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SUMMARY

This report gives an account of some initial considezations of a
class of very small break ILOCA's (pzobably € 0.05 f££2) for a BIW
205-Tuel-Assembly PWR which may have an associated decay heat

gemoval problem. The results indicate that cne or more
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irpedinents to decay heat removal appear to exist which need to

be better understood if proper operator respense and adeguate
mitigation are to be assured. Of particular concern is the
acceptadbility of intermittent natural circulaticn following the
postolated LCCA, and system repressurization following tle loss

of natural circulation. 2Also of concesn is the possidilicy of

break isclation by cperator action resulting in zepreséur‘.:a‘.i‘m
and slug or two-phase Ilow throogh a presurizer safety valve.
These uncertainties may reflect on the adeguacy of proposed
emergency operating procedures and cperator training for a very
small break LOCA.
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%« 0 INTRODUCTION

There appears to be a class of very small break LOCA's

{probably € 0 0.05 ft2) for a ECW 205-Fuel-Assenbly PWR which may
have an associated decay heat removal problem. TFor this
discussion, a very small break LOC) is one for which the steax
generator must remove a significant portion of the decay heat
during the initial phase of blowdown; otherwise, reactor coolant
systen rcp:essuri;ati‘n occurs since the break is too small to
faclilitate the transport of all decay heat toO the environs. For
this class of LOCA's, depressurization rates are relatively slcv
(vhen compared to these normally analyzed as srall breaks) Apc
thue may seriously limit the makeup available fron the high
pressure injection pumps. An ongoing qualitative consideration
of this problem now predicts the developnment of one or more
irmpediments to decay heat remcval during a very small break LOCA.

This has become a concern that needs to be uncderstood.

The physical arrangement of the reactor coolant systena for a
typical 205-Fuel-Asserbly plant such as the TVA Bellefonte
Nuclear Plant is shown in Figure 1. Plant elevations
corresponding to various points in the reactor coclant system are
indicated. Deczay heat removal considerations during the post-
10CA pericd are based on the usual ECCE rules such as loss cof
offsite power, minimum core céoling {one train) response, and

short-term required operator actions.
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2.0 LOGA CHARACTERISTICS

.h few elenentary uléuhtions can be hcip!ul in daveloping a

better understanding of “be various modes of p_gnq.oca decay heat
removal and 'ghc role which ::?au generators must pf:y during 2 r
wvery srall break LOCA. of particular interest is the mass flow i :

rate through a postulated break, its cinability to remove decay

A

heat, and the makeup rate to the reactor coolant system required

to compensate for any lost mass. Also of interest is the time

o~

grequired to drain the reactor vessel top olenum and steam

generator tubes during a transition to pool boiling, and the

M e

minimum time reguired to refill the steam generators if a level

turnaround occuUrs.

e

1 K" ! yn: rost calculations it is sssumed that a guasi-steady-state \

: N s é\ ’eanuuon exists with the rescior coclant systen at 1270 psia B

1 Zi} {578.4°F) and the secondary side cf the stean generators 1

{ b Lnuevu\g steam to atmosphere through a safety valve. Whers 4
applicable, it is assumed thav a sufficient temperature A

differential exists across the stedm generator tubes to transfer

a1l decay heat nu. removed by the !reak. The decay heat ic based =
3

on the ANS decay heat curve! us:n a 20 percent margin.

The reactor power is 3672 Mwe. The fluid upstieam of the break - b

&i i _,\.u assumed to be saturated water or ne;":cn. The flow areas
~ o
~.3 + (potential single-ended flow braak areas) corresponding to a _

-~

-

pumber of nominal pipe sizes of interest are listed in Table 1.

. so®
. [P . - s 4

tproposed American puelear Scciety Standards < "Decay
Encrgy Releasc Ratues Following Shutdown of Uranium = 7
Fueled Thorwsl Plants® (approved Ly Sulicommittec AlS-5,
ANS Standards Committee, neceoher 197 .
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The pipe schedules indicated are typical for the reactor coolant

o't 9

i’ pressure boundary. ) LATTT
It shc;uld be :;cc;qnlzcd mg. ulcul'auon; includcd' -Sn this
; seciion are based on general considerations of energy and_mass
j " conservation unler ideal fixed conditions. TFine structure
\ effects have been ignored to facilitate simple hand calculations.
& g Bowever, the t;sultl should still bo useful for general guidance
u‘-\* \&% 1f the simplifying sssumptions and calculational limitations are
'\5‘\: ".;v appreziated. } Detailed transient calculations based on
: ""%’» " appropriate system heat transfer and fluid flow models and core
ﬁ é)’ thermal-hydraulic models ar» required to put these coucepts on 3
: ' fira basis.
; 2.1 Mass Flo< Fase Through Bregk
The mass flow Tate through a break assuming saturated vater eI
i‘ stean upstream of the break is shown in Tigure 2.. The saturated
] vater and stea= curves are based or Moody's?! Figure 3
) for stagnationm pressures of 1270 psia and 2500 psia with
5 saturated 1igcid and vapor entrance properties. Moody discharge
] eoefficients (Cp = actual flow/Moody calculated flow) of 0.6 and
' 1.0 were seleczted for calculating the satu:ated water case. The
j actt.ul coefficient .iq-h_: be 'sOneuhcxc between as determined by
:l such considzrations as the break coaﬂqufltlon and whether it is
% in a large or small pipe. The discharge coefficient’ for stean is
i assumed to be 1.3, .
tf. J. Moody, "raximum Flow Rate of a single Component.
fuo-Phase Hixture,® Journs) of Usat TIapilils Trapzacrions
of the Americag Socicty 0 kuchanital £oainoerd, 67 KO. Yo
: February, 1765. ¢
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‘l'he makeup rate available to the reactor coclant syste- to '
compensate for macs lost through the postulated break is shown in
ﬂqun 2 as that available from one high pressure injection (HPI)
punp at the lndlcatcd system conditicns. The water available for
makeup is assured to be at 70° F. '

2.2 nssu_!su..!m:ﬂ_nm_wﬁ

The decay hut whxeb is n-ovca by mass flow through a postulated
h:uk an 1270 psia (usun&ng saturated water or stean upstrean oz'
chc break) 4is shown in Figure 3. The heat tcnond is based on
the mass flow rate given in Figure 2 and a stagnation enthalpy
corresponding to the designated upstream condition, i.e.,
‘saturated water or steanm. A mininus value for Cp (0.8) vn
selected to yield a conservative- (minizum) value fo. the hut

removed. The decay heat removed is shown as a perceat of to'

O{Qp—~~_ - -.—‘-——‘-‘-'k"g?v, buv’ - ! 4 -.“‘ % "5 3 r . -

_,').\:d g

T
'l.;'<

ee 4

ey

/ decay heat generated at the indicated time following the Sreak.
(‘ }p‘}f(z‘t should be noted that saturated steam upstream of the -%ml-‘:&
“'J;"g s‘\ \ postulated break will remove a little larger percentage of the
J\’)‘}- ‘{\")'(‘ | decay heat than saturated water. This will not be the case for
\‘. .}
u‘t‘ &Y larger values of Cp with saturated vater upstream. The larger
' \..J -. . »
":')(‘ ' J\ pass flow rate for water can more than compensate for th2
A ’K
4" \/ aifference in saturation enthalpy at the indicated upstream
A . ;
‘h' | pressuce. ‘ . - N
/ \Tho time after a break defore all eccq heat can be :mvcd
through the brnlg. {wvith saturated upstreanm conditions) is
{ndicated in Figure 4, This is the tine required for the break
_.m be in encrgy equilibrium wiih the cecay heat. The effect of
TR N A - o, L2 100,
i3S 2_ 2.6 ! 0126 |ty
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- higher }:essuzc and a range of possible Cp values for water is 4
alsc shown. .

2.3 peactor Vesse)l Top Plenum Drain Tice ' F
The time requized to drain the reactor vessel top plenun down to tﬁ‘
the top of the bot leg pipes is shown in Figure S. The draln E:f
time is assured to start after reactor trip. Pressurizer level .
is assumed to remain at the level achieved immediately after ﬁ
trip. The pressure is assumed to be a constant 1270 psia. 1In Lé}
reality, the pressurizer p:‘ssu:o'vill be somewhat higher during

a portion of the drain time theredy reducing the drain time é

indicated. Although some additional pressurizer draining may
ocecur, it is most likely that a refilling will commence shortly

i ~ after the reactor vecsel stean bublle starts to form and becorme

= Al

contrelling. Therefore, the drain tine given in Figure 5 is }).,
1 thought to be a good estimate of the maxinun time that naturar’

eirculation can be sustained for a given Ebreak size after reactor

\ tripe~

\L' Steam Generator Drain Tire . . : -

. s .
RS DT TP, T

The time required to drain the steam generator inlet plping,

plenua, and tubes down to the seconisry side water level is shown

in Figure 6. This drain time is calculated to start when natural

T PR

clreulatlon i{s assumed to be lost indefinitely. i.e., when the
water 1cvcl at the top of thc -ccnn generator drops to below the

1nstdc dinuetot of thc U-bend htqh peint and rcttorotton of level

S s
.
’
‘
'

{s not expected, The drain race is assu~cd to be the mass flow
gate through the postulated break (Flgure 2). System makeup is

from one high pressure injection (HPI) pump delivering a constant

10
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‘mass flow at the indicated system conditions upstream of the &

break. The secondary sile water level is assumed to-be .. ;',._.;.

.

; T
1 v

.y‘t increasing at a rate of 1.75 ft/min which s att:tbut;d to a 600 -P' 2
'.\éx gpm auxuury feedwater flow. The initial secondary ua. water

l P =3

hnl is assumed to be 26 ft. above the bottom tube sheet vhcn

bk

0 steam generator drain is started.

e,

\ The effect of upstreas pressure and initial ncondary side \ater

hnl on steam generator drain time is also shown. An initial-

M a2 e

umdary side level of 6 ft. is the normal suxillary feedwater 3

control point until an engineered safety features actustion
\ugnal (ESFAS) is Initiated at 1600 psia. It is likely that the
steam generator level will be in the range of 6 to 26 fe. at.uzc k

Mk o

time natural circuvlation is lost. The effect of an initial level
L of #8.5 ft (top of SG shroud) is lnclud.ea. This is an upper A
&

linit for practical consideration since the overflow enters the

pressure (set point of pressurizer safety valves) is included for

} % reference.
J »

2.5 Sieam Genecotor Befill Time ‘ 1

N
l §-§ main steam lines. The effect of 2500 psia reactor coclant

The sceam generator refill time is the time regquired to refill
the inlet pipe and plenum and steam generator tubes if a level
turnarcund should occur when the primary side water level firse
a] reaches the secondary side wvatev level. Typical !ll\;l are shown 3
in Figure 7 for u:unted water at 1270 psia upstream o! the
break. The mnsn steam generator level is that lovd which

existed when the steam generator draln rntarted, Ll.e., when

natural circulation was lost. It {s -llhcly that the initial

TV —— e . -
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steam generator lovox'wii: e ia she range of 6 to 26 ft. The
curves all start at 12 minutes because Lhis is the minimua time
required to refill the inlet pipe and plenum and that portion of
the steam generator tubes which is above th"lhtoné.

3.0 MODES OF Pé'?-LDCA DECAY REAT REMOVAL

After the loss of offsite power and reactor coolant pump

' eoastdovy, the two basic modes of post-1OCA decay heat removal
from the reactor core for very srall breaks are natural
.edirculation and pool boiliny. Decay heat is removed from t;o
reactor coclant systenm by single or two phase blowiown through
the poseulltcd-brcak and by a release of steaz on the secondary
side of the steam generators. Any dezay heat lost to the
environs through thermal insulation is scall by conparison and is
noglcctcsr If the break size is assumed to be sulficiently
large, two or more of the following phases of operation may be

experienced. -

3.1 Matural Circulation

Natural circulation starts with the pressurizer still controlling
system pressure at approximately 2250 pcia. Mowever, without an
effective heat input (other than the pressurizer mecal) to
cumpensate for heat removed by flashing the pzcsturxfor liquid,
the pressurizer level and pressure decrcase rapidly as the stean
bubble expands to fill the vold created by f1uid lost through the -
break cxceeding liguld mak p capability (1.OCA condlitien).
rigure 2 indicates a break area excecding 0.025 !tf.could create

this initial condition at high pressure.

el ' 0126 ‘“"f"'."f.;'
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A significant aystem volumetric contraction and corresponding B,

pcessurizer ﬁbbh expansion occurs when reactor trip is

initiated at 1945 psia. The bubble superhcats to the pressurizer
effective metal temperature. The bubble may expand until

superheated sctgeanm is voiding and condensing in the vertical hot

2

S veratte s A ot i sl Bevecepae, kit

leg ,ipe of the reactcr coolant system. The engineered safety
features actuation signal (ESTAS) initiates at 1600 psia theredby
assuring uztiu- availability of one high pressure injection
MPI) pump without flow contrel, and isolation of the letdown

“systen.

A nev steam bubble forms at the highest temperature/lovest.

pressure location in the reactor coclant syste= when the

1iquid phase at the nev locaticn. Since there is no significant

} pressurizer pressure becomes less than the vapor pressure of the

3 . g heat sink in the hot leg pipes betwsen the reacter \_rnui and

4 \‘E‘ stea= ganerators, the highest termperature/lowest pressure

generator (Figure 1) -

-

Y

"

\§ locaticn could de in the U-bend pipe at the top of each stean
\ -
A

\)“ a steam bubble forms in the U-bend, it interrupts natural

,\3 'Q circulation. Water in the reactor vessel starts to boil

e aatte Ao hloa

vy

-.Q
\,‘\I\ b _agres ssively due to loss of clrc\auunq flow. The reactor core
3
\\. "3 exit temperature and corrcspondtnq vapor pressure increase untu 1

\ the reactor vessel top plenum becomes the controlling high
temperature location for steam bubble toru}ton. Thic occurs

vhen the top plenum temperature is about 1 to 2° F above the U=
hend templrature.

e ¢ ’ -
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The core exit temperature continues to incrcase due to loss of
fiow to the steam generators and inabllity of the break to remove
sufficlent decay heat. Figure 3 indicates that this is likely to
occur in the .shm term for Dreaks vy to about 0.035 fti. The
reactor vessel level which is establisbed in the top plenum when
a steam bubble forms continues to decrease due to fluid loss
through the break exceeding nqua makesp capability. The steanm
bubble is at a utnnuoa pressure corresponding to t.hl
increasing ccre exit temperature. The steam bnhbl. m the U-bend.
," is compiessed and condensed by the increasing reactor pressise.
The D-bend is refilled with liguid and patural circulation should

be restored. The restoration of natural circulation reduces core

\5‘ exit temperatuze and corresponding top plenun pressure until a
‘t. . new steam bubble again forms in the lowver pressure U-bend region
S. and the process repeats.
% Once formed, the reactor vessel steanm bulble should be sustained .
' i e and grow larger to accommodate the net blowZown of fluid from the
3 . system. " 7he reactor vessel level vhich i3 established may
j i .upo:hnco some small additional pertudations as the steanm
i g | bubbles form and condense in the U-bends, but the short-term
4 3 trend shou.xd be for a dccreasing level. A continuation of decay
3 \:‘*\ heat removal Ly intermittent natural circulation should be
:_ assured untll the U-bends can no longer be refilled with liquid.
{ outtng t‘u nat.uul circuuum phase following a water-side
‘1 btuk. thc ptunrhn surge line and vessel slowly ntnl vuh
-4 semi-quicscent liquid., The pressurizer steam butble is in
: equilibriua with a slowly decrcasing reactor vessel steam bubble
3 ¢ '
i
“
\ewm—— . e e F- i ——



S [ best

.o» 9 . . ,o

3

pressure and is mostly likely slowly contracting as stean from

the bubble condenses on the pressurizer walls during cooldown.

For a steam-side break such as »t the pressurizer top, the break

vents the overpressure and flashes any saturated liquid in the

pressurizer in a similar gashion to a vater-side break, but the

Jevel loss rate will be lover due to a lower mass flovw rate for
steam through the break (Figure 2). When the pressurizer steam

bubble reaches pressure equilibrium with the reactor vessel stean

J. /bubble, it starts to contract rapidly as steam continues to be

§\{2 vnmvcd through the break. Tluid entering the pressuzizer is at

\? system saturation conditions, but some pressurizer metal heat
input nmin; to reduce the pressurizer level rise rate. T.=

entire steam bubble is removed quic*ly through the stear~side
] break and it becormes a water-side break. The reactor vessel
araln time should be much shorter than given in Figure S because
b this thu.rc is based on a constant pressurizer level which is a
j;l valid assumption enly {f the steamside break is not at the
A

puuuduz top.

g

3.2 mnusm memﬁma-mm-mm;

1 Matural circulation clearly ceases if the reactor vessel level

reaches the top of the hot leg pipes and reactor steam starts to

break away and bubble through the pipes and accumulate at the
high polau {vhich are the U-bends). Water in the reactor vessel
starts to boll aq:e;uvely due to loss of circulating flow. The
reactor eore exit terperature and corresponding top plenum cteam
Lubble pressure increase. The hot leq pipe preasure remains

essentially equallized with the cold leg pipe pressurc by reactor
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., vent valve actuation. The reactor coolant pump loop seals

inhibit reactor steam entry into the steam generators through the
cold leg pipgng. The water level in each vertical hot leg pipe
gecreases due to fiuid loss through the break exceeding ligquid

makeup capablliey.

Since natural circulation is no longer possible, the core must be
<cooled, in part, by pcol boiling in the reactor vessel with
enadcnsatina inside the steam generator tubes and pool boiling on
ehc occondazy side. The steam generators are assumed to be
tsolazcd and pressurized on the secondary sicde to the lovest
-atoty valve set potn:. thc initial secondary side ligquid 1gvc1
is dc:e;Finid by plant operating conditions at the time of
reactor trip. It will most likely be in the range of 6 to 26 £t
above the bottom tubesheet plus any net addition from auxiliary

feedvater.

The transition from natural ecirculation to pool bolling may be
troublescme because of the time delay incurred while waiting for
the water level in the U-bend region of each hot leg pipe and in
the steam generator tubes to drain below the secondary side vater
jevel. During this ‘time, no appreciadble heat is resoved by the
stean generators. The steam generator drain time is given in
Figure 6. By definition, this drain *ime starts af:er natural
eirculation is lost. The d:al& time represents the minimum time
during which systenm repressurization will occur if all decay heat

is not being removed through the break.

P Aok
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rigure S indicates how long it.will take for the reactor vessel

top plenun to drain after & break. The actual higher pressure '

during a portion of ‘the drain phase will decreave the drain time.
Figure & shows how Jung after a break before all decay heat can
be removed through the break. Por the range of smaller breaks,

reactor vessel drain time for a given break size is somevhat

s
shorter than the energy equilibrium time. This means that é

natvral cireulation ceases before the break can remove all decay
heat. System reprcssurizition will occur as reguired to remove
the excess decay heat while walting for the steam generators to

draln following the loss of natural circulation. Increesing the

pressure increases flow through the break and tbc:ob} decreases

aotam b e e LRI S £ U i L
‘¢ *~ " '
—y——rr

energy c:uiub-:iun time for a given break size. It should be

noted from Figures & and 5 that repressurizacion to 2500 psia

-

appears unlikely since all other curves are to the right of the
1 ) 2500 psie curve for Cp = 1.0 which is the bounding condition.

Although the results indicate that full repressurization is

f vnlikely, it should be understood that the effects of partial
: repressurization have not been evaluated in terms of minimum core
‘ level and peak clad temperature effects. The calculations which
were performed merely confirm that repressurization may occur in 3
order to remove decay heat when natural :Ltcuhtton-u lost. 1
1 Increasing system pressure 4ncreases f{low through th_c break and
! decreases makeup available from t.hc high pressure injection purp.
‘ \ onis will probably result in a lower ultimate conllwn and a |
! \ \.\ : v higher peak clad tempcrature if the core is uncovered. .M ’ees . ;
{ \\\\x&‘_g\ type analysis based on an ;:.proprinfc model for the very small
l ‘\\\ break LOCA iz required to determine the numbers.
- em—, - N -~
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‘During the transition to pool boiling following a vates side

break, the pressurizer surge line loop seal inhibits steam entry
into the 9rtgsutlzcr. The pressurizer siowly fills as th2

‘ remaining steam bubble in the pressurizer is compressed to system

pressure and condenses. The vater level in the vertizal hot leg

. pipe cv‘ntually drops below the surge line connection to the pipe

&

\"./Q
'y

37

C8

v

(Figure 1). Any further increase in pressurizer level comes from
vater remalning in the loop seal. The loop seal is soon purged
and stean from the vertical hot ley pipe passes to the

v —

pressurizer void space as :.qvircd Lo compensate for eondcnsation
/
4

of the steam bubble., The level should stabilize.

For 4 steam-side break such as at the pressurizer tcp. the
pressuzizer may refill before the rezctor vessel top plenun is
éraired and natural cireulacion ceases. It should remain fillel
unless the vertical hot leg pipe draians to below the surge line
eonncc:taﬁ. In this event, water £los throtjh the surge line ©o
the break changes to steam flow and vater in the pressurizer and
surge line is heated to saturation temperatwre and purged froa
the system. Steam bubbling through the water to reach the break
may create hydraulic instabilities.

3.3 pool B2iling

In orcer to condense steam inside the steam generator tubes, it

&y {s necessiry to drop the primiry side water level inside the

tubes to sonewhat below the existing secondary Oidc vater level.
‘lnco hot and cold leg pressures are virtually equall:cd by
geactor vent valve actuation (minimum &P of 0.15 psi to open),

the primary side water level is the same as in the vertical hot

———
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leg plpu'(cuccpt for a density dlfference correction). A
portion of the steaa which is generated within the reactor core
will seck its way into the vertical hot legs and undergo bubble
uungaqcunt. at the water-steam interface. This steam is then
free to condense inside that portion of the steam generator tubes
which is above the prirary side vater level and below the
secondary side water level. Condensate inside the steam
generator tubes is returned to the reactor vessel by gravity flow

through the pump 10op seals and cold leg pipes. '

The reactor vessel level (two-phase) nuctu'au- above an
elevation eonispondlng to the top of the horizontal hot leg
pipes until the. level in the vertical hot leg pipes drops to the
horizontal hot leg elevation. At that time the reactor vessel

jevel extends into the hot legs. It then decreases until any

/' nusa 1ost through the break no lonjer exceeds the liguid rmakeuvp

" J\yupabtuty. For certain small break LCCA's, the reactor vessel

/\ e., turnaround may not be reached until the upper portion of

?_. re has been uncovered for a prolonged time. For certain

1«: breaks, tucnaround might be reached during the natural

ﬂy (clrculuion phase or transition from natural circuation to pool

»\

bouinq.

3.s uv_mm_xm_tm.nunms.mml.mwum

Tollowing reactor vessel jevel turnaround, the level starts to

{ncrease and eventually returns tO the top of the horizontal hot

' 'Icg pipes. ‘A water level thea appears in the vertical hot leg

pipes. A corresponding level (except for a density difference

correction) appears in the steam gencrator tubes due to preasure
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equilization by the reactor vent valves. AnYy further net
addition of 1ligquid goes into filling the vorglen hot leg pipes
- nd steam generator tubes. A portion of the steam which is
generated by decay heat within the reactor core seeks its wvay
into the vwertical hot legs, disengages at the vater-steam
interface, and condenses insile the cooled region of the unfilled

portion of the steam generator tubes.

The reactor vessel level fluctuates above an alevatioca

corresponding to the top of the horizontal hot legs. The level

should slowly increase as the large steam bubble in the upper

v

plenun is condensed under the influence of the hydrostatic head
produced by the rising water level inside the vertical hot Ley
plpes.

Decay heat removal is accomplished, in part, by condensation
inside the stezm generator tubes' Lf the prirary side vater level
is sufficiently below the secondary side vater level ané the

accumulation of any noncondensible gases in the sSteam generator

i
i
|
|

tubes does not inhibit adequate condensation. Decay heat removal

.'1 by condensation ceases when the water level inside the stean
3 . generitor tubes becomes greater than the secondary side water
3 jevel. If the break cannot remove all decay heat, water in the

reactor vessel starts to boil more agressivaly due to loss of one
° \4 of the required heat sinks. The reactor core exit temperature
i
\.“y."’ and corresponding vapor pressure increase until the reactor
o .

\}f} vessel top plenum steam bubble becomes the controlling high
4 :

{
&'\

- pressure. Makeup water continues to £ill the vertical hot leg
pipes and steam gencrator tubes. The steam bubble which is

tzapped inside the U-bend pipe above each steam generator is

it & e e e ol 8 Sl
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‘slowly compressed and condensed by the higher reactor vessel

pressure. However, the U-bend may contain noncondensible gases

/' which have accumulated at this system high point. If sufficient
/

/

f ponconiensible gases are present, it will be impossible to refill
3 <¢SJ the U-bend with fluid and establish natural circulation.

:}J If natural circulation is tn-cstablt:bca..thc reactor vessel
level is above the horizontal hot leg pipes and increasing, and e
the reactor coolant piping and stean generators are full of b

water. The reactor vessel level continues to increase until .

k At
o

operator action is taken t2> trim back on the makeup rate. If

natural circulaticn is not re-established and the break cannst
— *

remove sufficient decay heat, the reactor coclant system pressure

increases tntil adeguate heat rermoval .Jan be achieved through the -

’ break eor the ptcs:hzi:c: safety valves open.

At so=e point, operator action may be invoked to cpen the

pressurizer electromatic relief valve to assure eenzinuatioﬁ of 3

e

the more stable mcde of pool boiling for decay heat reacval or

provide sufficient depressurization to go ©On -hutéown coeling.

ol Ry veT e

°  Rowever, this valve has not been qualified (Class IE pover, etc.)

“to perfor= an essentizl mitigating function and can be

{nactivated by a postulated single failure.

During the transition from pool boiling to natural c}zcu}ation.

the vertical hot leg pipe starts to refill and cover the surge

Bl

line connection to the pressurizer, Thy pressurizer completely -
#1113 (except for noncondensible gases) as the trapped
precsurizer stean bullle condenses or is vented tizough & steam-

e

, Space break.
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3.5 shusdown Cooling

Tn the long term, reactsr coolant system pressure will be reduced
to below 350 psia by blowdown effects of the postulated break.

If the bo:i:éntnl hot lej pipes are full of water at that time,
it should te possidble to vemove all decay heat through operation
of the Decay Heat Removal (DHR) syst=a. There appc;:- to be
adequate available net positive suction head (NPSH) at each DER
pusp suction to assure acceptable operation at saentaéica
corditions if the flov rate is kept low., Any fluid still being .-
lost through a break can be made up by one of th; DHR purp loops-
taking suction from the ::i::&::g water storege tank or by a high

N
t‘\ essure Snjcctiun pump loop if a postulated single failure

| .'\\3

g

{nvolves cne of the DHR loops.

al

3 " 8.0 WORST CAST 1LOCA COHSIDIRATIONS

After identifying certain characteristics cf a very small break

10cA and the various modes of post-1OCA deczy heat removal, some

Boan s o laa

thought was given to {dentification of the probable worst case
for safety analysis purposes. A nuzber of considerations were -

{investigated briefly to evaluate their likely influence on the

ISPy P

worst care selcction., The more imzortant of these are detalled

below.

'.1 n’o: arge ;2 :!Isjg nt .n i .‘b ’n-.::n

rtqure S Lndicltes a Moody cou(!lclcnt of 1.0 tnstcad of 0.6 for
wvater~-side hreaks shortens significantly thc reactor veszel eop
picnua drain tinc for a given break sizec, but Figure & gchows &

compensating geduction in encrgy ecquilibriuvm time alco occurr due

T DO, [UCT RTINS S NP, N
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to increased mass flow. The net effect {s that only for water-

side bresks iess than 0.02 ft? with Cp = 1.0 will reactor drain -

Q‘\ W\ time for a given break size be somevhat shorter than energy
equilibrium i.lnc. Ffor this case, natural circulation ceases

before the break can remove ail decay heat and sore system

antnmluuon occurs. For a vater-side break with G = 0.6

0.035 ft1. In both cases, the difference betveen drain time and
n.crgy equilibrivm time is about the same. From the viewpoint of
reactor vessel drain time and energy equilibrium time for a given

break area, the conservative choice bver the range examired

Figure 6 indicates that a Mocdy coefficient of 1.0 instead of 0.6

§'Q\\ appears to be g =0.6.

lc
h
‘
i the comparable situation develops for breaks which are less than
i
- |
:
!
)

%\') for wates-side breaks decreases the stean generatcr 2rain tize

= \\ for a given break size. This assures an earlier uncecvery of a
\“\ coriensing surface inside the steam generator gubes; therefore,
Q % the conservative choice over the range examined agalin appears to
1 be Cp =0.6.

] In Applying Figures 3 and & to a specific break, it should be
determined that the fluld lost through the break remains
tepresentative of the fluld at the core exit. An arrangcmcnt for

adequate mass transport (water, stcam, or two-phase) from the

-

core exit to the break location ‘mi:st be assumed if the decay heat
is to be 'tmvcd effectively by the break. For certain wvater~

side break locnions, the hléh pressure injection (HPI) purp flow
say bypiss the core and any d.cay hes= gencrated within the core

say not cffcctively comnunicate with the subnmorqged break or stean

% ' o™
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generator tubes. There may be no significant cecay heat removal
while this condition persiscs. /

s = -
a‘-l Recay Heat Pemoval
Decay heat can be removed from the reactor coolant systen by
Blowdown through the postulated break and by a release of stean
on the steam generator secondary side. The break is effective
for heat removal at all times unless it becomses isolated. The =

A ! stean generators are effective only during natural circulation or

) . ='J:3€»’:!tc: the primary side water has drained to below the secondary

'%/:ﬁ side vater level and concensation has become effective. Ratural
circulation is lost after the reactor vessel top plenum has
drained (Figure S). The stcan.qcnc:a;o:s bezone effective asain

\\ after the tubes are drained sufficiently (Figure 6). The stezx

generators are no longer required after all decay heat can be

X
\y /X§§>/ removed through the break (Figure &).

The yu:lous modes of post-LOCA decay heat removal discussed in
section 3.0 occur unless level turnaracund develops before the
pool boiling stage. Most water-side breaks which can be
classified as a LOCA lose natural circulaticn and :cachbtho peol
boiling stage before level turnaround. Many of these breaks
reach energy equilibrium through the break vith perhaps scme’
prolonged repressurization before the steam qenc:atét can érain
sufficiently to become a condenser following the los; of natural
eirculation. As a result, completicn of the reactor vessel top
cggép;’}utural sirculation) appears to mark the end otlany escential

_usefulncss ©f the osteam generatord for very small break 1LOCh

\ Plenun diainage through the Eresx (which culminates in a loss of
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mitigation.  Note that the natural circulation phase appears

essential. T T
t.3 Level Tugnargund and Energy Eguilibrivm

level turnarourd occurs when makeup available from the high
pressure injection (HPI) pump exceeds mass flow rate through the
break at the existing system pressure. Figure 2 shovs that at
2500 psia the flow from on2 EPI pump exceeds the mass flow rate
through a 0.008 ft? wvater-side break (Cp = 1.0) or a 0.908 ft*
cﬁcaa—stdo break. Level turnaround should be imnediate for these

break sizes. {;t the break is larger but less than & 01 et for a

water-side break or 0.03% ft? for a stcac-side break, level

turnaround occurs before the lystwp—, reaches 1270 ;sh.}

\r preaks exceeding this range lead o 2 prolonged loss of fluid
‘N ehrough the break with pocl boiling at 1270 psia until all cecay

o
‘-‘e ;'r heat can be remcved through the break (energy equilibriva tire)
QK}“ f and thersby further depressurize the system. Stean generators
"f.& ’}' cannot depressurize the primary system to below the set ppint of
t'f _\; the secondary side safety valve unless operator. action 13 invoked
_‘."‘ to open ataospheric dump valves. The delaying effects of reverce
S

heat transfer frcz the steam generators must be accounted for
when Jdepressurizing through a break at below 1270 psia. Figure &
ghows the energy eguilibrium time for a 0.01 fr? water-side brezk
with Cp = 1.0 or a 0.02 gr? vater-side break with Cn.- 0.6 is
over 30 minutes. A 0.015 ftZ steam-side break reaches
equilibrium in about § minutes, Natural circulation Bust be

_ assurvd vhile avaiting encrgy equilibrivm if represcurization is

to be avoided.
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It is assumed that natural circulation edn'bc,naintatncd until
the reactor vcinol top plenum s drained. Figure 5 shows reactor
vessel d:aln.tlao is about equal to energy equilibrium time for
0.01 ftt water-side break with €p = 1.0. Therefore, when natural
cireulation is lost the break should be able to remove all decay

boat with no further need for the steanm generato: as a heat sink,

For wvater-sids breaks in the range of 0.01 = 0.02 £2* with

Cp = 1.0 the reactor vessel top plenua drains and natural
circulation is lost up to S minutes before energy equilibrium is
achieved. TFigure € shows the steam gencrator érain tire to be
grom 10 to over 30 minutes. Therefors, energy eguilibrica 1{
established béfore the stean generator becomes an effective hezt
sink. Some system repressurization wvill occur during the 5
minute delay. For breaks larger than 0.02 ft* with Cp = 1.0,
energy equilibrium is reached before the :gacto: vessel t2p

pienu= cx;lu is cozpleted.

9 similar situation exists for water-side breaks in the range of
0.02 =~ 0.035 ft? with Cp ® 0.6. The delay tires are about the,
same. For breaks larger than 0.035 ft¥ with Gy = 0.6, enargy
equilibrium is reached before the reactor vessel top plenum drain

i{s corpleted.

for all steam side breaks up to 0.05 fe¥, the energy egquilibriua

time given in Figure 8 is alvays much less than the reactor

vessel top plenum drain time given in Figure S. 1In every case,
the break should be able to remove all decay heat well before

patural circulation is lost.
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Han; postulated breaks change from a water-side break to a stesm-
side break (or the converse) sometime during the accident
scenario. For the case of a water-side break changing to a
steam-s!de bépnx. rigure $ indicates the reactor drain time
increases considerably if the change occurs whilc the top plenum
is ltill'd:ainiag. Figure & shows the dcc{:clca mass flow rate
throush the break when steam sterts to flow does not have a
detectable effest on the energy egquilibrium time Lf the previous
water flow is for Cp = 0.6. If the water flow is for G & 1.0,
the energy equilibrium time after steam starts to flow increases
noticadly: howsver, a comparison of Figures 3 and S indicates
erergy equilibrium time during the steax flow phase is always

vary shors wvhen compared to reactor vessel drain time 80 no

=‘pressux£za=$en effect is anticipated,

If the postulated break changes frox a stean-gide break to a
wvater-side kreak during the accident scenario, Figure S shows
reactor vessel drain time decreases markedly. The break
characterirtics become those associated with a water-side break
and some system repressurization may occur. This 4is uu type of
sccident sequence which develops during a break at the 4
pressurizer top. It initially vents the steam ovcrér‘slute and

eventually passes water.
&8 ﬁ:ﬁ.‘kn&r.ﬂlﬂlum: . toe

A 0.05-£¢2 btcal at the pump discharge is the saallest break

'unalyztd and rapcr:od by B € W using their tRc cppzcvca ECCS
evaluation model. Threir results indicate that one HPI pump alone

is sufficient to handle a break of this size. Although the

7. . " 'm
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} naem:.vnul. 1iquil volume is shown to drop to the core top
within adbout 10 minutes following the break, the results confirm

!. that the core remains virtually covered _vu.h-swo-pmu fluid at

t all times and tLhe fuel clalding temperature never exceeds its

.

prebreak value.

Figure 2 indicates the vater flov from a 0.05 ft? break at the

pump discharge is consideradbly greater than the capacity of .ono
\ EPI pump at 1270 psia. Figure 4 shows that energy equilibriua
through the break is reached within two -.tnuus and Figure S
shows the reactor vessel top plenum drains in about the same
X tirme. Therefore, the stean generator does nct have to function
as a heat sink beyond this point. Depressurization below 1270
psia becores possible after energy equilibrium is tuc.hcd. but

the rate will be siow because tht steam generator heat must be

-t e vam 2L e e e ket st

removed by reverse heat transfer. During this time, the reactor
coolant iynon continues to drain through the break. level
1 turnaround must await a lower pressure and commensurate incrzase

in pump flow.

Sadhd

It should be recognized * at a 0.05 ft? break is near the iower
size limit for the ECC! . valuation rodel and near the upper limit

for a very small break LOCA analysis. The ICCS evaluation model

\]O does not appear to take into consideration ti\c possibllity of
CA{“}C\. inter-‘reent namural circulation or the effects of steam
: \C generator drain time during the tranusition from natural
.v-'clrcu:u!.on to pool bolling. These effects are important for the
case of a very srall break LCCA and will be expericnéed before
the reector vesscl level reaches the core top. They may not be

" considered important for an ECCS type analyzis of a 0.05 fe?
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break beciuse the decay heat rate is in equilibrium with the heat

lost through the break in lesy than 5 minutes following the break

(rigure J), thereafter eliminating the steam generator as a
required h.l; sink. For smaller breaks, the loss of this heat
sink and its ultimate effect on fuel cladding terperature nesds

to be considered.

a.$ Break Isolation and Puoe Shutoff Effects

It may be a natural tend.ncy for the plant cperater to isolate a
very small break if it can be located and valved out. This may
even be a requirement of the emergency cperating grocelure o
plan. 1In some cases, such as for a letdown line, the isolation
may be aute;atle. Break isolation mey be pirtial or complete as
deternincd by locaticn of the isolating device, number ;ze cize

of f£.ow paths to the break, and possible variatisn of effective

break area by opening valves such as the pressurizer vea: valve.

Cozplete isclation reduces the break ar2a to zero. The reraining
water inventory is determined by the original break area and the
tirme after break before isolation is achieved. Tor imstance, if
the original break area is 0.05 fx? and Cp * 1.0, enesgy
eguilidbriua and loss of natural circulation occur in less than 2
pinutes (Figures & and $). At thiz tine, the break can Termove
all dezay heat, but the reactor coolant syste™ contlyncs to drain
(Figuce 2). Depressurization ;clav 1270 psia starts but is
anedld.hy reverse heat transfer from the Steam generatcors. At 8
minutes after the break, the stcam generator tubes are drained
down to the secondary side water level. If atz this tire the

break should be isolated, there is no effective hecat sink (vater
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cooled condensing surface uot‘ct:abXXJhed in gt;;n generater) .
The systea starts to repressurize and refill., However, it takes
at least 25 minutes at 1270 psia to refill the steam gencrators
and re-establish natural circulation (Figure 7 for €, 1.0 and 2¢
£t initial level). Repressurization to 2500 psia apﬁoaxl likely
with a commensurate reduction in makeup flow and eventual opening
c!ifbo p:aasu:t:cg sfgoty valvoq ao.ggsgfxod to remove the decay
beat.. TR

- - C LS. " ™

The system now behaves as discussed in section 8.3 (steam-side
break changes to a vater-side break) as any rerainiing pressurizer
bubble is vented through the safety valves and the pressurizer is
£i1led with vater from the vertical hst leg pipe. The impact and
pessing of water through the safety valves may create hydraulis
instabilitles and cther service con2itions for which the valves

have not been gqualifiad.

A raplid filling of the pttasutt:cr free space with liquid.
produces a corresponding level 4rawdown in the steam generator
tubes vhich then exposes a condensing surface. When sufficient
surface is exposed, the safety valves no longer need to open and
the steam generator tubes start to refill., After a time, the
condensing surface is flooded again and the safety valves reopen
to rermove the &ecay heat., The alternating removal of decay heat
through safety valves and by condensirg inside steam generator
tubes continues at 2500 psia. The reactor core should remain
covered. During this time the reactor vessel steam bubble
controls system pressure and supports the vertical hot leg warer

enlura and keeps the pressurizer full of saturated liquid.

fpr ot 2
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Smaller area bdreaks which are isolated should behave in a similar

4
43

Jashion except it may take & longer time to jose natural
circulation. larger area breaks can also produce sindlar

circunstances if they are isclatel.

\%

! (”b A full pressurizer may convince the oparator to trip the ¥PI pump
Jgf ‘gfftﬂﬁ/Cutch for a subseguent loss of level. IZ this happens ind -
x\‘;{ the break has baen isclated, the l{:u generator tube level starts

to decrease due to release of fluld through the safety valves

unti{l an adeguate condensing surface i{» established. No further

level loss is likely and the safety valves should remain closed.
.JAL::; A stadle bqlling pode will prevail. The pressurizer should

Ao ¢ {rerain £311 of fluif with a controlling steaa bubble 4in the
-

L.rtlcto: vessel.
8.6 prersurizeg level Ingigetion

v/'ﬂhc nodcs.ot decay heat removal discussed in section 3.C point
/<;try out that pressurizer level is not a correct indicator of water-
level over the teactor core. During the natural ecirculation
phase, water can be draining from the reactor vsssel top glenum

wvhile pressurizer level is slowly increasing. If the hreak is at

éi
]
|
|
:
|

the top of the pressurizer steam space, a repid pressurizer
refilling can occur. During the vransition to pool boiling and
while in pool boiling, the level should stabilize even thcugh the
core may be uncover=d. Therefore, precsurizcr level is not

qansideted a reliable guide as to core coolirg conditions. Xo

other primary side level indication is previdci, There i3 a full
gznge level indicator on the secondary side of each stcam

generator.”
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A simllar problem with pressurizer level indication is found in
section 4.5 relative to HPI pump trip. A full pressurizer may
convince the operator ®o trip the HPI purp and watch for a L

sabsequent loss of level. Although this tco;onsc appears

desiradle, a full pressurizer may not always be a good indication

of high vater level in the reactor coolant system. TYor instance, .

the steam bubble which is trapped in the pressurizer may be

vented by actuation of the prniluzt:o: vent valve due to high
pressure developed in the reactor vessel top plenmm 8% by
operator action. The vent vaive will subseguently close but the

paessurizer aay be filled solid with a subcooled liguid. <he

1oop seal confiquration of the pressurizer surge iine 21lovs the
pressurizer to remain filled as the reactor coolant system swater
level d&rops until system pressure is below saturation presiile of
the pressurizer liquid inventory. This may take a long time 47
system pressure {s set by a regquirement tO remove some of the
decay heat through the steam generator at 1270 psia. Thus a full

pressuzizer is not considered a reliable indication for

s PR P ree

prescribing ~ertain operator actions such as HPI pump trip.

$.0 CONCLUSIONS »

The results of this {nvestigat’on verify the pressence cf a class
J of very small preak LOCA's {grobably $ 0.05 £t*) fo; aBLVW
20%-Fuel-Assembly PWR «which may experience one or more
impediments to decay heat removal which need to be better
understoed Lf proper operator response and adcquate nitigation

1 ‘ are to be assured. The (o}IOUan aituations have been {dentified

,j as lp.:t‘l items of concern which require confirmation using

|

—
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detailed transient calculations based on appropraite system and
core therral-hydraulic models. The reported NSSS vendor models
do not sppear to accommodate these very saall break LOCA
situations. In each case, fuel puk clad temperature io the

parameter of particular interest for comparison with the ECCS

acceptance criteria, but stability of the fluld process and
wdeguacy of 1mc:-'uncnuuon and components should also be

considered. - .. . ) .

i J* o & 3%
=Pt T S50

\:/ Internittent natural circulation is identified as 2 possidle
> mode of iritial decay heat removal folloving a very srmall
¢ presk LOCA (section 3.1). The adejuacy of this unstable mode

3

for decay heat removal needs to be verified.

2. The transition from natural eirculation to pool

g V,.
PRI l..anu-l\nun-lADlI‘ihﬁlﬂ‘l‘lI‘igg->

boiling/condensing involves a time delay incurred while
M .\vuung for water incide the steanm gencrator tudes to drain
’ V pelow the secondary ride water-level (section 3.2). During
this time, system rejressurization will eccur 4f all decay

P heat i3 not being removed through the break. The effect and

oSBT

3 /\‘,‘.\/acn;ubnuy of this regressurization needs to be

‘ \'J\ determined. .

3. The decay heat fraction which is removed through the break
for a g'ven mass flow rate will be less than pn.dicue enless
ehe fiuid enthalpy upstreaa of the break is represcentative of
the eor; exit enthalpy (section k. 1). The sensitivity to
upstreanm enthalpy, gcrueululy with regard to system

geprecsurization, necds to be evaluated for those break

lccations wherein come core bypass may be pososible.

F b i <
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§. The pressurizer level indication is not a correct indicatien
of utu'hnl relative to the reactor core (section 8.6).
The safety significance ol this shoitcoming needs to be
svaluated with regard to adeguacy of inforrmation for

corrective operator actions. .

S. The possibility of very small bresXx isolation by . "wtor
action and the subsequent loss of both the steam generators

:nd brezk as heat sinks is of speclal concern (section &S

\?\‘ﬂn rapld repressurization and eventual exposure of the
@ ptnsuriuz safety valves to slug or two-phase flow needs

further analytical consideration and possible test ~

qualification of the valves.

? 6. There may be a potential for scrious process disruption or
unacceptable functional or pressure boundary damage to
3 co-ponents and stcam generator tubes due to the Rydraulic

fnstabilities which are likely to develcp during & very small

P

break LOCA. The bubbling of saturated steam thorugh
sudbcooled ligquid and the injection of cold makeup vater into

s steam filled cold leg pipe are inherently unstable

b diodfiad

processes of particular concern that need further

ey

consideration.
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TABLE 1 . o
FLOW ARIA CORRESPONDING F
. TO ROMIHAL PIPE SIIE <,
’ v
Bormine] Pipe Size (in,) Schedule No, Ilow Azep (s e
1 80 « 0050
12 160 <0098
- 4 2 e ege - .
2 140 0156 i
i w2 160 -0208 :
3 160 «0375
3 160 « 0648 .
: i
sPczential single-ended circumferential break area.
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