map of PKL natural cir-

5.2 General Characteristics culation data.23ao This-figure illustrates the
characteristic small mass flow rates and
primary-to-secoadary teraperature differences

Section 2 briefly described the general
phenomena associated whh the reflux conden- "Ihibited by reflux condensation, as compared

gth the smgle- and two-phase modes of natural
- sation and the boiler condenser modes of natural circulation. Addmonally, during normal reOux
circulation. This uction will Lfocus on the condensation. there is no temperature difference
observed general, naracteristics exhibited by between the steam generator inlet and outlet
these natural circuhtion modes. 33plena

The flow phenomena associated with these in the absence of nonemdensable gases and
two modes of natural circulation differ, so each for normal secondary side conditions, experi-
will be addressed separately. Ilowever, the two meets have demonstrated an equal split of
modes do share similar characteristics. F" condensate in the up0ow and downflow sides of'
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-- the steam generator U-tubey2.s This - phen- given downward flow o(Lliquid, there exists a )
omena is depicted in Figure 2-4 for a single masimum upward flow of vapor, above which ,

'

U-tube Vapor condenses all along the inner the vapor cannot flow through the passage.75
surface of the steam generator U-tubes and then

_ _

The locus of these points forms an envelope of ,

drains into the steam generator inlet and outlet all the maximum flow rates of the two phase '

plena.The equal condensation split appeared to flow system.75 Numerous experimental and
be independent of core power, secondary inven. analytical studies have proposed correlations to

__ tory, and primary inventory in Semiscale exper- - predict this . behavior for a wide range of Guid
74-95iments.20 The independence from core power is properties and test conditions

especially interesting, considering that signi-
ficantly different U-tube flow behavior occurs he Wallis correlation is a well knowr,

between low and_ high decay heats. At approx- commonly used f.aoding correlation expressed '

75,76imately 1.5% decay heat, the U-tubes were as

vapor filled with a film wise condensation,
while at approximately 3.09 decay heat, liquid t I -

- holdup (due to flooding effects) occurred in (jj)2 + m(ji)2 =cj, (5 1)
sorae U-tubes.20

where
- During reflux condensation natural circu-

lation, the condensate draining back to the core . , , .t
provides little cooling compared with the s._ )f(Pr _ 2

-

., )_ ,

boilmg and subsequent condensatiot m the
steam generators. _The important contribution

'g D (P r - Pg)-

made by the liquid fall back to the vesses is in i
2providing circulation to maintain a two-phase AjpI - -

(5 3)froth level that covers the core.20 jj= --

_g D (P r - Pg). '

- Following continuous two-phase natural
circulation, liquid in the steam generator and

. U-tubes will drain into the steam generator
plena. In the _upflow sides of the sacam jr liquid ' superficial velocity=

generator U-tubes, the liquid must drain against
a steam counterflow, The rate of liquid drain fjga^
from the upflow sides of the steam generator x

U-tubes may be limited by the interphase drag
force. Such a restriction is termed counter jg = - vapor superficial velocity
current flow limitation (CUL) or flooding.

Os
.

(jgFlooding generally occurs at flow area a
Arestrictions or at locations where flow changes -

direction.' Natural circulation experiments in
tests modeling UTSGs have shown flooding at Q1 liquid volumetric flow rate=

the hot leg bendh3.71,72 and at the U-tube
inlet.26.s t,57 A73.74 The. results of these vapor volumetric flow rate-

Qg =

experime:its are discussed in greater detail.in
Section 5.6.-

fluid densitypr =

Physically, flooding (also refer.*ed to as
CCFL) is the limiting condition where the Dow pg = - steam density

- rates of beth the vapor and the liquid cannot be
increased further.7 Thus, for a given upward

, D Wube pipe dimeur *=
flow of vapor, there is a maximum downward i
flow of liquid, above which the liquid cannot .

acceleratmn due to gravity- flow through the passage. Conversely, for a g =

83
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gas intercept (j r = 0) divided 5.2.2 Bolling Condensation OTSGm =

by liquid intercent (jr = 0). Plants
7For turbulent Dow, in = 1.0 6

The boiler condenser (boiling
e ndensation) mode of natural circulationcorrelation parameter (ej ,ej =

0.70 1.0) occurs in 013G plants. The discussion in
Section 2 noted that during this mode of natural
circulation, vapor generated in the core flows

hfg latent heat of saporization,=
through the hot legs to the OTSGs and is
wn ense n ve a Meant gennator tuhAnother widely accepted correlation is that ,

proposed by Kutateladze 5 for total Gooding ##"Y E'"" E# *#D # ""9
enn c un n ow uenm an cn nsate

(i.e., rero liquid downflow). This correlation
'" g, earn an en nsate now

assumes a constan' value for the Kutateladze
number, K , defined as gocurrently, through the steam genciator tubes

8 mte the cold leg suction piping. Boiling
condensation is depicted in Figure 2 8.

, ,3

(.c .4) There are two types of boiling condensation
K=igoipt-Pg. modes in plants with OTSGs. Pool boiling

g

.

condensation occurs when the primary side
vapor is adjacent to the secondary side liquid, or

where o .is the surface tension. The constant pool. Thus, pool boiling condensation requires
value of K has been determ;ned empirically to a primary liquid level that is below theg
range between 1.8 and 3.2.81 An additional secondary liquid level. EFW boiling
correlation based on the Kutateladie number,in condensation occurs when the primary side
a form analogous to Equation 51, has been steam is condensed by EISV sparger spray near
proposed by Tien87 the top of the OTSG. Experiments in the OFIS

and MIST facilities confirmed that both types
3 1 were effective in decay heat removal.28.56 EIAV

( K )2 + m( K )2 = cj (5 5) boiling condensation for a single tube isg g
depicted in Figure 2-9. Note that the radial,

where m and ej are empirically determined axial, and a>imuthat penetration of EFW under
correlation parameters. Equation 5-5 has been vapor upflow conditions is much more
used to prediu flooding with considerable complicated than Figure 2-9 depicts. The actual
success.93 flow distribution is strongly dependent upon

the EFW flow rate.29,30 Flooding at the tube
Both the Wallis and Kutateladze support plate in the secondary side of the OTSO

correlations have general utility and wide also has a significant innuence on the AFW
acceptance.75 Generally, use of' the Wallis fluid distribution.29,30

correlation is preferred when the value of the
. dimensionless diameter or Bond number (Bo), 5.3 Analytical Expressions
defined as

5.3.1 Mass Flow Rate and inventory
1 Fraction

'g(p r pgP 2
Bo = D

-

(5-6)
Duffey and Sursock21 derived mass now and

'

o
,

inventory fraction expressions for all three
modes of loop natural circulation, assuming

is less than approximately 30. For larger values that the transients under consideration were
- of the Bond number, the Kutateladze correlation quasi-steady. The lower limit of the loop flow
should be used.77.81
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j rate occurs when the reGux condensation mode 5.3.2 Overall Hoot Transfer
of natural circulation exists. This minimum Coefficient (USTG)
theoretical mass Ocw rate is due to the heat
input, and is given by the following The effective overall primary-to-secondary
expression 21 heat transfer coefficient, Ke, during reflux may

be defined as42
P

(5-7)W n = n hfg Q = K e F R AT (5 9)

where when-

loop mass flow rate forW,e = steam generator primary-to-AT =

renux condensation secondary temperature dif-
P power ference (saturation temper-=

atures)
latent heat of vaporizationhrg =

efficiency (0.50) to accounta u

total heat transfer area of thefor heat losses. F =

steam generator U tubes
As primary mass inventory is lowered until (based on the inner U-tube

reflux condensation is just established, the net diameter)
loop flow approaches zero. Because the static
heads are nearly equal for the hot and cold sides R utio of the heat transfer area=

and the temperatures equal to the saturation below the collapsed liquid
temperature, the inventory fraction, Ire, at the level to the total heat

21 tnmsfer area.start of renux condensation can be gisen by

! = In: = 1 - al(V )- a2(V2) Effective heat transfer coefficients were
I obtained from.LSTF experiments for reflux

- 1 - a l(V + V ) (5-8)I 2 condensation at 5% and 24 core powers. These
results are plotted in Figure 3 5. The results

where mply that the effective heat transfer
coefficients are nearly independent of the

42void fruction fot the core, collapsed liquid level on the secondary sideai =

steam generator hot side,
upper plenum, and hot leg S.3.3 Transillons Between Ditferent

U tube Flow Modes
void fraction for the steama, =

generator cold side University of California at Santa Barbara'

(downside), pump, and (UCSB) studies have investigated different
U-tube flow modes. 5 73 A97 98 Three basic

downcomer. No'e a1 = a2 U tube flow patterns have been identified by
for reflux condensation UCSB studies in an inverted U-tube heat

exchanger.25 The flow patterns observed were
fractional volume for " hot" called classical reflux condensation, theVi =

region oscillatory mode, and the carryover mode.25
These flow patterns are illustrated in

fractional volume for " cold" Figure 5-2. The characteristics of each flowV2 =

region. mode are discussed in greater detail in
Section 5.6. Criteria for the transition between
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1

reflux condensation and the oscillatory flow
pattern was quantified by a Wallis-type floating EU(PI'_Ps!p, ., p gg _ (5-13),

correlation. The transilmn between the Jy pg2

oscillatory and the carryover modes was shown
to be in reasgnable agreement with derived Thus, assuming no liquid downnow, the substi-cortdatons usmg two different dimensionless
vapot velocities. tution of 0.64 for j' in Equation 5-13 yields the

ore power that initiates the transition' from

5.J.3.1 Tra nsition to the Oscillatory classical reflux condensation to the oscillatory
*"Mode. The transition from classical reflux '

condensation to an oscillatory flow pattern can
be set at the U-tube flooding limit. The Bond Consider a sampic 4-loop Etype PWR with
number, Bo, in the University of California at a rated power of 3411 MW. Assume there are
Santa Barbara experiments was approximately 5626 U-tubes per steam generator and each
6. Because the Bond number was less than 30 U-tube has an inner diameter of 0.0175 m
(su Section 5.2.1), the use of a Wallis type (0.688 in.). Table 51 indicates the core power
flooding correlation to predict the U-tube values necessary to initiate the transition to the
Booding limit was justified.77 "I The general oscillatory mode in the steam generator U-tubes
form of the Wallis - Gooding correlation is under two different primary conditions, in
described in Section 5.2.1 (Equations 5-1 Table 5-1, an active loop refers to one in which
through 5-3). UCSB experimental data support the steam genera;or is capabic of removing
the following Gooding correlation to signal the decay heat. It is assumed that no flow passes
transition from the reflux mode to the through an inactive loop, and that there is no
oscillatory mode in U-tubes,25 liquid down flow in the up0ow sides of the

steam generator U-tub?s.
t

( jj)2 , ( j;)2 = 0.8 (5-10) The distinctive characteristic of the
oscillatory mode is the liquid- holdup and

Note that the tube diameters in the UCSB subsequent liquid column buildup.25 The liquid
- experiments (16 mm 1.D. (0.629 in.)] are column in the riser part of the U tube exerts a
comparable to those- of most steam Fenerator back pressure on the core, reducing the amount
U-tubes [18 mm 1.D. (0.69 in.)], so that similar of liquid available for core cooling. The UCSB
transitional Dooding characteristics would be research included the development of an
expected.25 analytical model for the U tube liquid column

buildup. It was noted in Reference 25 that
Based on Equation 5-10, the transition to auditional validation of this model is needed,

the oscillatory mode, with no liquid downdow, especially under conditions of high primary ;
occurs when pressures.

jj = 0.64. :5-1I) A space and time averaged two-fluid model
was also desed in Refuence 25. This modelAn expression for the core power in terms of J.

.
8 calculated the wall and interfacul shear stresses,

can then be used with Eq iation 5-11 to calculate using the averaged measurements of the two-the core power that smttates the transition to
the oscillatory mode. Assuming all core power phase condensation region below the liquid

column in the upflow side of the U-tube. Angoes to vaporization O e., no subcooling), then
merfacial shear stress model, called the slug-

p* churn model, was developed by UCSB by
j
g =~ P g

-

(5-12) modifying the model in RELAP5. This model -
Ahfg was based partially on experimental

observation. The calculated shear-raresses
Substituting Equation 5-12 into Equation 5-3 showed good agreement with the empirical
and solving for the core power gives results.25
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Table 51. Calculated required core power Mr transition to the oscillatory mode in steam generator
U tubes in a sample pWR plant design (two primary conditiond

Number of Active Power Percent of rated

Pressute 1.ooos j[, (MW) plant power
,

7.0 MPa 4 044 346 10.2

(1015 psia)

7.0 MPa 1 0.64 86.4 2.56
(1015 psia)

5,3,3.2 Transition to the Ca rryo v er 5.4 Etfects of
Mode. The transition between the oscillatory Noncondensable Gases
mode and the carryover mode occurs when the
vapor velocity is sufficiently high to initiate The (ffect of noncondensableand suuain a cocurrent flow of vapor and , gas on

condensate over the U-tube U-bends.2 5
condensation heat transfer can be significant. A
C nsiderable amount of literature is devoted toCorrelations used by UCSB to define the th.is subject. Section 5.4.1 presents a very brieftransition to the carryover mode include the
overview and discussion of issues associated

,

nondimensional superficial vapor velocity and with condensation in the presence of
the Kotateladze number defined in ,

noncondensable gases. 'Ihts information is
Section 5.2.1. UCSB experiments discovered intended to establish a foundation forthat the carryover mode is associated with subsequent discussions in Sections 5.4.2 and
relatively high vapor velocities. The carry-over
mode is characterized by the following ' ranges

5.4.3, concerning noncondensable pas effects
n renux condensation m plants with UTSGs

,

for the dimensionless parameters jj and K :g and boiling condensation in plants with
'

0.75 < jj < 1,2 and 1.9 < Kg < 3 I-
The behavior of plants with UISGs during

The transition to the carryover flow mode in reflux condensation is significantly different
all the steam generator U-tubes may signal a from the behavior of plants with OTSGs during
transition to the continuous two-phase mode of the twiler ceknser mode. The primary concern
natural circulation regarding noncondensable gases during reflux

condensation in plants with UTSGs is that
Assuming all the core powe r goes to gases will accumulate in the steam generator

- vaporization, Equation 5-4 and Equation 5-12 U-tubes and disrupt the condensation of steam
can be used to obtain the following expression from the core. Noncondensable gas experiments
for the core power in terms of Kg have been conducted at Semiscale,t9.24

IKL,23.99 and FLECHT SEASET49 facilities,

"go(p r - ps) t/4 and by EPRl/ SRI.300 Important phenomena
P=pgAhrgK (5-14) discovered in these experiments are discussed in

g 2
- P8 - Section 5.4.2.

Tables 5-2 and 5-3 use Ecuations 5-13 and 5-14, in the case of a OTSG plant, the main
respectively, to calculate (for the sample pWR, question is whether steam generated in the core
Section 5.3.3.1) core powers necessary t can reach a condensing surfa,- .n the steam
imtiate the transition to the carryover mode in generators. Experiments addressing this issue
the steam generator U-tubes.

1
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Table 5 2, Calculated required core power for transition to the carryover mode in steam generator
U-tubes in a sample PWR plant design (based on j|).

Number of Active Powei Percent of rated
itssure 1 oops j' (h1W) plant power

7htPa 4 0.75 - 1.2 406- 650 12 19
(1015 psia)

7h1Pa 1 0.75 - 1.2 101 - 162 3.0 - 4.8
(1015 psia)

__

_

Table 5-3. Calculated required core power for transition to the carryover mode in steam generator
U tubes in a sample PWR plant design (based on K,).

Nun ber of Active Power Percent of rated
Pressure 1. oops Ke (h1W) plant. power

7htPa 4 1.9 - 3.1 439- 716 13 - 21
(1015 psia)

7MPa 1 1.9 3.1 110 179 3.2 - 5.2
(1015 psia)

5have been performed at MIST 6 and by natural convection along vertical plates, or
EPRI/ SRI in a test facility modeled after cylinders immersed in a vapor-gas mix - -

TMI-2.59 The influence of noncondensables on ture. lt'>lli A limited amount of research has
the boiler condenser mode is addressed in investigated condensation in tubes with
Secuon 5.4.3. noncondensables present. These studies include

experimental and analytical investigations of
5,4.1 Condensation in the Presence gas-loaded heat pipes,102105 closed thenno.

of Noncondencable Gases syphons,78 and U-tube type heat
exchangers. tot The phenomena exhibited in

The effect of noncondensable gas in these simpler problems will likely occur in
reducing heat flux dt. ring condensation is well PWR natural circulation loops. Therefore,
k n o w n 7 8,9 7, t 0 i . t t t and the titerature understanding these phenomena is an important
pertaining to thin topic is quite large. This step in successfully modeling the effects of
section does not provide an exhaustive review noncondensable gases during natural circulation
of this subject. Rather, its purpose is te in PWR loops,
introduce important issues and establish a link
with the broader literature. A large proportion Researchers investigating condensation in
of the research investigating condensation in the presence of small amounts of
the presence of noncondensables has studied noncendensable gas (homogeneous vapor-gas
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;

- mixtures) have observed reductions in the heat the U-tube was divided into what was called-

transfer rate of 50% or more.106,107,111 These ' active' and ' passive' rones, separated by a - e

investigations L ncluded natural convection transition region.101 In the active zone - whichi
along venical plates and cylinders immersed in extended from the U tube inlet to the transition
a vapor gas mixture. Analytical studies of region, condensation was virtually un.ffected
natural convection along a vertical plate in the by the noncondensable gas, in the passive
presence of noncondensables have agreed well zone, condensation did not occur because the
with experimental data.to8Jo9,110 steam and noncondensable gas mixture was at

the secondary side saturation temperature, with
Physically, condensation heat transfer the partial pressure of the steam equal to the

degradation is .due to a buildup of noncon- pressure of the secondary side. This same _ i
densable gas along the condensing surface. behavior was observed with both nitrogen and -
Non condensables are swept along with the helium as the noncondensable gas.101 The
vapor to the condensing surface where the vapor noncondensable gases effectively reduced the -
is condensed from - the vapor-gas m,xture, available heat transfer area. Consequently, ai

,

leaving the noncondensables behind. The higher primary-to-secondary temperature
'

partial pressure of the vapor near tne
_ difference was necessary to condense the

condensing surface is thereby reduced neoming steam. The developed analyticale
~

- (according to Dalton's Law), due to the resulting model agreed well with the experimental
high concentration of noncon densable gas. data. lot
This, in tum, lowers the saturation temperature
of the vapor; and, hence, the thermal driving lie n et al. concluded that the nature of the
force for condensation is reduced, in this gas (either nitrogen or helium) was only
manner, the noncondensable gas concentration relevant in the transition repion between theand the vapor partial pressure control the active and passive zones. '01 Significantly
condensation heat transfer rate.lW different behavior was exhibited in this region

for the two different noncondensable gases
Mori et al. observed that a homogeneous used. A short, stable transition region with a

vapor gas flow is difficult to maintain when step-wise change in temperature resulted when
large differences exist between the molecular- the buoyancy and shear forces exerted on .the

! weights of the vapor and the gas.106 gas acted in the same direction. When these
Noncondensables were separated from the vapor forces acted in opposite directions, an
and deposited at a given location in the test extensive transition zone with oscillating
apparatus.106 Thus, the system geemetry has a temperatures was observed.lul For instance,
significant - influence on the condensation assume the transition region is in the up flow
process - when noncondensable gases are section of the U-tube and nitrogen is the
present. Note that larger heat fluxes were found noncondensable gas (heavier . than steam);
in the case'of vapor and gas separation as vapor- flow is directed upward while - the
opposed to the case of a homogeneous vapor- buoyancy force is directed downward, resulting
gas mixture. in an unstable transition zone.

Hein et al. ~ investigated experimentally and Similar behavior was observed by Tien et -
analytic' ally the condensation of steam in a- alc in a condensation experiment in a closed
U-tube type heat exchanger in the presence of- thermo syphon _ with noncondensables.78 In
noncondensable gas.101 In this experiment, this experiment, noncondensable gases wen:
noncondensable gas was injected,in the form of swept along with the steam flow to the
a plug, into' a steam filled system in four condenser end of the thermosyphon. This

~

discrete steps.101 The researc era observed that process resulted in a high concentration of
the region upstream of the ga: plug was cut off noncondensable gases along part of the
from the steam supply. The temperature in this condenser, which effectively formed a diffusion -
region cooled to the secondary temperature barrier to condensation in that region. This
causing a pressure difference across the gas plug analytical and experimental study demonstrated
that pushed it towards the U-tube exit. This that- concentration and temperature induced
behavior eventually yielded a steady state where natural convection of noncondensable gases
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can affect condensation efficiency by The steam pencrator is divided into activea

influencing the noncondensable gas and passive zones, thereby reducing the
distribution, it was deter-mined that tadial total available heat transfer area
diffusion of the noncondensable gas also
strongly innuences the noncondensable pas When large amounts of noncondensable*

distribution." gases exist in the steam pencrator U tute,
the active zone in the steam pencrator isSome of the important issues that confined to a short distance above the tube

innuenced the condensation pmcesses in the
, sheet along the upflow side of the steam

precedmg mvestiganons are summarueu as genciator U-tubes
follow s:

If steam is unable to reach a condensingBuoyancy forces, including those ..

associated with both temperature and surface in the steam generator U-t ubes
concentration gradients because of gas blockages, the system

pressure will rise to compress the
Variation in thermodynamic and transport noncondensable gas volume ..ntil an-

properties of the vapor-gas mixture adequcie condensing surface is exposed in
. the lower portions of the upflow sides of theInterfacial resistance (flowever, Reference.

steam generator U-tubes
109 concluded this parameter was a second
order effect)

Condensation effectiveness in a given*

System pressure lesel region, is decreased by the presence of*

noncondensable gases. Therefore,.a larger
Amount of vapor superheat primary-to-secondary heat transfer area is*

Diffusion needed to remove the core decay heat.+

System peometry The Semiscale MOD 2A noncondensable+

gas experiments (S NC-6a and 6b) w ere
Molecular weights of vapor and gas conducted at high temperature and pressure [6.i

*

to 11.1 MPa (884.5 psi to 1609.5 psi).60Amount of noncondensable gas and the-

manner in which it was introduced into the Nitrogen gas was injected m discrete amounts 5
(up to 6.34% of the system volume at system

teu apparatn temperature and pressu're). The decay heat was

5,4.2 UTSG Plants 1.5% of core power and the primary mass -

inventory was 57%. Prior to the imtial nitrogen
The following general effects of noncon. gas injection, an equal condensation split

densable gases have been exhibited in existed between the upHow and downnow sides
experimental investigations conducted at the of the steam generator U-tubes. The first
Semiscale facility,19. 2 4. 6 0 the PKL nitrogen injection resulted in a condensation
facility.23.09 the FLECilT-SEASET facility,49 shift to the U-tut,e upflow rides, and this
and by EPRl/ SRI: 100 condensation distribution was sustained for all

subsequent gas injections. This phenomenon is
De condensation of rapor from the core is demonstrated in Figure 5-3, which shows the.

shifted to the upHow sioes of the steam reflux rate as a function of the nitrogen
generator U-tubes injection as a percent of the total system

volume.60 Though the area available for heat
Noncondensable gas is deposited in the transfer in the steam generator U-tubes was-

downflow sides of the steam generator teduced, the overall primary-to-secondary heat
U-tubes, the steam generator exit plenum, removal rate did not change and the steam
and above se loop seal liquid vapor generator continued to act as an effective heat
interface sink.60
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Nitrogen Volume (% of sysem vime)

Reflux mte J Amount of steam that is condensed in the SG U-tut >e upflow sides and flows-

back t,o the vessel.

'100% reflux - I 100% of the steam generated in the vesselis condensed in the upflow sides of
the SG U. tubes and flows back to the vessel.

50% reflux I 50% of the steam generated in the vesselis condensed in the upflow sides of
the SG U-tubes and flows back to the vessel (equal condensation split between
U-tube upflow and downflow sides).

'

Fig ure 5-3. Hot b:g reflux rate as a function of nitrogen injection in the Semiscale MOD '2A facility.60

,
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EPRl/ SRI tests concluded that the amount of on the boiling condensation mode of natural
noncondensable gases that could be circulation liigh pressure, cold leg break tests

'

accommodated by the primary system is limited were performed in the MIST facility 56 and low-
only by the design pressure of the system, pressure experiments were conducted by
provided secondary cooling is available.100 EPRl/ SRI in a facility modeled after TMI-2.59
This low pressure (< 0.52 MPa (75 psi)) The results of these experimental
experiment consisted of discrete helium gas - investigations are discussed in this section.
injections (up to 60% system volume) into the
primary system during the reflux condensation it was found by EPRl/ SRI that noncon-
mode. The decay heat was approximately 1% densable gases in the ste'im generators dictated
and the primary mass inventory approximately the elevation of the condensation region in the
20%, The primary system was observed to be OTSGs. liigh concentrations of noncon-
highly tolerant of noncondensable gases, densable gas (nitrogen) accumulated above the
Adequate core cooling was possible with reflux primary side steam generator liquid level.
condensation even with significant amounts (up Noncondensables were swept along (with the
to 60 % of the s volume) of steam) to the steam generators where the steam
noncondensable gases.10gstem was condensed from- the steam gas mixture

leaving the noncondensable gas behind.59
The low-pressure [0.965 MPa (140 psi)) Noncondensable gas above the primary side

PKL experiment demonstrated that at 2.4% liquid level impedes condensation, and may
decay heat, an increase in the primary-to- force the condensing region to a higher
secondary temperature difference from 2K to 8K elevation in the steam generator. This behavior
was necessary to remove the decay heat because contrasts with the observations in a UTSG,

of nitrogen gas in the steam generator where the condensing region is forced to lower
U-tubes.9 The nitrogen gas effectively reduced elevations in the upflow sides of the steam
the available heat transfer area. generator U-tubes. If the condensing region in

the OTSO is forced above the elevation of the
Experiments in the low pressure IUfifr- secondary pool and EFW is not available, the

SEASET facility identified additional problems heat removal ability of the steam generator may,

associated with noncondensable gases (helium) be temporarily lost.
49 At a massin the steam generator U-tubes

inventory between 35% to 40% and a core llowever, pressure increases were observed
power of approximately 2%, flooding and to compress the noncondensable gas volume
consequent hquid holdup was possible at the suff ciently to expose a new condensing
steam generator U-tube , iet. Ilochreiter and surface. These observations led to them
Rupprecht determined that noncondensable conclusion that the pressure limits of the
gases in the steam generator U tubes enhanced facility determine the amount of
the liquid holdup effect because more

noncondensablegas that may be accommodatedcondensation was forced to occur ta th upflow by the system.5
sides of the steam generator U-tubes. T hus,

more condensate must drain from the U-tubes S m lar behavior was also observed in the
opposing _the flow of steam from the core. It high-pressure MIST facility.56 llelium gas
wa., also observed that helium gas aggravated njection was immediately followed by primary
loop seal depressmn effects on the core. The pressure increases. At one point during a
helium gas increased the back pressure on the transient, the primary steam generator liquid
core hquid level and extended the venting period level in one loop was 5 ft below the secondary
of gas through the loop seal, prolonging core liqu d level with no primary-to-secondary heat
level depression. These phenomena are transfer, indicating the severe impact that
discussed m greater detaii in Section 5.6. noncondensables can have upon condensation

in the steam generator.56 -
5.4.3 OTSG Plants

MIST tests showed that the behavior usingThere are few experimental invcstigatious
that studied the effects of noncondensabia gases nitrogen gas was nearly the same as for helium
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gas, implying that convective effects primary system pressure rises to compress the
dominated buoyancy effects # gas vr/ume and expose an adequate condensing

surface. However, the reduced heat transfer area
'

Thermal stratification on the secondary side resulting from noncondensables in the steam
can further reduce the effectiveness of boiling generator requires larger primary-to-secondary
condensation in the presence of non. ' temperature differences. General observations
ondensables. During boiling condensation, regarding the effects of noncondensable gases

pr; mary-to-secondary heat transfer occurs in the on reOux condensation in UTSG plants were
uppe elevations of the steam generator above listed in Se.ction 5.4.2.
the prinary side liquid steam interface. Because
noncondensable gases can drive the condensing The effects of noncondensable gases are
region to higher elevations in the steam more severe in the case of OTSG plants. The
generator, the secondary liquid is heated at the heat sink behavior of the steam generator could
top and theimal stratification results. Thermal be lost if the condensation elevation is driven
stratification on the secondary side effectively above the secondary liquid pool elevation.
reduces the primary-to-secondary temperature Additionally, thermal stratification of the
difference, which in turn reduces the primary-to- secondary side liquid may effectively reduce the
secondary heat transfer, increases in the primary-to secondary temperatute difference
primary temperature are necessary to (the thermal driving force), in order to
compensate for the reduced primary-to- compensate for these adverse effects, higher
secondary heat transfer. pressure increases may be necessary to

sufficiently compress the noncendensable gas
5.4.4 Summary of the Effects of volumes and expose an adequate heat transfer

surface.Noncondensable Gase,s
Bu yancy dfects htween ddfant uncon-The effects of noncondensable gases on densable gases and steam may also play a rolecondensation heat transfer can be profound.

in determining the effectiveness of
Section 5.4.1 presented an brief discussion of

'' /b iling c ndensation cooling. In test
important issues and results from research in facilities with OTSGs, different behaviors for. <

this subject area. A link with this broader range nitrogen and helium gases were not observed,
of literat'are is important because the use of this implying that convective effects dominated
body of knowledge will assist efforts to analyze buoyancy effects. llem et al., observed in ah dfects of noncondensable gases during single U-tube experiment that the type of
reflux / boiling condensation processes in noncondensable gas was only sigmficant in thepg' transition region between the ' active' and

' passive' condensation zones of the U tube. A
Section 3.4 listed parameters that influence short, stable transition region resulted when

the effect of noncondensable gases on the buoyancy and shear forces were in the same
single-phase mode of natural circulation. direction. Conversely, an unstable transition
Uncertainties regarding the effects of these region resulted when buoyancy and shear forces
parameters are also relevant for the reflux opposed one another.101 The significance of
condensation and boiler condenser modes of these effects is not well understood,
natural circulation. Until these uncertainties are
resolved, a complete understanding of the The effects of noncondensable gases on
effects of noncondensable gases will not be U-tube flooding, consequent liquid holdup, and
possible. loop seal depression phenomena are important

issues related to UTSG plants. Flooding
In both 0TSG and UTSG plants, .the primary tendencies are enhanced when noncondensable

system pressure acts as a correcting mechanism gases force more condensation to occur in the
to compensate for the adverse effects of upflow sides of the steam generator U-tubes.
noncondensable gases. If noncondensable gas These phenomena are discussed further in
volumes prevent steam condensation, the Section 5.6.
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5.5 Secondary Side Effects generators, if EFW is not operable, the
secondary pool level must be high enough to

5.5.1 UTSG Plants provide a condensing surface in the steam
generator or boiling condensation cooling will

Experiments performed in the low-pressure not occur. As a result, the secondary liquid level
is an important parameter in maintainingPKL facility investigated the effects of reduced

steam generator secondary inventory on the twiling condensation in OTSGs.

effectiveness of reflux cooling." The results As indicated in Section 5.4.3, thermalindicated that the primary-to secondary
temperature difference doubled (from 2 K 10 4 K) stratification on the secondary side, in which

when the secondary inventory was reduced to hotter water resides at the top of the secondary,

uncover half of the steam generator U-tubes. is an important issue in OTSGs. When the
condensing surface is near the elevation of the

Results obtained from the LSW secondary liquid level, the primary to-
experiments for an overall heat transfer secondary temperature difference in this area

will be reduced because of the hotter water at thecoefficient, Ke, based upon the effective heat
transfer area (see Section 5.3.2), found that Ke top of the secondary. The effectiveness of
was nearly independent of the secondary boiling condensation may be diminished as a

collapsed liquid level for the reflux result of this thennal stratification phenomena,

condensation mode. For the 5% core power test,
Ke varied between 2.2 and 3.4 LwAm K) 5.5.3 Summary of Secondary Sido2

Effects(1256.1 and 1941.2 Blu/(hft h). During a 29i
core power test, Ke varied between 1.5 and 2.5
kWAm K) (856.4 and 1427.4 Blu/(hft%), Boiling condensation in plants with OTSGs2

is more sensitive to secondary side conditions

The effect of secondary level on the reflug than is reflux condensation in plants with
condensation mode was also examined in the UTSGs. This conclusion follows from the
Semiscale facility,19 These data indicate that potential loss of heat-sink, characteristic of
low secondary levels had little in0uence on the OTSG geometries. The UTSG geometry enables

effectiveness of reOux condensation cooling. the secondary liquid to act as a reflux cooling
heat sink even for low secondary inventories.
The effectiveness of boh,q condensa' ionLow secondary inventories or noncon.

densable gases in the steam generator U-tubes, without EFW in a OTSG, however, depends on

may promote steam condensation in the lower the relationship between the primary and
portion of the U tubes, near the tube sheet. The secondary liquid levels,

secondary side water will be wumed at the
bottom, and due- to buoyancy, will be well 5.6 Nonuniform Behavior in'

mixed. Therefore, virtually all the secondary UTSG Plants
side liquid will be available as a reflux cooling _

heat sink. This section discusses phenomena
associated with nonuniform behavior during

5.5.2 OTSG Plants reflux condensaiion in plants with UTSGs.
Topics addressed include flooding effects,

Section 2 discussed the potential loss of different U-tube flow modes, and the potential
heat sink behavior possible in OTSGs. In for loop seal depression.
contrast to a UTSO, where the secondary liquid
is normally availaole as a reflux cooling heat 5,6,1 Flooding Effects

sink, only the secondary liquid above the steam
generator primary level is available to condense During reflux condensation, flooding is
steam during the boiler condenser mode, possible in the counter-current Gow regions in
provided EFW sparger spray is not available. the upflow sides of the steam generator U-tubes,
EFW sparger spray ensures the existence of a and in the stratified counter-current flow regions
condensing surface high in the steam in the hot legs. Generally, flooding occurs at
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. flow area restrictions or at locations where the condensation and the flooding limits 71
' flow changes direction.63 The tendency for " Typical" PWR reflux conditions were based on
flooding h enhc.ced by low-system tiressure calculated reOux condensation conditions for a
and the presence of noncondensable gases. Low four-loop W plant fifteen minutes alter
system pressure results in lower steam densities - shutdown (2% decay heat), assuming one steam
and higher steam velocities. Noncondensable generator was lost. The difference between jj for
gases in the steam generator U tubes cause a the typical PWR case and the Gooding limit was
greater fraction of the condensation to occur in approximately 0.27.71 This important ' result
the upflow sides of the U-tubes. As a result, ndicates that steam flow through the hot legs

; more condeicte must drain f om the upflow will not inhibit the Dow of condensed liquid'

sides of the tubes and the likelihood of liquid back to th7 core from the steam generr.ters
holdup is increased. Flooding has been dunny typical reflux conditions. The Richter et
observed in a number of reflux condensation al. correlation was found to be consistent with
experiments.25 26,51,63,73,7(112 the UFFF CCFL data.?l ll3 This correlation is

'

"# "
S.6.1.1 Flooding at the Ilot Leg

Bend. The Upper Plenum Test Facility
(UFIF)71.72 and the LSTF63 have investigated Jr + k J f = 0.7. (5-15)

, ,

flooding in the hot leg of a PWH. The
motivation for research in this area follows The linear approximation of the relationship
from the potential for liquid holdup in the between jj and j*g at flooding conditions in the
vertical section of the hot leg bend leading t UFIF test is given by,71
the steam . generator mlet plenum, and the
interruption of steam Gow from the core to the
steam generators during reflux condensation. Y j} = 0.7955 1.1564 i jj (5-16) -7 _

Liquid holdup in the vertical section of the hot
leg is a concern because a back pressure is _ Comparisons with FLECHT-SEASET,
exerted on the core liquid level, which can cause Semiscale, PKL, and LSTF - (ST-NC-01,
core liquid _ level depression. The maximum ST-NC-02) data showed that each of these
possible core level depression resulting from facilities simulated reuux conditions within the
hot leg Docding, however, is less than that due CCFL boundary defined by the UPTF tests.

' 'o steam generator tube flooding because the Because the UPTF is a full-scale facility,
7hot leg elevation rise to the steam generator agreement with UFIF results 1 helps to validate

inlet plenum is small [approximately .91 m the reuux condens tion data of the small scale
(3 ft)]. Interruption of steam flow from the core tests.
to the steam generators is a concern because
core rod heatup may occur if reflux condensation The Variable-Power Test in the LSTF
cooling is lost. (ST-NC-04) demonstrated that- flooding' is

possible in the stratified two-phase flow at the
The full-scale UPTF is designed to simulate hot leg bend at 10% core power (jj - 0.30)33

three-dimensional, the rmal . hydraulie LSTF flooding data were found to be better
steam / water behavior in the upper plenum, represented by the flooding correlation of
reactor coolant loops, and downcomer of a four. Ohnukil14 rather than that of Richter et
loop Kraftwerk Union 3400 MW(t) PWR.71110t al.,71,72 the LSTF flooding limit being lower
leg CCFL tests in the UPTF were conducted at tnan that predicted by Richter et al. (jj ~-

pressures 'of 3 bar and 15 bar. Reflux 0.47).71 113 Discrepancy with the Richter et al.
condensation processes were simulated using correlation may be attributable to the fact that
different steam flow rates from the core, while a Richter used a shorter pipe (900 mm (2.95 ft;)
constant reOux condensate flow rate was . versus 3.188 mm (10.46 ft.) in the LSTF]e3
maintained. UPTF tests mapped out the CCFLi

curve at each of the_ above pressures. UPTF Although hot leg flooding was observed in
results demonstrated that there exists a the ISTF, test conditions were outside typical
significant margin between " typical" PWR PWR renux condensation operating conditions. ,

operating conditions during re flu x in fact, they were more typical of the early"
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blowdown and re0ood phases of a relatively- y pE , Q ,p' 4g
large break LOCA.63 Table 5-4 presents hot leg
Gooding data for both the LSTF and UPTF test
facilities, assuming jr = 0. Equation 5-16 is correctly predicts Gooding in the U-tubes with

C between 0.77 and 0 SN.H Caha and Griff;th
used to predict j' in th? case of the UPTF

'"" " "' N " # '" #*P#'*'"" "

b-tug"facility. Additional information regarding each ow-pressure, f our-tube, inveited
of these test facilities can be found in condenu n t hey obu nd GooWng for y
Appendix A.

between 0 23 and 0.44.74

~1he important conclusion to be drawn Irom
this discussion is that the results of the UPTF Table 5 5 summari7es the U tube Gooding
hot leg CCFL tests indicate that hot leg data presented abme. Recall tl.at ad<titFmal
flooding is not a concern during typical PWR information on the integral test f acTtie', may
reflux condensation operating conditions.71 be found in Appendix A.
Iloweser, LSTF data demonstrate that hot Lg
Gooding is possible under PWR operating 5,6,2 Diffect U tube Flow Modes

'

conditions that yield high steam velocities.*

E "I'" '' " '" " " "' \ "k
5.6.1.2 Flooding at the Stram now modes associated with reflu i

Generator U-tubt Inlet, The countercurrent condensation. 31hese three modes wtre refared
Dow of steam and condensate in the steam to as classical reDu condensation, the
generator U-tubes during reflux condensation wiuatory now mode, and tne carrymer mode .

,

may lead to flooding at the U-tube inlet. In the At low vapm te c the daWcal redux,

upflow side of the U -tubes, steam now opposes con ensa mn phenomena was obend At dw
condensate draining and liquid holdup may on ng M i Meam generaim mk1,
result. Liquid holdup in the upflow sides of the t e a tr n on fru 0w dawn'al nDux
steam generator U-tubes may provide a
hydrostatic head (Mt depresses the core lesel. mode to wpat Nguyn labe,u q mWatmy

5 "' *"# ," ' uac-tented by pe
.

*
Core uncovery is possible if sufficient core nnahon of liquid c .> luma, m. the nser sectmus
level depression occurs, of the steam generator U-tuMs. The trandtion

to the oscillator) mode begins v. hen portionsThe U-tube flooding limit was defined by
Nguyen and Banerjee (UCSB) to occur y e the liqmd condensate are carried upv.ards by

the vapor now. This phenomenon can he
..

Jg ~ 0.50. Complete liquid carrymer to the ouantified w ith a Wallis-type flooding
downflow side was obsened at j' ~ b.90.73 Note c'orrelatina.76 Liquk. holdup v as obsened w hen -

that these ts sis were conducted on a single the nondaaensional superficial vapor velocity,
U-tube at atmospheric pressure. liigh-pressure jj, was 0.50 'ihin result is supported by high-'

reflux condensation data (at 55% ,nmary mass pressure LSTF data in which liquid holdup
inventory) obtained from the LSTF, were m occurred for j = OA and j..g= 0.56 corresponding

. ..

reasonable agreement viith these results.63 The g
I" CW' P" wen of 5% and 7%, respectively.2WLSTF data indicate liquid holdup was ini'iated in Ekioding dso occurred in the ILEClff-SEASE1

the steam generator U tubes at jj ~ 0.40 (59
core power) and became significant at j* ~ 0.56 facWty for jg MO, which conesponds to core

power 'evels of about 2.5% i a pressure of 140
(79 core power).26.63 These results re also psia 44 in the FLECllT-SEASET facility, thereconsistent with Semiscale data where flooding

were no stable reflux condensation modes f or
started between j* ~ 0.1: and j ' O.32. g 37

. .
8 E decay heat levels greater than 2.5 % core

Ligmd carryover to the U-tube downflow s.de pg 4 4" Calia and Griffith observed thei

was observed to occur the LSTF at jg ~ 0.83 Wmmy nmde when 0.23c jj < OA4 74

(104 core power). Counterentrent fu,w '

limitation (flooding) also occurred in the Some researchers refer to the flow patternBETHSY facility,5l There, it was observed that
described abme as the ' fill and dump mode' 74

the Wallis correlation 76
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Table 5-4. Comparison of LSTF and UPTF hot leg flooding data.
,

Facility Pressua j[

LSIF 6.5 htPa (943 psia) 0.30
UI'IF 0.3 htPa (44 psia) 0.47
UI'IF 1.5 hiPa (218 psia) 0.47 ,

t

Table 5 5. Comparison of U tube flooding characteristics in BETHSY, hilt experiments, LSTF,
Semiscale, and UCSB experiments.

Facility Pressure j)

BEnlSY 6.8 MPa (986 psia) 0.59 0.77
ISIF Atmospheric 0.23 0.44
htIT 6.5 hiPa (943 psia) 0.40-0.56

Semiscale 6.9 h1Pa (1000 psia) 0.16 0.32
UCSB Atmospheric 0.50

i

Although similar, this flow behavior should Similar flow modes have also been observed
not be confused with the cyclic fill and dump by Hein et al.;103 and in BETHSY;51 LOBl.
process described in Section 4.6.l. There, the hiOD2.64 PKL," and Semiscale24,112 experi-
inlet plena was filled with a two-phase mixture, ments. The three modes of U-tube behavior
and steam water interphase drag was described in this section are illustrated in
responsible for the high mixture levels in the Figure 5 2.
steam generator U tubes. In this case, steam
fills the in!ct plena and flooding initiates the The oscillating U tube flow mode is
oscillatory fill and dump behavior, imponant with regard to nuclear reactor safety

analysis. A positive hydrostatic head _ the
The carryover mode occurs when steam generator U-rubes exerts a back pressure

sufficiently high varaor velocities are able to on die core liquid level; and while core cooling
carry the concensate over the upper U-bends of remains effective, core liquid level depression is
the U-tubes. In this situation, a coeurrent flow possible.25 This effect was first observed in
of liquid and vapor exists in both the upflow and Semiscale, where core coolant level depression
downflow sides of the steam generator U-tubes during pump auction liquid seal formation can
and a transition to two-phase natural circulation be aggravated by the existence of a positive
may occur. Transition to the carryover mode in hydrostatic head in- the steam generator
some U-tubes was observed by f4guyen et al. U-tubes. l l2

when jg = 0.9,73 while LSTF experiments
The osciUatory mode was so named due to

observed this flow mode when jg = 0.8 (10% the observed penodic fill and dump behavtor m
,

core power) 63 Calia and Griffith observed the U-tubes. As the h,qu,d column m a U-tubei
corr;plete h,qu.d carryover .in all four U-tubes ofi reached the top of the U-tube bend, spillover
their test apparatus when jg, = 1.56.7 would occur. After spillover, a siphoning effect
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would pull the liquid column oser the U-tube holdup in the steam generator U-tubes resulting
Nnd. Steam Cow in this cleared tube would then from Gooding at the steam generator inlet,
increase significamly, allowing the remaining
tubes to partially drain until the pressure drops in plants with UlSGs, there are often two
in all tubes were equal. A liquid column would scis of bypas.s paths capable of removing steam
again form in the cleared tube and the pattern from the vessel upper plenum to the
would repeat. The spillover event appeared to downcomer One set is the downcomer inlet
occur randomly in any one of the U tubes. It is annulueto upper head flow path, and the second
beliesed that the random nature of the set is leakages through the gaps at each hot leg
Ductuations of the liquid columns is the cause of penetr., tion by the slip fit betwr in the cote
the randomness in the spilloser esent.25 The barrel assembly c.nd the hot leg nonles.ll5 The
oscillatory behauor in the I. OBI MOD 2 facdity now behasior through these core bypass paths
during the imtial staces of reflus condensation during the reflus conden sation mode of natural

attributed to a " syphon condensation" circulation is not completely understood.was
phenomena controlled by flooding in the
upuow sides of the steam generator U-tubes.64 The Semiscale experiment demonstrated _

This behavior closely resembles the oscillatory that cote voiding was possible prior to the
U-tub: How mode described abuse. blowout of the pump suction liquid seals.24,112

Figure 5-4 demonstrates the hydrostatic heads _

In the presence of noncondensable gases, in the primary system that can lead to the core /
spillmer events may act to redistribute the liquid level depression phenomena)4The figure
non;andensables to other noncleared U-tubes or illustrat; a the potential for core level

' - to other locations in the primary loop. The depression below the bottom of the loop
distribution of the noncondensables in the suction piping. Also, the figure shows
primary loop is very important in detennining hydrostatic heads in the up00w side of the
the thennal hydraulic behavior of the system. A steam generator U tuns and the hot leg bends
redistribution of gases, due to U-tube spilloser that eggravate the loop seal depression effects
esents, should be considered when detern.ining and result in a core collapsed liquid level that is
the system thennal hiydraulie response. 100 cm below the elevation of the bottom of

the cold leg suction piping.2d

5.6,3 Loop Seal Formation / Clearing
Phenomena Loop seal clearing during the high pressure

Semiscale SBLOCA experiments was observed

During reflux condcasation, a liquid seal to be a steady process. The downDow side of the

normally exists in the loop cold leg suction loop seal was slowly depressed until loop seal
-

piping. THs ' loop seal' impedes the now of clearing occurred. The loop seal did not reform
vapor through the loop piping. A Semiscale because of loss of primary mass inventory
experiment demonstrated that the effect of the through the break However, in experiments
loop seal is more complic,tted than a simple conducted in the low-pressure IUiCMT-SEASET

manometric balance between the reactor vessel facility (constant primary mass inventory), the
and downnow leg of the loop seals,112 Several clearing of the loop seal was periodic. Observa-

tions indicated that steady state refluximportant parameters were identified: com
vapor generation rate, the core coolant bypass condensation was periodically interrupted by
now, the U-tube condensation rate, and venting of steam through the intact loop seal.41

flooding tendencies. The core vapor generation rate was greater than
the steam generator condensation rate and

If the core vapor generation rate is suffi- consequently, uncondensed vapor Dowed into
ciently high, a diflerential pressure may the steam generator exit plenum and cold leg,
develop between the reactor vessel (hot leg) and displacing the liquid in those locations. The
the downcomer (cold leg).24 Consequently, the vapor depressed the liquid level in the downside
vessel coolant leul may be depressed relative of the cold leg suction piping and the vessel
to the downcomer. In addition, this core liquid until steam eve sally vented through the loop
lesel depression may be intensified by aquid seal. The differential pressure between the loop
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hot and cold leg nonles was temporarily by the formation of hydrostatic heads in the
relieved, and the liquid seal reformed. This steam generator resulting from flooding and
process is illustrated in Figure 5-5. consequent liquid holdup. Important parameters

in the loop seal depression process include the
The following effects resulted from the following: the core vapor generation rate, the

venting of steam through the loop seah41.49 core coolant by-pass flow, the U -tube

Fluid from the downcomer was forced.

into the rod bundle by the vented steam. Three modes of U-tube now were identified
This liquid replaced the tw o-phase in Section 5.6.2. These are classical reOux, the
mixture in the lower elevations of the oscillatory mode, and the carryover mode,
vessel and temporarily stopped vapor These flow modes have also been observed in
generation in the lower vessel 151F experiments.26 The occt:trence of a given
elevations. The liquid from the mode during reflux condensation depends on the
downcomer also forced the two-phase core power and the U-tube length. It is possible -

froth level well above the hot leS to have different now modes in different length
nonle elevation. tubes.63

A two-phase mixture was forced into the The oscillatory flow mode is of primary.

steam generator inlet plenum. interest with regard to reactor safety aralysis.
The transition to this U-tube flow mode is set at

The flow in the steam generator U-tubes.

changed from reflux condensation to the Dooding limit, and it g characterized by the
gr wth of a hqu,d column m the upuow side of ai

cocmrent two-phase flow. steam generator U tube that eventu'tlly spills
mer nte be M downflow side. Some of theit is believed that the periodic venting of effects of flooding and consequent hqu,d holdupisteam through the loop seal during reflux have been stated. Additicmally, when noncon-conden-sation is a low-pressure effect. This densables are present, spillover incidents act ta

phenomena has also been observed in the low -
pg g;;; 9 redistnbute the gases to other stalled U-tubes or

to other locations in the primary loop. This
cause of noncondensable gas redistribution

5,6.4 Nonuniform Behavior Summary should be considered when determining the
primary system thennal hydraulic response.

The ability of steam to reach a condens, g
_

m
surface in the steam generator U-tubes is a

. II is n ted that the experimental results
.

prirnarv concern during reflux condensation. In . ,

cited in this section are based on a hmitedaddition to the noncondensable gas effects
discussed in Section 5A, flooding at the steam number of U-tubes m the steam generators. Ir.

this situation, individual tube behavior has agenerator U-tube inlet and/or the hot leg bend
may also impede the flow of steam to a con, greater effect on the system thermal hydrauh,e

densing surface Experiments performed in the response than it would m an actual PWR steam
B ETilSY,51 LSTF,26.63 and Semiscale57 generator with a much larger number of U-tubes

facilities, and by UCSB 3 indicate t!.at flooding (i.e., thousands of tubes).19 In addition, the7

tube-to-tube mteractions that may occuris possible at the steam generator inlet during
reflux condensatian. Pooding at tl e hot leg through the common steam g.nerator mlet and

bend has been observed in the LSTF and the exit plena are somewhat unpredictable.

U171?71 facilities for high core power levels
(>5% core power), but not for typical reflux 5.7 Reflux / Bolling
condensation conditions (< 5% core power). Condensation Summary
Core level depression (k>op level depression) is
another reactor safety concern that may occur The reflux condensation and bailer
during the reflux mode of natural circulation. condenser modes of natural circulation are very
Loop sean depression effects can be aggravated efficient heat removal mechanisms.
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' Consequently, both exhibit low mass now rates Flooding is possible in UISG plants during |
and low prin'ary-to-secondary temperature reflux at both the hot leg bend and the steam |
differences compared with the single- and two- generator U tube inlet. Flooding at these :
phase modes of natural circulation. locations will impede the flow of steam- to |

condensing surfaces in the steam generator
__ _ There are two types of boiling condensation U-tubes. However UPTF experiments found that
in' plants with OISGs Pool boiling conden- for typical renux conditions (approximately 2%
sation occurs ' when a primary condensing core power), flooding at the hot leg bend will

. surface exists below the secondary pool level. not impede the flow of condensed liquid back to_

- EFW- boiling condensation . occurs when a the core.71- Flooding at the steam generator
primary condensing surface exists below the U-tube inlet has been observed in a number of

- EFW sparger spray elevation, reflux condensation' experiments.26,51,57.63,73

- Noncondensable gas in the primary side of Three distinct U-tube flow modes - wen:
the steam generators durir'g reflux / boiling con- described in Section $.6.2. These modes wen-
densation impedes the condensation process, referred to as classical reflux condensation, the

- Effective steam generator heat transfer areas are oscillatory now mode, and the carryover mode,
reduced, and increased primary-to-secondary Note that different flow modes have been

.

temperature differences are required to remove observed to-occur in different U-tubes at the
the decay heat. System pressure acts as a same time. The oscillatory mode is important
correcting mechanismi when pressure increases with regard to reactor safety analysis because it
(as a result of degraded primary-to-secondary is characterized by flooding and consequent
heat transfer), the noncondensable gas volumes liquid holdup in the steam generator U tubes,
are compressed -to expose L an adequate The oscillatory mode was so named because d
condensing surface in the steam generators. The the periodic spillover of liquid into the U
effects . of noncondensable gases on the down-flow sides.- These spillover events rmy
reflux / boiling condensation mode- of natural act to redistribute any noncondensable gases
circulation were discussed in Section 5.4.4, present in the primary system.

'The potential loss of heat sink behavior in Liquid holdup caused by flooding may
OISG plants has been demonstrated. The steam aggravate loop seal core level depression
generator primary side condensing surf ace may effects._ Loop seal depression is not - a simpic

. be driven above the secondary pool level by manometric balance between the vessel and the
changes in Lthe steam generator primary / downflow leg of the loop seal; but is influenced

- secondary liquid levels, and/or the presence of_ by the core vapor generation rate, the core
.noncondensable gases in the steam generator coolant bypass flow, the U-tube condensation
tubes. If the condensing surface is driven above _ rate, and liquid holdup caused by flooding i12
the' secondary pool elevation and EFW is not;

available, the loss of the steam generator as a'

heat sink will result,

.

C
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6. APPLICATION OF THERMAL-HYDRAULIC SYSTEM
CODES TO NATURAL CIRCULATION ;

Because natural circulation cooling may be Generate two different scale sire " paper+

an essential means of removing shutdown decay models" of a hypothetical natural circu-
heat in PWRs, considerable effort has been lation loop.
made towards understanding its behavior and

Construct RELAP5 models for each ofphenomena. As evidenced by the citations in *

previous sections of this report, a large amount these paper models.
of experimental data has been generated related

Conduct .the same transient with eachto natural circulation. Because one of the *

objectives of PWR operation is to avoid model,
abnormal conditions, natural circulation data
from large-scale PWRs is limited to single- The results of the study showed that for
phase conditions. Therefore, the use of thermal- natural circulation in a single loop, the
hydraulic system codes is necessary to apply RELAPS/ MOD 2 code calculates 5.imilar physical
information and data obtained from small scale phenomena at significantly diffetent geometric
experimental facilities to latge-scale operating scales. The kinematic and dynamic
reactors, especially regarding two-phase and relationships between the phenomena in the
reflux / boiling condensation modes of natural two different geometric scale models were
circulation. Thus, one of the main objectives of calculated to be consistent with expectations
th; experiments was to provide data for the based on similarity criteria.
development and assessment of thermal-
hydraulic system codes. These results were considered generally

applicable to other systems codes having a
Section 6.1 discusses the scalability and stage of development similar to

appheability of thermal hydraulic system RELAP5/ MOD 2. This is a significant
codes; Section 6.2 discusses the assessment of conclusion, because these systems codes are
thermal hydraulic codes against data from intended for application to operating PWRs that
experimental test facilities; Section 6.3 are of a much larger geometric size than the
describes calculations of operating piant natural scaled experimental f acilities.
circulation, and Section 6.4 addresses several
potential problems associated with simulating 6.2 Calculat|On of
transient natural circulation phenomena with Experimental Facility
thermal hydraube system codes. Data
6.1 Thermal-Hydraulic Numerous thermal-hydraub.e code calcu-System Codes lations of experimental facility data have been

made. As examples, the IDFT and Semiscale
Reactor safety research has addressed scal- facility expenments were planned by utilinag

ability and applicability of best estimate system code predictive calculations, which wen
thermal-hydraulic system codes. For example, formally documented for the experiments
the preservation of natural circulation conducted. Subsequentiv, several experiments

Isimilarity criteria by RELAPS/ MOD 2 was from these facilities, as well as experiments
studied.116 The following criteria were frun other facilities, were used for code

! considered for assessing these codes: assessment calculations. The material that
follows describes some representative examples

Establish similitude criteria for single- of assessment calculations..

and two-phase natural circulation in a
; loop using the work of Ishii and TRAC-PFl/ MOD 2 is the most recent release

Kataoka. I l7 of the TRAC-PFI code. liowever, none of thei
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developmental assessments of this code, to and natural circulation became the heat removal
date, have addressed natural circulation.Il8 mechanism.35 Comparisons between calcu-

lation and data generally show good agreement,
The TRAC-PFI/ MODI code was applied to except for the loop dow during the L9-2 part of

Semiscale facility natural circulation exper- the experiment.121.122 The difference was
iments S-NC-2 and S-NC-6 in Reference 119. attributed to 3-D behavior in the downcomer,
S NC 2 was a natural circulation test which was not modeled in the TRAC-PFl/ MODI
investigating the effects of different core power input model. This calculation and others
levels and different primary mass inventory illustrate the importance of input model
levels. All three modes of natural circulation development. Other assessment calculations of,

;- were observed during experiment S NC-2. LOFT natural circulation experiment data show
3- Figure 6-1 shows the measured and calculated that TRAC code versions accurately predict the'

mass How inventory for the 5.0% core power qualitative trends, and many of quantitative
(100 kW) natural circulation test (S NC-2).119 results.a,123 Similar results were obtained in
TRAC PFI/ MODI mass flow rate calculations assessment calculations against the PKL
followed the measured data very closely, experiments.124,

q

Experiment S NC-6 was a reflux conden. The TRAC PFI/ MODI code was also
sation test that studied the effects of injecting applied to a ISIF 5% power natural circulation
various amounts .of nitrogen gas into the experiment (ST-NC-01).125 The LSTF data
system hot leg just belo'y the steam generator showed flow in the forward direction in =theinlet plenunJ 19 With no nitrogen in the shorter U-tubes and reverse flow in the longer
system. TRAC-PFI/ MODI calculated the reflux U tubes, As a consequence, two input models of
rate from the upuow . side , of the steam the steam generator were constructed, one
generator U-tubes to be 10% lower than that modeling the U-tubes with a single path and one
observed in the experiment. With an amount of modeling the U-tubes with three paths;
nitrogen amounting to 0.86% of the primary representing .. short, medium, and long
system volume at the primary temperature and U-tubes of the UTSG 125 Analysis showed that
pressure, the calculated renux rate was only 3% the siagle U tube path model was inadequate.
higher than the measured value. The maximum because it did not yield an accurate calculation-
measured and calculated reOux rate occurred of the experimental data.125 The calculated
when the amount of nitrogen injected amounted single-phase mass flow rates using the single
to 2.98% of the primary system volume. U-tube model were 14% to 20% higher than the
liowever, the TRAC-PFl/ MODI calculated value - measured valuescThe differences were attributed
was 20% higher than the measured value.119 to the presence of the reversed flow in the
Reference 119 indicated that differences in the longer U-tubes; The reversed flow is believed to
measured and calculated reflux rates could be reduce the overall loop mass flow rate by
attributed to the manner in which the reflux decreasing the net forward flow area and t
liquid was removed from the Semiscale system increasing the net loop frictional resistance.125
and then replaced by the makeup system during- The three U-tube ' path model yielded
the redux' rate. measurement.- Other possible calculations that were much more representative

1 factors - for the differences between the of the experimental data, showing the effect of
calculations and the data include uncertainties in reverse flow in the long U-tubes. Calculated
the heat losses and measurement error. mass How rates using the three U-tube model

were only 2% to 8% higher than the measured
The- TRAC-PFl/ MODI code was also values. This result demonstrates that reversed

applied to LOTT experiment L6-7/L9-2.120 This flow in the steam generator U-tubes is an
was ' an anticipated ' transient experiment important phenomenon and it should be ,

simulating .a turbine trip from full power '

'followed by a secondary side controlled rapid,

cooldown. In the L6-7 part of the experiment,
the reactor coolant pumps were operating. In a. Safety Code Development Group, T/!.tC-PF/

the L9-2 part of the- experiment, the rapi endent Asussment. Los Alamos National
M ry report (to be issued).cooldown continued, but the pumps were tripped

'
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: considered in analyzing natural circulation Section 5.6.2. Recall that this phenomenon
now. TRAC-PFI calculations are represented by was also observed --in i STf- experiment
circular symbols while. Semiscale data are ST-NC-O L

~

*

represented by triangular symbols.319 This is -
an important point, especially considering that The RELAP5/ MOD 2 code has been assessed
the single U tube model was created using - against Semiscale -small break transient
standard modeling practices.20 data 2L128- and LSTF natural circulation1

ex perirnent s.63 The basic Semiscale system
The RELAP5/ MOD 3 code has been assessed responses were' adequately calculated by the

agairc. BETilSY natural circulation exper- code; however, the timing af certain events '

iments,126 Figure 6-2 shows the calculated and differed significantly from observed
measured mass Dow rates versus the' primary events.t 27.128 Although the calculations agteed
system mass inventory fraction for DETliSY qualitatively with the measurements,
test 4.la-TC (5% core power).126 initially, the quantitative differences were observed. These
calculated mass flow rates were approximately differences resulted from errors in modeling the14% higher than the measured values, experirnent and deficiencies in - the-Reference 2 suggested two' explanations for RELAP5/ MOD 2 computer code. Selected
this discrepancy: The first explanation ciied examples of these errors and deficiencies an-
differences in the primary. density distribution listed as follows:
in the experiment and the calculation. It was
postulated that energy was removed from the Differences in the calculated and*

primary system at a slower rate during the r easured loop mass flow rates were '
,

calculation than during the experiment, which attributed to the use of a lower system
reduced the net gravitational force driving the resistance in the model than thatflow. !!owever, insufficient instrumentation in existing in the test facility 128
the experiment made it impossible to prove or
disprove this hypothesis.126 The second The failure of RELAPS/ MOD 2 to predict+

expleation cited the presence of reversed now liquid holdup in the steam generator
in the steam generator U-tubes as a possible _ U-tubes was attributed to the lack of a -
cause of the discrepancy. RELAP5/ MOD 3_could - CCFL model in this version of the code
not simulate reversed now because a single
U-tube was used in the steam generator model. Deficiencies in the calculation of the+

Recall that the' single U tube model used in the interphase drag and sound velocity in
TR AC-PFl/ MODI simulation .of LSTF the RELAPS/ MOD 2 choked Dow modelexperiment ST-NC-01 was determined to be were identified after observing errors in
inadequate.125 Flow reversal in' the longest the calculated void fractions and break- U-tubes was possible during the BETliSY Cow 127.128
e x perim e n t.126 Although RELAPS/ MOD 3
predicted an earlier initiation of two phase Geometric configurations must be accu.*

. natural circulation than the data, the peak two. rate to ensure unbiased heat transfer
phase mass now rates differed by only 9%. The calcula: ion. A more quickly calculated
minimum flow rate occurred at 52% mass depressurization during the- recoveryinventory in both the experiment and the stage of the SDLOCA -_ transient -(as
calculation. RELAP5/ MOD 3 predicted. redux opposed to the observed depress-
condensation occurred in all three loops at a urization) may have resulted frommass inventory of 37%, while in the different stored energy relaxation of the

-

'

experiment reflux, began in one loop at a mass metal in the steam generators.127
inventory of 5d%, in two loops at 46%, and in
all three loops at 11%. Note that CCFL occurred la spite of the above mentioned defi-
in the experiment (37% mass inventory), but it eiencies, the code did correctly calculate two-

:was not predicted by RELAP5/ MOD 3.126 The phase natural circulation and reOux phenomena
; ' initiation of CCFL in the experiment led to the during the draining of the steam generator tubes

oscillatory ' flow phenomenon described in (test S-Lil-2).127
L
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The LSTil experiments indicated the magnitude af calculated and nicasured flow
presence of nooding in the stratified two-phase surges were obsersed during an intermittem
flow at 6 hot leg bend located beneath the type circulation patteen, signilar to that
itearn g; .m " 1r inlet, and 60wed that Hooding described in Section 2 and in Section 4.h2.2.
controllu coolant distribution in the These dif ferences were attnbuted to piping heata

primary spic:n during both the two phase and losses that were not accounted for in the p
r( flu x conder6ation modes of natural calculation.*
citculation.63 initially, RELAP5/h10D2 sigmf.
icantly oserpredicted the hot leg void fraction The preceding examples illustrate the
Once again, this was primarily due to capabilities and limitations of splem thermal.
deficiencies in calculating the interphase drag, hydraulic codes in simulating natural circulation

l After a simple modification to the interphase phenomena. The data used in the assessment
drap calculation, the RELAP5/h10D2 code calculations were drawn from scaled facilities
calculations agreed well wi,h the experimen. Eth a large lange of geometric scales,
tally observed flooding conditions. Calcu. therefore, it is anticipated that the sy stem
lations with the TRAC PFI code and the French thermabhydraulic codes are applicable to full.
code CA111ARE63 also agreed well with the scale PWRs. This contiusion is supported by *

LSTF data, the study en the preservation of scaling
criteria.II6

The RELAP5/h10D1 code was assessed
against the Semisca:e natural circulation exper- 6.3 Calculation of

_

i.nents in References 129 and 130. The result' Operating Plant Naturalshowed the code qualitatively predicted all
ClrCulat|Onmodes of natural circulcion correctly for both

single and twodoop Semiscale geometries.
Qeantitative disagreements with data were This section presents and discusses several
evident for two-phase natural circulation mass namples of the use of thermal hydraulic system
flow ran and for the system mass invent,, ries codes to calculate and/or predict operating plant
at which mode transitions occur. The calculated behavior under n:,tural circulation cot:ditions.
two-phase mass now rates were significantly Code performance is discussed, and insights
higher than the trasured values (107c to 4041). gained from cwie calculations are indicated,

These results are consistent with corryrative
iesults f.om assessment cal:ula; ions spinst The performance of a CE full plant
PKL data.133 The Semiscale assessment results simulator for operator training was assessed by
alsa demonstrated that the code qualitatively comparing it to the St. Lucie Unit I aatuial
describes the influence of steam generator circulation cooldown transient.13hl38 A
secondary heat transfer vegradation on tw> benchmark simulation of the Diablo Canyon
phase and reflu x condensation natural Unit l naioral circulation test was com leted
circuhtion.130 llowever, discrepancies with the using the Westinghouse TREATeode.13%p40141 >

measured data eccurred at low secondary This Diablo Canyon test consisted of four basic
inventories. Qualitative agreement with natural periods: hot standby with forced circulation,
circulation phenomena was also obtained in the hot standby with natural circulation, cooldown

a case of an ultra small SR'.OCA , and in and depressuritation, and normal cooldown to
.

assessment calcu!ations against LOFT cold shutdown using the Residual lleat Removal*

data 32. tnt 34 at,d LSTF Sill OCA data t 35 Sptem (R',lRS). 'IREAT calculations for the'
1

first three periods agreed well with the test data.
An example of RETRAN 02 code assess-

ment is th comparison conducted against an Small break LOCA recovery has been
OTIS na aral circulation experimentl36. studied for B&W plantr.142 For a 0.0012 m2
Quahtative and near quantitative agreement with (1.86 in,2) break, single phase natural
core inlet now and temperature, and with OTis circulation flow was interrupted by hot leg
secondary liquid level, were demonstrated for voiding in the ' candy cane" region. The
the two-pnase natural circulation modc during a interrupted flow :ould not be restarted by the
SI) LOC A. Ilow ever, differences in the formation of a condensing surface in the steam
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q~ genelaiors, by venting secondary stearn, b) The operator guidelines prepared by the '

- venting primary steam, by injecting flPSI liquid vendors, and by owners groups, provide the !

into the candy canes, or by ' bumping" the current information regarding natural
RCPs. Further effort was recommended to circulation procedures and the analpes used in>

investigate recovery strategies, prer ang the procedures.
.

~

A series of operational natural ciretdation An analpis of a 0.0254 m (1.0 in.) ;
events has been analyzed using the RF. LAPS diameter break in a W PWR has been

i code.h1d A144.145 The analpes were perfonned published.347 For this case, inadequate core .

because conditions affecting natural circulation cooling was reached 3 h after transient ,

cooling are not always known for operational initiation when the coie esit ternperature !
events, particularly operator actions taken escceded 922 K. Studies were performeil to |during the esents. Operator actions are often determine the effectiveness of several recovery
not recorded during operational events and must techniques and provide a b,tsin for developing '

be ;nferred from the measured thennal hydraulle emergency procedure operating guid6nes ,r '

parameters. The following 3 items were among recovery from this condition. All recovery i

insights obtained from the analytical studies: thhniques werr beg 9n wh(n the predicted core
exit temperatures reached 922 K (1200* F) at the

1. Safety injection reduces the natural time the core was uncovered.q 4

o circulation flow rate and the reactor ;

coolant temperature, but does not affect Four techniques were examined:147 (a) HPSI
the :.chievement of adequate natural wn restored. the core temperature increase wascirculation. Stopped in 2 minutes and the systern recovered

2. Reactor coolant temperatures can be used frmn the transient; (b) Operating _ the steam

as criteria for ide'?tifying the general r dump valves was considered. Over a

er.tablishment of natural circulation flow. 4 minute period, the steam generators were
blown down irom 7.41 MPa (1075 psia) to 2.07

3. When the RCPS are tripped sequentially, MPa (300 psia), which was sufficient to start
the initial reverse loop flaws do not accumulator injectics The core was recovered
prevent the primary system from reaching within 2 minutes of accumulator injection.

, a stable natural circulation state.c Continuation of the steam generator blowdown
to atmospheric prehure would permit low.

9egraded. equipment scenarios have also pressure safety injection (LPSI) and a long term
been analyzed, such as the natural circulation recovery from the transient; (c) Restarting the
cooldown of the Midland IWW plant using a main RCFs was considered. With the RCPa<

single steam generator.3 46 The calculations restarted, the core was recovered. - The splem
indi-cated thr.t the Midland plant design is would continue to depressurire until the ;

-

capable of achieving long-term cooldown using accumulators opera *ed and then the LPSI wn
.

'

one steam generator. . activated to provide long tenn recovery; and (d)
Opening the PORVs was considered, This action

Analytical methods have been used exten. provided temporary once through cooling but
sively by vendors to usist in understanding depleted the reactor coolant inventory at an
natural circulatt.n phenomena in their plants incteased rate. The inadequate core coolinF .f

and in the development of operator guidelines, condition retumed 15 minutes after the operator
opened the PORVs. ,

b. T. IL Charlton, Transmirral of preliminary Severa! LOCA categorin that depend on
Results of Natural-Circulation Analyses for break site have been nxami' .: by Cfi for break
AfcGuire and North Anna, Letter to P. !!. Sire; betwet n 0.0254 ani U.0762 n. (i.0 and
Littet,ker, TRC 90 83 EG&O Idaho, Inc., 3.0 in.) in diameter.1401d9 Transitions from *

September 22, 1983. Single phase natural circulation to a iwo-
phase /condemation mode and return to single-

c. Ibid phase natural circulation have been desci bed.i

I10
,
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Two issues relating to the prescine of imn- operating ruidelines for out le ur plants.
condensable pases in the primary wcw ilowes er, t ertam ty pes of tiandents present
discuurd. l ust, noncondensable ras solumes umque nnutcling problerns for the thennal
equal to the sum of air dnsuhed in the ref urhny hydranhc sy stem , odes. I or narnple, the use of
w ater, hydrogen siiuoh ed in the primat) the thermal hy drauhc sy sten, codes to simulate
coolant, amt hy drogen contained it: the the comptes phenomena anociated wid

_

,

preuori/cr s apor spat e were s ondJered It w as condensation in the presence of significm.
concluded that the deytadation m the pinnary to amounts of noncondensable pases requaes that
$ccondary heat transf er toef finent would be the calcubued results be scrutmi/cd 'lhis area of
approsimately 34 and the pronary sy stern applicatiori is beyond the aucunient base of
pressule w ould increate apploslinatel) the t odes. In these t) pes of cal (ulations,
2 '?< .14 L l " S e c o n d , the potential unpac t enymeering judrement and/or hand rakulations
noncondensables might have on the trarmtion will be needed to support results or to detennine
from the retlusing inode to the reestablishment hLely biases in the results. Sescrat specibe
of single. phase natural tirculation was improsements, modifications and delictemics
cot Jerci 11 was concluded that the small m Rlil AP5/ MOD 2 and 'IR,f-ITl/ MODI are
amount of nom ondensables present is not thscoued as follows
likely to present the return to Ungle.phat e
natural circulation. Iloweset, the presence of Une potnary iuue of concern is the non.
rnure significant amounts of noncondensable (ondemable modch in Rl! LAPS / MOD 2 and
gases in the steam genuator tubes, extending 'I R AC-itl/ MODI. An improsed model has
bclow the U tube bends, Aill prevent natural been implememed in REl.APS/ MOD 3 tha.
circulation.* l" in this case, inucasing the enables cakulations with pure noncondernable
system prcuure and coohng down the strain pas as a working fluid.15 8 llowever, thh
generator secondary was suf ficient to reduce the unpros ement does not sobe problems
stic of the gas bubble and allow spillover to nuotiateu with mixing and/or stratification of
eccur. These operatior s are conddered to be steam and noncondem.able gas, or problems
effectise in operating p mts as well. anociated with s upor condensation in the

preseme or noncondensable rases. lioth
Recmcry studies for a Cli plant (Cahert Ri l AP5/ MOD 3 and 'IRAC PFl/ MOD 2 auume

Clif h 1), following 0.0505 m and 0.07140 in the steam and nont ondensable pas me in
diameter (1M9 in. and 2.81 in. diamelen cold thermal equilibrium and mme with the same
leg breaks with IIPSI fadute base also been velouty,
performed.15" The atmmpheric steam dump
system was calculated to be ef f ectis e m Dehciennes in the HilAP5/ MOD 2 nil.
depreuuriting and cooling the primary *> stem ami interf ase drag modeh were identif;cd m the
suf fiuently to permit LPSI startup. Single- aucument of the code. De , elopmental
phase, tw o-phase, and refbn condemation assessn.ents of the modifications in the MOD 3
modes of decay heat ummat were predicted version base shown good results, but further
during these transients. auessment is needed.15L153 A special all,

model w as added to 3D VliSSEL and ID settical
6.4 Problems Associated components in 'I R ACfFl/ MOD 2. Without use

with Simulating of the CCI L model, the code predids the zero
h "id d"" "' "" P"'"' b"' "' " P' e d i"' "'c
amount of h)yuid downtlow in the regmn ofTransient Natural 4

Circulation Phenomena coumeruurem now p
with Thermal Hydraulle
System Codes Adaitional concerns repaiding the u>no

latium used by REI AP5 and 'I R AC PFI in
M ny comparisons of (ode udeulations to calculating the w all and inteif atial shear

npe ..orntal data for tuttural circulatmn have stresses in the condensation region of a (TISO
shown good ayreement, and representative code were identified by Nguyen? Mod *ticatiom
cak ulatiom hase been s aluabic tot des clopmp were made to the emimy Rl! LAPS / MOD 2
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1

interfacial shcai stress model by Nguyen to opeiating reauors. This is espetially nue foi
improve the accuracy of the RilAP5 predKtion the two phase and scllus/boihng iendem.ation,

of the interfacial shear streso lhese modes et natural cinulation {
"

modifications included changes in the flow i

regime map and the corresponding drag Anohet uten of untenainly with terard to i
coelficients in the condensation region. A need toe use of the common thermal hydraulic system i

j for improvements in 'he wall shear sticks model codes is nodalitation. Section 5 noted that !

j in the condensation region was aho identihed, during icflus/ boiling sondensation, noncon- |
but it was noted that additional esperimental densables can force the condensing region to>

,

data tuay be needed before these improsements wcur in telathely small regioni in the steam '

can be made.25 The modifications desent::d ,encratois, Consequently. f mcr noaalization in ;

above are not currently implemented in these tegions may be neceswry to simulate the '

L RELAP5/ MOD 2 or RELAP5/ MOD 3. The condensation phenomena, in a TRAOpF1 ;

ability of RiiLAP5/ MOD 3 to predict reflus anewment of LS'IF natural circulation data.20 it
condensation. natural circulation, and the was demonstrated that a single U tube steam t

i '

oscillatory mode, was tested against the generator model w as inadcquate in simulatir.g
'

esperimental database of Ngu3en et al.d,96 The the stansient, because it was not able to piedict
code had difficulty in properly simulating the the nonuniform U. tube flow, w hich was i
data when noncondensable gases (ait) were observed in the espetiment. I'mFngs mdicate :

present in the syttem.e that a three U. tube steam generator model was [
more accurate in simulating the transient

Thes: concems can aho be applied to other phenomena? These esan.ples demomtrate the
thermal + hydraulic sptem codes, !t is importance of nodalitation in PWR natural _ a

! emphasized that care must be taken when circulation simulationt *

Interpreting . results frorn the system codes. ,

llowever, the use of such codes-which provide Although some of the areas of code
full plant simulation capability-is neccuary application described abose may be beyond the
to apply information and data obtained fwm auessment base of the cotamon thetmai
smalbscale expetirnental facilities to the large hydraulic sptem codes, the codes are arguably

still the best analpis tools available to 4

d Carlson et al., RELAPS/ MOD 3 Code Manual improve understanding of comphrated tramient
Volume Ilh Development Assessment phenomena. Consequently, the use of thermal

i Problems (Draft), NURiiO/CR.55345, hydraulie system codes in these areas will
IfG2596, June 1990. continue and when more 1:nowledge and data are

asailable, code improsements inay be <cqu4ed ,

c. Ibid to obtain better results,

a

'
.
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7. DETECTION OF NATURAL CIRCULATION

Natural circulation is a badup means of availableN Smple phase natural circulation
detay heat temmal in PWRs followmg the lou should occur within $ to 15 rmnutes af ter the
of imced circuladon. Detection of natural RCPs are tripped. When single. phase natural g
tirculation by plant operators is an important circulation flow is established in at leau one
safety inue because operator action ina) be loop, the RCS will exhibit the f ollow ing
neceuary to initiate natural circulation characteristics:
following the lose of forced cirtulation. In
pencral, temperature measurements are enore 1. The hot to<old leg temperature d Iference
accuratc than flow measurements in the reactor is leu than for nonnal full power
pnmary and secondary coolant systems. Natumi

~

circulation flow lateinte muth'iower than full L Cold leg temperatures are cor usully
power flow toes. )et the flow rate decreasing, trading the uvam penerator
incasurements in nr.tural circulation have error secondary saturation temperature
bounds similar to those at full power. Plant

Hot leg ternpn ahn e s are unble oroperators, therefore, cannot reliably depend on
flow rate readings at natural circulation dwaung dowly
les els)I Thus, detecting the presence of natural 4. There are no abnonnat dif ferences betweencirculanon from temperature incasurements is

the hot leg and the core exit thermocouplepreIciable to inferring natural circulation f rom leadings.
flow measurements.

hem proWes the kg Mnple unhanonIn general, if the core coolant exit
temperature remains below satur . ton, and there of the eduence of loop natural circulation.

is an absence of forced circulation, single phase crpence between the luyt leg and in-core
bubcooled) natural circulation has been ennocoup temperatures nuncates a loo of

ung phaw natural circulahon. When thisestablished. If the core exit temperature reaches
saturation and remains at saturation, two phase """'.s. the inwe Ownnocouple ternperature

w mmase toware saturanon. The hot legor reflux / boiling condensation natural
I'# * P''"I * # '""Y "*"'' "I " "I"" C f '"1C + "' ilcirculation bas probably been established.

may decrease and begin to converge with the
7.1 UTSG Plants cold leg temperature. An additional indication

of the loss of single phase natural circulation is
Generic ernerpency response guidelines for the cold leg temperature ceasmg to follow the

W plants have been deseloped. lM Following steam generator secondary saturation
loss of the RCPs, kin;tle phase na:aral '' '" PC ' "I " ' C -

circulation is established and ver.fied from
trended values of the primary and secondary Single-phaw natural circulation phenomena
parametern During natural circulation were uudied in the 1.0FT facility during an
operations, the primary means available to the experiment insestigating a sesere core damage
operator for verifying continued safe operation apident scenario and its subwquent recovery.
of the core (in the subcooled cc.nvectise heat l iu.s discuwon is concerned only with natural
transfer regime) is the determination of an circulahon phenornena amiciated with syurm
aserage core coolant exit temperature and the recovery. Following system refill, the prunary

coolant was stagnant because the steamcomparison of this temperature w ith the
saturation temperature for the preuuriter generator was not in a heat snk nmde. A slow
pressure being inaintained. cyldown of the steam renerator wcondary was

uuttated to regain the heat sink behavior of the
Natural circulation cooling is also covered steam gencrutor " l" The initiation of single.

in emergency procedure juidelines prepared by
phase natural circulation is indicated by the

the Cli ow ner's group.3 Single phase natural temperature traces m Iigures 7-1 and 7-2.D55
circulation tooling is the backup means of Figure 7-1 demonurates the tracking of the
providmp core coolmg if the RCPs are not steam generator secondary saturation

113
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temperature by the cold leg temperature O. team Reference 157. For conditions leading in i

generator outlet plenum) after the initiation of single. phase natural circulation, the operator ,

single phase natural chculation. Notice also should assure natural tirculation by keeping the
that the hot leg temperature (steam generator RCS in a subcooled state and by raising the !
inlet plenum) is stable and slowly dectensing thermal center in both OTSOs. Nonnally this is |
after the initiation of loop natutal circulation. accomphshed wher! the RCPs trip; as automatic i

'
Figure 7 2 demonstrates the resultmg temper- equipment transfets main feedwater injection to
ature difletence between the hot and co!d legs the upper nonles, increasing the level to 50%
following the initiation of single-phase natural on the operating range of each steam generator,
circulation. When steady state has been attained, the coki

leg temperatures will be nearly equal to the !

A subcooled (single phase natural saturation temperatures in the secondary shles I
circulation) RCS is the desired state, but two- of the steam generators. 'ihe hot !cg and in core
phase natural circulation can also be used to therrnocouple temperatures will increase as,

remove core heat.11 rnay be necessary for the necessary to develop the drising head required,

operator to take additional actions, however. to for flow,
ensure the esistence of a heat sink if enough '

pr.; mary inventory is lost such that two phase
. , Die applicability of the Oconee operatingnatural circulatio'n is disabled. Renus conden- ,

guidehnes to all 11&% 177
""PP" fled by the results of FA plants issation cooling can be ensured in a UISO plant

a REIRAN4:2 .

by raising the steam generator secondt.ry level .

tural ekculatmn now rates in
those plants.%.
compansonto 95% on the operating range * The adequacy How rates and decay heat ;of the removal of core decay heat by any of the

three modes of natural circulation is_ supported power lesels were obta,ned from planned andi

by the steam generator heat flus behavior deter- unplanned natural mculation cunts that
mined for all modes in the case of UTSGs.is7

occuned at Arkansas N nlear One, Castal
Riser. Davis.llesse, and Oconce nuclear puerPrimary to. secondary heat transfer rates in

typical steam generator tubes were found to be plants. The comparisons made mdicate that the

comparable for all three modes of natural Oconee RETRAN model properly calculated '

natural circulation and that all 177 FA plantscirculation. ,

behave in a similar manner. ,t,he study also

7.2 OTSO Plants showed the ability of the raised loop design
(Davis ElesseJ to induce a greater natural

Abnormal transient operating guidelines for circulation flow rate than in the lowered loop
a B&W plant (Oconee-3) have been outlined in design.W

L
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8. SUMMARY AND CONCLUSIONS
1

Natural circulation is a viable means for amount, location, type, and rate of
shutdown decay heat trmoval in cunent PWHs accumulation of the noncondemable gases. The
wntaining either UTSGs or OISGs; prosided longer U tubes in single phase natural
either a liqmd or two-phase misture cmcis the circulation can edubit flow stalling or resersal.
cme and the energy can be removed by the Condalons in the steam generator secondary
steam generators. Three modes of natural- side can affect primar) system temperature,
circulation cooling have been identified: pressure, and flow rate. As an example, low
single. phase, two-phase, and rellux/ boiling secondary liquid lesch can produce osedtations

'

condemation. For UlSGs, the third mode is in priinary system conditions. An additional
called ieflus condemation and involves counter summary of the single phase mode of natural
current flow of vapor and wndemate in the circulation is presented in Section 31
upflow sides of the slearn genClulor U tubet For4

OTSGs, the third mode is rtferred to as the 8.2 Two Phase Natural
boiler condenser mode tilCML or as boihng ClrCulat|Oriconde manon. The llCM mode can be either
EFW ilCM or pool llCM depending on the

An@ cu. nce e at two phase )primars/ secondary water lesel relatiomhip and
N "" " "UF ' "" I""'"'"I

I ,'"I"l!"" lant operay"onal 6ta bar ]'
o' erational status of the emergencythe p

es ng i p
,feedw ater (EIT) u stem. for this mode, howeser, n limited to the<

.

8'1 Sin 9le-Phase Natural "" spen i m Newnheten, data ho(n M aled
'

espenmental f acihties and analysis with
Circulation assewed computer codes pmvide auntance ihai

two-phase natural circulation is a viable inode
Single phase natural circulation h the of off normal reactor coolire

nonnai and preferred mechanism af ter a reactor
trip when the RCPs are not available. The in two phase natural circulation, as well as
succeu of this mode of decay heat remmal is in single-phase the loop rnau flow rate is the
amply verified by plant operational data, steady mmt important parameter affecting heat
state and transient data from scaled removal from the primary system. The mass ;

experimental facilities, and frorn analysis wi h flow rate during two-phase natural circulation
assessed computer codes that provide full-plant reaches its peak value as the soid formation in
simulation capability, Results from the 1.01T the hot region adds its effect to the temperature
facihty indicate that up to IM of full power for induced density gradient that drives the loop
removing decay heat can be removed by single- flow. As soids are canied over into the cold '

phase natural circulation.M region of the loop, the density gradient between
the cold and hot regions decreases, acting to

in single-phase natural circulation there decrease the loop mau flow rate. An analytical
exists a primary loop temperature hierarchy model simulating the man flow rate behaviot is
around the primary loop The loop mass flow presented in Section 4.3.
rate and the ternperature difference between the
primary and ' secondary are usually nearly liccause condensation heat trumfer is
constant during single phase natural important during two-phase natural circulation.
circulation. Analytical expressions for these the primary to secondary temperature dif ference
parameters were given in Section 3.3. is smaller than fer single phase natural

circulation. Noncomiensable gases and
Nor:condensable Fases in the primary secondary side conditions can affect conditiom

coolant can affect primary conditions by in the primary loop. luues related to U tube
causing flow interruption in either the candy flow stalling and reversal, and flow interruption>

cane region (OTSGs) or in sorne of the U-tubes and intermittent flow for OTSG plants are
in UTSGs. The ef fects are dependent on the important issues with regard to two-phase

i17
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natural circulation. Section 4.7 presents a moie important inues regarding the reilus/
complete summary of the inues associated with boiling condensation mode of natural
the two phase mode of naimal circulation. circulation are sununarited in Section 5.7,

,

0.3 Reflux / Bolling 8.4 Thermal Hydraulle
Condensation Natural Systems Codes -

Circulation
Most comparisons of (ode calculations to i

There is no known operationol data frorn a esperitnental data have shown good agreement, '

full size plant frr the reflux /hoiling and rer;esentative code calculations have been
condensation mode of natural circulation valuable for developing operating guidelines
cooling at typical operating conditions,1w for the nuclear planto Though the thermal. .

Ilowever, steady state and transient data from hydraulic splems codes are very important and ,

scaled experimental facilities such as versatile, they do have mme limitations. llelow
5emiscale, ILECllT SEASIT, ODS, MIST, the is a list of several important concerns with .

EPHI facilities, LSTF and PKL demonstrate that regard to the use of the thermal-hydraulic
reilus condensation is achievable, repeatable in system codes:
each facility, and adeque.te for removing core

Condensation in the presence ofdecay energy. These daia encompass UTSGs and *
,

! OTSOs with scaled and full heigh' steatu noncondensable gases presents
'

generator tubes Confidence in this mode of problems for the codes. If it is

heat transfer has been chnanced considerably by necessary to more accurately quantify
the results from the OTlS and MIST facilities, detailed cIfects for reactor safety
which include detailed OTSO secondary concerns, there rnay be a need for
modeling. Also, the existence of reflux inodels that allow mixing of
condensation cooling was inferred during at stratification of two gas phases, and
least one transient in LOFT. a scaled account for the effects of'

operational PWR with a UTSO. noncondensable gas fraction on,

condensation ef ficiency.
The ansessment of large scale computer

Modifications to the REIAP5 CCFL andcodes, such as TRAC PFI and RELAP5, under *

reflux condensation conditions is providing interphase- drag models have shown
sufficient confidence to overcome the lack of promising results in developmental
plant operational data. As a result, long term aucument, but additional auessment
reflux condensation is an option for emergency is required.
cooling when other planned heat removal

The correlations in.the cominonmodes have failed. *

thermal hydraulic system codes, used to
in ieflux/ boiling condensation, loop mass calculate the wall and interphase shear

flow tales approach zero. Liquid holdup in strenes in the condensation region,
UTSGs can affect sessel pressure and the core inay need improvements?
mixture level, Countercurrent flow in the hot
leg and the upflow side of the U tubes is a Nodalization of the PWR system can*

characteristic of reflux condensation for plants significantly affect the accuracy of a
with UTSGs. In plants with OTSGs, the con. natural circulation simulation. This is,

densate flows to the cold leg-loop seal and back especially true of steam generator
to the vessel. In order to reduce the potential for models. Insufficient nodalization may
the loss of the steam generators as heat sinks, not allow the prediction of certain

; sorne operator ef fort in OTSO plants is required natural circulation phenomena. For
|' to keep the secondary side liquid level high and instance, nonuniform U tube flow in

the emergency feedwater spray operable, UTSGs cannot be simulated using .a!
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single U. tube steam generator model. phase /nmdensation mode and return to single-
During rellus condensatmn in U l Mh, phase ratural circulation were described. Issues
past s can force condensation to occur in related to the presence of noncondensable pases
a relatise]V small icpion in the steam in the prinary were discuurd.
generatois. 'I hus, insuf ficiently fine
ondalization in this region will cause Abnormai 1:amient operating guidelines for
inaccuracies in the numerical alWW plant (Oconce 3) hase been outliwd 157
simulation I or conditions leading to single-phase natural

circulation, the operator assures natural
The use of such codes will continue as they circulation by keeping the RCS in a subcooled

are improsed to bctter simulate the comples state and by raising 'he thermal center in both
phenomena of the dif ferent natural circulation 015G0 Normally, automatic equipment will
modes. transfer main feedwatcr injection to the upper

not/les and increase the level to 50% on the
8.5 Application to operating range of each steam Fenerator when

Operating Plants 'he RCP' '"P Whe" "c"of ""'c i' """i"ed 'he
cold. leg temperatures will be nearly equal to the

The loss of natural-circulation cooling ut yaturahon temmaturn in tk steam generatmo
e hot leg and in cme Wennwoupk1MI 2 highlighted the need to esamine of f- temperatures will increase as nccessary tonormal operating modes, system trips, and develop the drising head required for flow. They crator actiorn for their impact on natural applicability al the Oconce operatingcirculation. Ilecause plant data for off-nortnal uidelines to all ll&W 177-FA plants isnatural circulation cooling are linnled, and suppoited by the results of a R!sIRAN 02operimental data often cannot be applied ompson of wumi cinulmion On e indirectly to nuclear plants, computer codes such t W plan N ni

as TRAC-PFI and RELAP5 had to be aueued
for their use in the investigation of two-phase

Generic emergency response guidelines forand reflux / boiling condensation natural M, plants have been developed. W Followingcirculation cooling. The acquisition o* an
appropriate experimental data base and the hyu of the RCPs, single phase natural

circulation is established and serified frmudevelopment of the thermal hydraulic systems
codes and plant simulators are now suf ficiently uended ulues of the primary and secondary

complete to allow the design of salid plan't parameters. Several LOCA categories dependan'
-on break size were cramined.15recovery procedures incorporating the ilu ce

natural circulation modes. 8.6 Conclusions
Operator guidelines prepared by the s endors

and owners groups, provide some information Single-phase natural circulation is

regarding natural arculation procedures and the generally an ef fectise and dependable means for
analyses used in preparing the pmcedmet removing decay heat in PWRs. Although

conditions may produce flow stall /rescrsals in
Natural circulation cooling is covered in longer abes of a UTSG, this does not interrupt

emergency procedure euidelines prepared by the the single phase natural circulation process.
CE ow net's group.hl Single. phase natural Nonuniform Dow, noncondensable gases, and
circulation cooling is the secondary means of secondary side conditions can significantly
providing core cooling if the RCPs are not influence the single-phase mode of natural
available.M Single-phase natural circulation circulation.
should occur within 5 to 15 minutes af ter the 3

RCPs are tripped. Sescral LOCA categories that Although it can be much more complex thttn
depend on break size were examined by CE for single phase natural circulation, the two-phase
break sizes between 0.0254 and 0.0762 m (1.0 natural circuhttion can provide an adequate
and 3.0 in.) in diameter.lRl" Transitions method for removing decay heat from the core.
from single-phase natural cuculation to a two- Two-phase natural circulation is more tolerant

i19
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of noncondensabic gases than is single phase the the modes of natural circulation were -

natural circulation, but the effects of noncon. dependant, to a cenain degne, on the ef fects of
densables can still significantly influence two. noncondensable gases, secondary 3ide

,

phase natural circulation cooling effectiveness. conditions, and nonuniforrn flow behavior. !

!
It is concluded that the reflux / boiling con- Information frorn integial test facilities.

densation modes of natural circulation are very separate effects experiments operating plant
efficient heat removai mechanisms. Ilowever, data, and analysts hase made significant t

system behavior can vary significantly under contributions to the knowledpc base ;
different operating conditions (i.e., with concerning natural circulation sooling in
concondensable gases presentt in plants with PWRs. Many important natural circulation
UTSGs. core level depression, flooding, and phenomena have been .iden'itied through these i

consequent liquid holdup are also important studies, it is extremely irnportant that the ,

issues regarding reflux condensation. common thermal hydraulic system codes are
able to simulate this phenomena because they

In all modes of natural circulation, the heat will be relied upon to predict fullacale plant i

sink must remain active. A potential loss of behavior. Considerable progress has been made
heat sink in OTSO plants was demonstrated in by the codes in predicting most of the
Sections 2, 4.5.2, 5.4.3, and 5.5.2. This can important phenomena associated with natural
occur from changes in the steam generator circulation phenomena. Ilowe,*er, additional
primary / secondary liquid levels or the presence code and model development is necessary so

*

of sufficient noncondensable gases, particularly that simulation of the more complex ~

U if ElW is not available. Results indicate that all phenomena can be performed.

'
.
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) APPENDIX A
\

INTEGRAL TEST FACILITY REFERENCE INFORMATION

This appendix provides a quick reference source for common design information pertinent to the
integral test facilities cited in this report. TaNe A-1 presents this infomintion along with references.
Note that the pressure and temperature data refresent values at which the facilities were designed to'

operate, unless otherwise indicated.
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Table A-1. Integral Test Facility Information

f0WER
PRESS. TEMP., (MW) GM W NT ,

FACILITY REF. PWR ( M Pa) (K) (max.) #IB OPS STEAM GENERATURS SCAId VOL(m ) CORE , WIURMATION RFIFRENCES [3

TYPE # TUELS

BElllSY 3-foop 17.2 600 3 3 identical UI5G 34 power-to- - 428 All com- 51,161

900MWe loops v ol.- electrical ponents of

Fram. 1/100 heater rods reference PWR ['

akwn PWR ,

!

EPRI #1 iv 4. tap .1013 345 1 4 egaal UT3G 12 - 1.0 Electric Putially trans . 32.38.46
loops heater parent

Pressurizer
:

EPRI #2 CE's 2 0.8 444 .045 2 UT3G 12 - .04 Electric Cylindrical 32.100.148'

heater vessel. :
y Loop ?

Fressir?vrA Design
,

EPRI#3 'IMI 0.8 444 0.09 2 OISG 116 power-to- .057 3 Cold leg to 59,162

Unit-2 (78 ac*ive) sol.- 1/18 immer&m vessel bypass. [
heaters no pressurizer |

k

EPRI #4 2K4 appfox. approx. .068 2 UT3G 48 length =I /4 - 15 active HPl.EFW 22

lowered 0.7 400 .eacn loop flow area = electrical sinalation,

loop B&W with I hot 1/324 heater rods pump
simalatum.PWR leg and 2

cold legs pressoriter j

11ECitT. W 4-loop I,03 450 1.2 2 LTSG intact power-to- - 161 Accurnal- 4I.49.61 i

SEASET .brden=l a Ic y=33 vol.- cicctrical ators and |

b broken I/307 heate- rods containmem ;
* intact ='1 used asloop =1I

pressurizer
.

4

9

:
!

. _ ~m .
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Table A-1. (continued)
Io%u UATIONIST

PRESS. TEMP. (MW)
_ mas ) 811X)PS STTAM GENTRAIT)RS SCAIING VOL(mb UAE INMCMAT10N RETTRTNTS

FACIIITY REF. PW R t M Pa) _t K) _

(

45

KAERI - 0.5 424.15 0.015 2 UISG 8 Ishii & -- 6a lement wapan-

Katsok a immersk n sion tank
(mas.) (maxJ ty pe - no pressurizer

electnc
nearer

LOlll KwU 15.8 567.15 - 5.3 2 UISG intact power-to- - 64 Pumps. 43.52.53.54

4-toop 599.15 brokes :I loop =24 vol- elettrical wTer/ lower 64.74.163.

broken i/712 heater rods piena. upper 164
a

1300M We head
b 1%p=R

INR intack3

llFT E 4-toop 15.51 538 50 2 t'I5G 1845 power-to- 7.R96 Nuclear Pumps. 35.58.131
vol , 1/50 core preswnzer. l_12.155.165-

GON) -breken= I n ECCS., 173
- broken one comp c:e

y loop only intact Im y
6 has SG

simulatior
-intact =3b

13T; E 4-Loop 15.6 600 10 2 equal UI3G 141 pow er-to- 8.2 1064 Allcun- 18.20.21.26.
vol - .1/43 electrxal ponents of 42.174-176

loops
(IROJAN) beater rods reference F"AR

MIST 2X4 Full - 0.33 2 OTSG 19 pow er-to- -- 45 namps. RVVVs. 56.177

$ of.- electrical llPl. leak
bwered Preuure -cach kmy

with I bot 1/817 heater rimis simulation. guard
kwy 11&W (full heaters.
PWR leg and 2 length) Preswnier

cold legs

0115 IXl raised Full - 0.18 i OISG 19 pow er-to- - Elect- Pressunzer. no 28

v ol . . rical pump
hop B&W Pressure I/16R6 heaters m
PWR reactor

vessel

|

. _ _ __ ..
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Table A-1. (condnued) '
,

IO%IR ,
PRESS. TEMP. . (MW) COMM)NIST . .

3FACILTlY REF. "WR (MPa) (K) (max.) #IBOPS STEAM GmIRATORS SCallNG VOI. im ) WRE INIUtMATR)N ' RI3TRENCES |

PKL KwU 3.5 L400 .4 3 UISG intset power-to- . 2.4 304 -Pressurizer 23.47.50,70.'
4-kwp -(ma t.) intact =1e loop =30 v ol.- electrical ' -Pump 99

1300MWe -broken = la koken 1/134 kater M . snnulator. . ;
PWR

-double =2d ~D N
couble

loop =60

Semiscale W Wr) 15.2 600 2 , broken = la UI3G broken power-to- .21 5XS array -no pressuriier 19.24.33 ;

' -intact =3b loop = 2 v ol .- of during '- 57.60,112. !

intact I/1705 electrical , sidy st. 178 192 |
loop =6 heater rtes

;
.

I
i UMCP 2X4 2.06R 5 505.4 0,2 2 013G 56 1shii. .596 Electrical RVVVs. IIPI. 3 E.44.65 -!

y lowered . (max.) (max.) acach loop Linear - heater vrds EFW. Pressurizer 193.194

4 loop B&W with I hot - 1/500 |

P%R leg and 2
cold legs i

UPIT KwU l.8 480.15 --- 4 equal ' Steam / ~~ Full scale. None, Vessel. accum- 71.72
4-loop - loops water v j i controlled uhters, SG ;g s pres _;

- 3400MWt arators erved in stemn flow simulators
! PWR ' simulate f*"pressure

SGs vessel.scaling
i

a. Broken loop equivalent to a smgle loop of the reference PWR, '

b. Intact kxy equivalent to three loops of the reference FWR. ,

c. Intact loop equivalent to cr.e loop of the reference PWR. i
d. Third loop simulate two loops of reference PWR. 1

t

I

F
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APPENDIX B

THERMAL HYDRAULIC SYSTEMS CODES REFERENCE INFORMATION

This appendix provides a quick reference source for information regarding the common thermal
hydraulic systems codes. The following table presents information concerning TRAC-PFi.
RELAP5/ MOD 2, A'lilLET, and RETRAN-02 thermal hydraulic systems codes.

Ik 3
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Table B-1. Description of the common thermal hydraulic system ctxies

ODDE CUDES
FEATURES TRAC-PFI REIAP%1001 ATTRET REIRAN-02

Dimensions +3-D Vessel -1-D 1-D - I-D vith tector momentam .

!-Rea of system - 1-D equation.

Computer Mainframe -Mainframe Mainframe Mainframe
aWorkstation

*4 equatkm

Equations - 6 equation. 2 fluid model 6 equation. 2 flukt tmxtel -4 eqtetion

Numerical Metixxi -Two-step, semi-implicit -Semi-implicit * Semi-implicit -Semi-implicit |
-Nearly-impC-it itenttive !

impficit ;

Neutremics *Pomt model Point nw=le! Point model -Pomt model and 3-D
molets !

f

CC
'

L Control System swailable .Availabh textensively uwd) *AvaileMe *Available (extensively uscG [

BOP Malelmg Generh. -Genenc Specific models *Gerienc Oncludes
turtsne mc=. lei)

Additional Models - - -Mhture level *Se parator
traking mnequilibrium

pressurirer
*sebcooled tvilmg

Validation -LOIT. Semiscale, PKL. and LOFT. Semiwale. PXL. and * integral and separate effects O TIS, Semhcale. LOFT. and

LSTF tests (and continuing) LSTF tem (and con'inuing) tests (commuing) iall-scale plant tests
(end continumg)

User-Orientated -Planned Useraiented LU fea:ves - derewnted to features - 5
'

Features

Applications +PWR. test for LBLOCA, also PWTL LBLOCA.3Bl.OCA, P%T. LBLOCA. ~PWR. LBMXA
SBLOCA, and operational and operatkeal transients SBLOCA, a:xi operatxma! f,BLOCA dumted). ATWS. ;

transients transients and operational transients
*

*8%R nwnlek
.

.
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APPENDIX C
,

INDEX

accumulators 110 collapsed liquid level 65
active zone 91 collapsed secondary liquid level 59
analytical expressions 47 concentration gradients 91

senux condensation 85,88 condensate 83,96
single-phase natural circulation 26 condensation 83,91,99,103
two-phase natural circulation 53 condensation heat transfer 88

ANL 76 condensing region 93
Anticipated Transient Without Scram (ATWS) condensing surface 103
26 convection 26 36'

approximate expressions 29 core level depression 96,97,98,99
Argonne National Lab 76 core liquid level depression 96,99

two-phase natural circulation core power 26
nonuniform flow 76 core temperature difference 26

assessment 4,11I correlated expressions 54
B&W 109,110,116,119 criticality 43
BETilSY 42,97,98 cyclic fill and dump 71,75

reflux condensation 96 Dalton's Law 90
Gooding 96 data uncertainty 29

reflux condensation decay heat 4,26,37,50,97,!13
flooding 97 removal of,14

reflux condensation density gradient 10,51
nonuniform now 98 detection 113

single-phase natural circulation 42 temperature 113
secondary side effects 36 Diablo Canyon Unit 1 109

boiler condenser 81,101 diffusion 36
boiling condensation 10, 14, 18 dimensionless diameter 84

EFW 13 drift velocity 58
EFW boihng condensation 84 driving head 26,28
noncondensabl gas 88 EFW 37,67,93,95
OTSG design 84,93 EFW boiling condensation 18,103
pool 18, 84 eigenvalue 43
secondary side effects 95 Electric Power Research Institute / Stanford

Bond number 84 Research Institute (EPRl/ SRI) 22
Bouc!c d' Etudes Thermollydrauliques Syst6me emergency feedwater 36,65
(BElllSY) 36 energy 28
Boussinesq 43 energy equations 28 .

Boussinesq approximatien 28 EPRI!!8
buoyancy ef fect 4,10,14.51 EPRl/ SRI 34, 37, 64, 76, 88, 89, 91, 93
bypass Dow 99 boiling condensation 89
candy cane 14,61 noncondensable gas 93
carryover mode 85,88,97,98 reflux condensation 93
CA111ARE single-phase natural circulation 22

LSTF 109 noncondensable gas 34
CATil ARE63109 secondary side effects 36
CCFL 83,96,111,118 two-phase natural circulation
CE I10, i11,113, i19 nonunifonn flow 76
closed loop 4 EPRI/ SRI,36

! coefficient of therm 41 expansion 43 fill and dump 98

G3
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ILECIIT SEASET 34,59,61,64,- 93,9'i,99, IRM 76
118 . K AERI 31, 34, 61, 64

re0ux condensation 93 singie-phase natural circulation
flooding 96,97 noncondensa'le gas 31, 34
noncondensable gas 88 two phase natural circuintion

. nonuniform Dow 101 noncondensable gas 61
single phase natural circulation Kutateladte numtvr 84

noncondensable gas 34 latent heat of operizauion 85
- two-phase natural circulation liquid colurtins 97

noncondensable gas 61 hquid hold up 14
Cooding 14,51,83,95,96,97,99,103 liquid holdup 103 *

correlations liquid level 36; 6$, 76
Bond number 84 liquid seal 99
Kutateladte 84 - LOB 175,99
Wallis 83 - refinx condensation

hot leg bend 96 nonuniform flow 99
reOux condensation single. phase naturbi circulation

hot leg 96 _ nonuniform Onw 43
- U-tube inlet 97 _ two-phase natural circulation

flow geometry effects 76 nonuniform flow 75
Gow interruption 14, 34, 59, 61, 79 LOCA 110
Cow oscillations 36 LOFT 36,42,47,104,109.

ficw rate 36,65 detection ot natural circulation 116
flow rates 37 RELAPS 109
Gow reversal 47 single-phase natural circulation 26
How stagnation 34 s-condary side effects 36

- flow stall 42,64 TRAC-PFl 105
force balance 43 logarithmic mean temper-ature difference 29
forced circulation 4,113 Loop Blowdown Investigation (LOBI) 43
forward How 43 loop seal 91,99,103
cas concentration 90 loop seal core level depression 103
Gosgen 117 lass-of Fluid Test (LOFT) 26
gravitatienal force 4 LPSI110
gravity 57 LSTF 26, 36, 37, 43, 47, 51, 54, 61, a$. 71
Greatr number 31 85, 96, 97, 101, 105, 109, 118
heat condu,: tion 29 CATHARE 109:
heat pipes 89 reflux condensation
heat sink 4,.14,65 U-tube flow 101

loss of. 95 reflux condensation
heat source 4 flooding 96,97 -
heat transfer 22, 26; 29, 36, 42, 51, 59, 64, nonuniform flow 98
65, 81, 103 reflux condensation

condensation 14 secondary side effects 95
_ single-phase natural circulation 26 reQux condensation

'

heat transfer coefficient 31 overall heat transfer coefficient 85
hot leg 10 RELAP5109

flooding 96 single-phase natural circulation
HPSI 54,110. mass Oow rate 26
interface drag 111 nonuniform Cow 43
interfacial shear stress 87 secondary side effects 36
intermittent circulation 14,54 TR AC-PFI 105
intermittent flow Si two-phase natural circulation
interphase drag 71 nonuniform flow 71 )
Interruption-Resumption Mode 76 secondary side effects 65 i

G1
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LSTF experiments 95 loop seal depression 99
MIT 98 -

__

single-phase natural circulation 42
U tube flow 98 j

flooding 97 '

mass 28_ _

two-phase now
mass flow rate 10, 14, 22, 26, 43, 51, 54, 57, nonuniform U-tube Dow 75 !
79, 85, 103 two phase natural circulation 71 !

single-phase natural eirculation nonuniform flow |
analytical expression 26 OTSG design 76 i

MIST 84,89,93,118 U-tube Dow modes 71 j
boiling condensation 84, 89 U-tube flow 97
boiling condensation secondary side effects 75

noncondensable gas 93 nonuniform Dow 22,42
boiling cendensation U-tube flow '

- noncondensable gas 94 detection of,45
mixing 36 Nonuniform U-tube Dow 42
momentum 28 Nuclear Regulatory Commission 4

.

Multi-Channel Instability 76 Nusselt number 31
natural circulation 10 Oberbeck 43

detection 113. Oberbeck-Boussinesq equations 43 ;

temperature 113 _ - Once-Through Integral System (OTIS) 67
neutral stability 43 oscillatory 37
nodalization 112 oscillatory flow 37, 65, 67
noncondensable gas 22,31,34,47,51,61, oscillatory mode 85,87,88,98,112
75, 79, 91, 94, 99 103, 111,112 OTIS 76,84,118

amount -36 - boiling condensation 84
helium 64,93 two-phase flow
location of source 36 secondary side effects 67
migration 36, 47 64, 75 two-phase natural circuir. tion
nitrogen 31,61,64 nonuniform flow 76.
OTSO design . OTSG 4,10,14, 31, 37, 54, 61, 67, 76, 79,

migration 93 81, 84, 88, 95, 103
rate of injection 36,64

.
loss of heat sink 14

reflux condensation OTSG design 10
#limits 93

_

boiling condensation
reflu*/ boiling condensation 88 liquid distribution 18

unresolved issues 94 intermittent circulation 14-
- single-phase natural circulation 31 spillover 14

important parameters 36- overall 3 eat transfer coefficient 29,59,67,79-
. sources of,31 reflux condensation '15
two phase natural circulation 61 single-phase natural circulation

OTSG design 64 UTSG design 29
- UTSG design 61 two-phase natural circulation

type 36,47 - UTSG design 59 '
nonuniform 42-

_ partial possure 90 -
- - - nonuniform flow 71,75 passive zone 91 -

OTSG
_

PKL 26, 36, 51, 54, 81, 88, 93, 95, 98,101,
flow geometry effects 76 105
IRM 76 refim condensation 81
Multi-Channel Instability 76 noncondensable gas 88

OTSG design nonuniform flow 98,101
intermittent circulation 76 seconday side effects 95

reflux condensation single-phase natural circulation
- flooding 95, 97 mass flow rate 26 -

| LOBI 99 ~ secondary side effects 36

C-5 .

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



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

l
q 1

TRAC PFI 105 unbalanced loop conditions 76
PKL Ill 37 _. secondary side effects Si

single-phase natural circulation boiling condensation
noncondensable gas 34 OTSO design 95

pool boiling condensation 18,103 important parameters 36
PORV 110 nonuniform flow 75
Prandtl number 31 reflux condensation
pressure 10,42 - UTSG design 95

'

pressure gradient 43 reflux / boiling condensation 95
pressure increase 45 single-phase natural circulation 36
pressurizer 75,113 . flow oscillations 37
primary inventory 10 two-phase flow
primary mass inventory 10,26, St OTSG design 71
primary side 26

_

two-phase natural circulation 65
unbalanced loop conditions _6i -

primary-to-secondary heat transfer 29
primary-to-secondary temperature difference UTSO design 65
10, 14, 94, 95

_

Semiscale 22, 26, 43, 51, 54, 59, 61, 64, 65,
P_WR 26, 29, 31, 54,101, IM 67,75,88,91,95,97,98,99,IN
quasi-steady 42,57 reflux condensation 91
RCPs 110; 113 noncondensable gas 88
RCS 116 nonuniform flow 98
reactor coolant pamps (RCPs) 4 secondary side effects 95
reactor vessel 26

. reflux condensation
reflux condensation 10, 14, 81, 85, 88. 95, flooding 96
96,- 97, 101, 112 renux condensation

analytical expressions 85 flooding 97
characteristics 88 - reflux condensation

-condensation split 14 nonuniform now 99
condensation split (UTSOs) 83 RELAP5109
flooding 96 single phase natural circulation 22
initiation of,14~ mass llow rate 26 '

noncondensable gas 88 nonuniform flow 43
nonuniform flow 95 two-phase natural circulation

flooding 95,97 noncondensable gas 61
nonuniform U-tube flow 85 nonuniform flow 71,75
secondary side effects 95 secondary side effects 65

Reflux Condensation, UTSG 83 shutdown decay-heat removal 4
RELAPS 87i 104,109,110,111,112, i18 single-phase 10

. LOFT 109 single-phase natural circulation 10
LSTF 109 characteristics of,22
Semiss. ale 109 correlated expressions 26

RETRAN-02116 detection of,22
reverse flow 43 non-uniform flow 42

- reversed flow 45 noncondensable gas 31
_

Reynolds number 28,31 overall heat transfer coefficient
' Richter et al correlation 96 UTSO design 29
SBLOCA 22,57,99,109 secondary side effects 36

' secondary collapsed liquid level 29 flow oscillations 37
secondary liquid levels 37,42 stability
secondary side 22,26,47,65,95 U-tube flow 43

OTSG design temperature hierarchy 22
- thermal stratification 95 spillover 99,111

two-phase natural circulation SRl/EPRI
1

reduced inventory 65 single-phase natural circulation 22 l

G6

--



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

,

,

i'

noncondensable gas 34 _ OTSO design
secondary side effects 36 intermittent circulatioa 54

two-phase natural circulation- overall heat transfer coefficient a
OTSO design M UTSO design 59 i

stability 36, 43 secondary side effects 65_
_

,

steady 42. _ . twoiphase natural circulation OTSO design 64
steam generator 10,36. U-tube flow 14,42,75,87,95,97

,

subcooled 113 noncondensable gas effects 15
'
,

subcooling 10. nonuniform 71 -
superficial vehicity 83 secondary side effects 75
syphon condensation 99 U-tube type steam generators 4
temperature 36; 65 UCSB 87,88,97

natural circulation reflux condensatio'1
- detection of,113 - flooding 97 -

temperature difference 10,14,51,113 noncondensable gas 88
temperature hierarchy 22 nonuniform flow 98 7

thermal center 10 nonunifonn U-tube flow 85
thermal centers 57 reflux condensation
thermal conductivity 31 flooding 96 '

thermal hydraulic 34 ' UMCP 76
thermal hydraulic system codes 4,111,112 single-phase natural circulation

' ATiiLET 112 ' overall heat transfer coefficient 31
nodalization 112 two-phase natural circulation
RELAPS 112 nonuniform flow 76

- RETRAN 112 uniform 42-

- TRAC 112 University of Maryland College Park (UMCP)
thermal resistance 29 31
thermal stratification 51

_

unsteady 42
thermal-hydraulic system codes 101,118 UlrTF 96,97

- thermocouple 22. .113 reflux condensation
Three Mile Island Unit 2 (TMI 2) 76 floodmg in hot leg 96

- TMI-2 4, 89, 93,119 - nonuniform flow 96
TRAC-PFI 111, i12, i18_ - UTSO 4,- 10,14, 31, 37, 42, 50, 51, 65, 71,

LOFT 105 81, 88, 95, 99,103,111,1 Its
: LS)F 105_ UTSG design 10

_

'

PKL 105- UTSG rejecting decay heat 29
TRAC-PF1/ MODI-105 valve 36
transition between natural circula: ion modes valve behavior 65 ,

;_65, 75, 79 : vapor condensation 10
,

transport properties 91- venting 10l'
JTREAT 1091 void fraction 58
--Two-phase 10 -voids 10,14
two-phase density 57 volumetric flow rate 83

,

two-phase natural circulation 10, 22, 51, 79 - yl 96, i10, i13,119
; density gradients 51 - Wallis 97
Go' gen 117s

initiation of,22
,

noncondensable gas 61
nonuniform flow 71

LOTSO design 76

|'
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This document is a synthesis of data and analysis concerning natural circulation cooling in U.S. Pressurir.ed Water
Reactors during off-normal operation and accident transients. In objective is the integration of important research
findings concerning PWR natural circult. tion phenomena into a single reference document. Sources ofinformation
include the Nuclear Regulatory Commission, reactor vendors, utility sponsored research groups, utilities, nation sl
laboratories, research reports, meeting papers, archival literature, and foreign sources.

Three modes of natural circulation are discussed: single-phase, two-phase, and reflux / boiling condensation. General
characteristics, analytical expressions, noncondensible gas effects, secondary effects, and nonunifonn flow are
described t,ith regard to each of the natural circulation rrodes. Plant operational data, tests in scaled experimental
facilities, and analysis with thermal hydraulle sy:nem codes have demonstrated the effectiveness of single-phase
natural circulation as a cooling mechanism. Evidence suggests that two-phase natural circulation and reflux / boiling
condensation caa also be effective methods of alternate core cooling. Experimental test facility data and analysis are
the primary components of the two-phase and reflux / coiling condensation natural circulation knowledge base.
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Altemate Core Cooling Unlimited
Large-Scale Test Facility a secuniTvcussincATm

Once Through Steam Generator cr= P.o.>
Thermal Hydraulic System Codes Unclassified
U-tube Steam Generator irw %
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