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ABSTRACT

Following the loss-of-coolant accident at Thll in 1979, a multitude of small break
loss-of-coolant accident experiments were performed in the sarious Alods of the
Semiscale facility at the Idaho National Engineering Laboratory (INEL). A summary
of what experiments have been performed and a description of the various Semiscale
Ntods is gisen. The signature response of various kinds of small breaks are character-
ized. Small break loss-of-coolant accident issues addressed by Semiscale testing are
discussed, including: effect of break location and break size, effect of core bypass
Dow, preferred primary coolant pump operation, effectiveness of upper head emer-

,

gency core cooling injection, and recovery procedures. Phenomena ofinterest to small
break loss-of-coolant accident analysis is presented including core uncovery heat
transfer and natural circulation. Recommendations are given that can improse calcu-
lational capabilities for future small break testing. *

.

.
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EXECUTIVE SUMMARY

The Semicale experimental program conducted power operated relief valve (PORV) (TNil-2 type
by EG&G Idaho, Inc., is part of the overall research accident). The pipe break nad steam generator tube

,

and deve:apment program sponsored by the United rupture were found to have similar signature
States Nuclear Regulatory Commission (USNRC) response, while all three SBLOCA types were
through the Department of Energy (DOE) to esalu- accompanied by a net loss of primary mass inven-
ate the behavior of pressurized water reactor tory. The pressure signcture rmonse to both a*

(PWR) systems during hypothesized accident steam generator tube rupture and pipe break show
sequences. Its primary objective is to obtain repre- a continuous decrease in primary pressure upon
sentatise integral and separate effects thermal- break initiation with varying inflection points.
hydraulic response data to provide an experimental Core scram to the ANS decay cu ve increased the
basis for analytical model development and assess- primary depressurization rate dramatically as pri-
ment. This report presents a description of the mary fluid cooled in the absence of full core power
extensive small break loss-of-coolant accident input t ut with continuing primary to secondary
(SBLOCA) experimental data base available from heat transfer (shrinkage of the primary fluid). The
Semiscale testing and summarizes pertinent results primary pressure dropped rapidly until fluid satu-
from these everiments. ration conditions were achieved in the loop, at

w hich time flashing of fluid resulted in a decreasing
Small break experiments were conducted in a depressurization rate. Events that affect the pres-

series of Niods of the Semiscale facility including sure signature response for pipe breaks include
N1od-1, Niod-2A, Mod-2B, Niod-2C, and Mod-3. pump suction seal clearing and break i:ncovery and
Basically, all of these Alods included a vessel with accumulator injection,,

electrically heated core simulating a nuclear core
and two loops (one loop simulates three unaffected As depressurization occurs during a small cold
loops and the other simulates the loop in which a leg pipe break, the depletion of liquid in the system

* small break is postulated to occur). All of the (because of a higher break flow than safety injec-
experiments are performed at high pressure /high tion flow) follows a general top-down voiding.
temperature conditions [15.5 NIPa (2250 psia), Because of the geometry of the pump suction pip-
595 K (611 *F)] hot leg temperature with a core dif- ing, a seal of water becomes trapped in the pump
ferential temperature of 37 K (67 F). suction forming a plug for steam flow from the ves-

sel and hot legs to the break. A manometric balance
The water reactor research community shifted of fluid h(ads develops that causes a depression of

interests from large break loss-of-coolant accidents the liquid level in the pump suction and core. This
tc,SBLOCAs with the advent of the TN!I-2 accident manometric balance and core liquid level depres-
in N! arch 1979. Experimental series were per- sion is aggravated by fluid heldup in the primary
formed in the various Af ods of Semiscale to imesti. loop, most notably the primary U-tubes. The man-
gate such topics as effect on transient severity of: ometric balance is only in a quasi-steady state mode
break location and size, core bypass flow, preferred as a steam water interface is pushed down the
primary coolant pump operation, and upper head downflow side of the pump suction and up the
emergency core cooling injection. In addition, the upflow side (pushed by an expanding steam bubble
effectiveness of recovery techniques, and the conse- ueated in the core). Once the pump suction is
quences of compounding failure during SBLOCAs cleared of liquid, a steam path to the break relieves
is discussed. SBLOCA phenomena of interest to the core steam being generated in the core and
model development efforts includes core uncovery relaxes the liquid level depression in the core. In
heat transfer and natu.al circulation flow. The fol- Semiscale, the intact loop seal clears of liquid first,

,

lowing summarizes important results condensed sometimes followed by the broken loop seal for
from the multitude of small break experiments per- pipe breaks below 10%. For pipe breaks above 10%
formed in the Semiscale facility. (intermediate breaks), the broken loop seal clears

first. This trend is consistent with the 9 to I hydrau-*

The signatun response for three different kinds lic resistance split between the broken loop and
of SBLOCA were investigated in the Semiscale intact loop. Also, this seal clearing is related to the
facilities including pipe breaks, steam generator amount of core bypass flow between the vessel
(SG) tube rupture, and stuck open pressurizer upper head and downcomer. For example, with

iii
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larger bypass Rows (on the order of 4r ) there is Comparison of Semiscale and LOFT results sho:vo

enough steam reliefin the bypass line such that the emergency core coolant (ECC) injection location
broken loop seal never clears because the steam was important to assessing the problem and f urther
relief path in the intact loop and bypass line is mf- integral testing is required to fully understand this
ficient to relieve core steam generation. question. .

The relationship of break flow and safety injec- The effectiveness of upper head injection (Ulil)
tion flow determines the relatise seserity (core lig- on t ransient response was investigated in Semiscale

,

uid depletion) of a SBLOCA. The break flow is experiments. The advantages of upper head injec-
directly related to the bteak siic. During the Semi- tion over normal cold leg injection were found to be
scale experiments a 2.5,5, and lor break were per- minimal for a vari'ety of break sizes (2.5,5, ando

formed and the 5% break produced the most sesere 10% breaks). The extra coolant mass injected dur-
core lese: depletion. The trend of the Semiscale ing upper head injection experiments was almost
data (break size versus minimum core liquid level) exactly offset by an increased break now discharge.
howeser suggests that 6 to 7r breaks might pro- Esen though the system mass inventory was identi-o

duce slightly lower vessel liquid levels. cal for experiments with and without Uill follow-
ing injection, there was a slightly improsed margin

Break location has a large effect on transient for core coolability.
severity. SBLOCAs were performed in Semiscale in
the hot leg, cold leg. and pump suction with the Normal recovery procedures used by commercial
cold leg and pemp suction leading to the maximum PWR plants during a steam generator tuce rupture
mass inventory reduction. Basically, with cold leg were examined in the Semiscale experiments and
breaks and pump suction breaks, fluid at the break found to be adequate to control primary pressure
remains subcooled longer, t hus increasing t he break and loop subcooling. The following recosery proce- -

mass How rate. dures were found effective in controlling loop pres-
sure and subcoolmg without significant core

The amount of core bypass How between the dow n- uncovery: primary feed and bleed usin; safety ,

comer and upper head was found to have a !arge injection (SI) and pressurizer power operated relief
effect on transient severity. A larger bypass How valve operation (PORV); secondary feed and steam
relieses more steam dunng the pump suction seal using auxiliary feed and atmospheric dump vahe
clearing period and alleviates the core level depres- operation; termination of SI; and pressurizer auxil-
sion. Semiscale investigated a range of bypass How iary spray. Pressurizer internal heaters were found
between 0.9 and 4r , w hich is w ithin the range of core not to be effective as long as a break in the primaryo

bypass Row s present in commercial PWRs plants (0.4 system persisted.
to 5r ). For the lower bypass flow in Semiscale experi-o

ments, the sessel liquid level was depressed to the bot- Compounding failures during a SBLOCA were '

tom of the core accompanied by core heater rod examined in Semiscale testing. During a very small
temperature excursions. For the high bypass Dows in pipe break (0.4r ), complete loss of charging ando

Semiscale experiments, the vessel liquid level deple- high pressure injection systems (IIPIS) was
tion associated with pump suction seal formation was assumed. For this case operator recovery included
less severe resulting in no core heater rod temperature steam generator feed and steam and primary bleed
excursions. to reduce the primary pressure to low pressure

injection systems (LPIS) setpoints. This operator
The preferred operation of the primary pumps action was designed to reduce primary pressure to

during a SBLOCA was investigated in Semiscale. LPIS setpoints before break mass flow had signifi-
Pump operation during SisOCA affects the sys- cantly uncovered the core. On a relatively short
tem depressurization rate and system mass inven- time bcsis, accumulator injection mitigated an ini- -

tory by influencing conditions upstream of the tial core heatup; however, following emptying of
break. Esaluation of both Semiscale and LOFT the accumulator tanks, there was a second core
results indicated that the pumps should be turned temperature excursion. During this second core .

off to eliminate pumping of cold leg Guid to the temperature excursion, core power (electric) was
break. With the pumps off a lower density fluid manually tripped with a peak temperature of
exist at the break, such that the break flow was 945 K. At the time the core power was tripped, the

i increased resulting in a reduced mass inventory. primary pressure had been reduced to near the

iv
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LPIS piessure setpoint. During steam generator exists at an elesation no core heat ups occur. Oscil-
tube rupture the following compounding failures lations occur in the accumulator injection during a
were examined: stuck open PORV, complete loss SBLOCA becattse of condensation effects in the
of on and offsite power, and main steam line break injection location changing the oserall accumula-
as an initiating event. Fe* all thes: compounding tor to primary system differential pressure.

*
failures in the Semiscale experiments, normal Although the effect of these accumulator oscilla-
recovery techniques were adequate to preclude any tions on core lesel w cre pronounced, Ihe oscillatory
core heatup, injection did not detract from adequate cooling of

the core.=

During Semiscale experiments, phenomena >

occurred that a"e particularly interesting to model Further, integral and separate effects Semiscale
deselopment, including the role of natural circula- testing could improve knowledge of SBLOCA phe-
tion as a heat rejection mode, core uncovery heat nomena and also calculational capability. Separate
transfer, and accumulator flow oscillation. From effects experiments including parts of the Semi-
these phenomena the following observations are scale facility could include: two-phase pump test-
offered: as a SBLOCA progresses the natural cir- ing, core interfacial drag, core thermal hydraulics

,

culation mode changes from single-phase to two- experiments, and steam generator primary tubes
phase to reflux condenser n' ode of heat rejection. interfacial drag-flooding-condensation effects.
All three of these modes of heat rejection are ade- Integral testing could examine: lower vessel
quate to remose core decay heat. The core thermal breaks, ultra small breaks with degraded emer-
behavior during a SBLUCA is governed by the fluid gency core cooling, and preferred pump operation
void dist ribution in the core. As long as a froth level during a SBLOCA.

.
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SUMMARY OF SEMISCALE SMALL
BREAK LOSS-OF-COOLANT ACCIDENT

EXPERIMENTS (1979 TO 1985).

INTRODUCTION
.

The Semiscale experimental program conducted by before significant core rod heat up occurs. Semi.
EG&G Idaho, Inc., is part of the oserall rescarch and seale has provided an extensise data base on issues
development program sponsored by the United States associated with small break accident analysis that
Nuclear Regulatory Commission (USNRC) through has increased the understanding of SHLOCA phe-
the Department of Energy (DOE) to evaluate the nomena. In addition, Semiscale has been instru-
bebior of pressurized water reactor (PWR) systems mentalin prosiding an integral dsta base for code
do ing hypothesized accident sequences. Its primary desetopment and assessment.
c@ ctise is to obtain representatise integral and sepa-
rate effects thermal-hydraulic response data to pro- Oser the years sarious modifications of the
side an experimental basis for analytical model Semiscale System have been made and these facili-

development and assessment. ties are referred to as N!od-1, N1od-2A, Ntod-2B,
N1od-2C, and N1od-3. These systems have all been

Small break loss-of-coolant accidents are consid_ inteeral scaled simulations of commercial PWR
ered relatisely probable during the normal operat. nucicar generating plants. The Semiscale facility

. ing life of a commercial PWR. In fact small breaks has esolved oser the years from primarily a large

in the form of steam generator tube rupture, pump break simulator (200fo-design basis accident) to a

seal leaks, and stuck open pressurizer power oper. facility that examines a wide range of plant tran-
ated relief vahe (PORV) have already occurred. sients inc!uding small breaks with and without

'

Additional anticipated small breaks include instru. compouading failures. Because the need for small

mentation lines and small pipe cracks associated break data was so acute, many of the small breaks

with normal or abnormal operation. performed early in the Semiscale program involsed
systems that were designed specifically for large

The real safety issue associated with small breaks break and were simply retro-fitted to simulate small

is the possibility of severe vessel liquid soiding break phenomena. N1 ore recently, small break
before the primary pressure has decreased to safety experiments performed by Semiscale involve sys-
injection serpoints. If the core liquid lesel i, tem designs and measurement systems that were

depressed or depleted to a low enough level, core specifically designed for small break simulation.

rod heat up and possiba fuel damage may result The Semiscale N1ods all involved a two loop system

before safety injection initiates a reflood of the including one loop that represented three unaf-
core. In large break LOCAs (> lor breaks),a the fected loops in a commercial PWR and another io

vessel liquid inventory quickly Gashes and core heat loop in which the small break is simulated. The

up can start early in the transient. How ever, loops included actise pumps and steam generators.

because of the accompanying rapid depressuriza. The loops were connected to a simulated pressure

tion, both accumulator and low pressure injection vessel that contained an electrically heated core

systems (LPIS) can refill and reflood the vessel simulator and various other vessel internals.

This report contains a historical background to
Semiscale SBLOCA experiments including a com-

'

prehensive list of what SBLOCA experiments have
been performed in the Semiscale N!ods. A discus.
sion on the facility configurations for the sarious
Semiscale Niods is also given. SBl OCAs have a dis--

a. A 200% break equak a dout'ic-ended offset shear of the tinctive signature response, w hich is discussed for a
main coolant pipingn one kiop of a rour-loop Pw R. Smali pipe arietF of t) Pes of small breaks. ImPortant Iweau are att=.x .a a ar.:a;me tean or aacks in the mam

coo!ani piping. SBLOCA issues discussed in this topical

1

1

I



include: accident severity as affected by breat cussed in this topical are thermal-hydraulic phe-
location, break size, system configuration, small nomena associated with small break LOCAs that
break response with compounding failures, pre- at:impo.rtant to computer mouels used to calculare
ferred primary coolant pump operation during a SilLOCA response. Finally, recommendations are
transient with small break symptoms, and relatise gisen for future data needs in tne field of StilOCA

'

merits of upper head safety inject on. Also dis- research.i

.

*
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HISTORICAL BACKGROUNDISUMMARY OF SEMISCALE SMALL
BREAK EXPERIMENTS

The occurrence of the accident at Th11-2 in Niod-3, h1od-2A, htod-2B, and $1od-2C systems.

N1 arch 1979, completcly redirected the w,ter reac- The purpose of these cxperiments were to examine the

tor research effort throughout the world. Prior to following topics: prefeired main coolant purrp oper-

the TN11 esent, almost the entire focus of water ation during SBLOCAs, the effectiveness of upper

reactor research had been en large break design head injection during SBIDCAs, the role of natural

basis LOCAs thar are double-ended offset-shear circulation durirg SBLOCAs, loss-of onsite/offsite

gui!!otine breaks of the cold leg pipe. Table I sum- power with a small break, steam generator tube rup-

madzes the breadth of SBLOCA that hase been ture (which is another form of SBIDCA), and, in

performed in the Semiscale 51ods. Semiscale had general, characterize the signature response to a

imestigated SBLOC As prior to the TN11 acci- SBLOCA. hiany of t'ne latter experiments, especially

dent.l.2The first Semisca.le SBLOCA was accom- those intohing tube rupture, investigated commonly

plished in the N1od-l facility in 1976 and was a 6To used recovery procedures during the primary small

noncommunicative cold leg break. The htod-! sys- break. Two recent SBLOCA experiments called

tem was a LOFT (Loss-of-Fluid Test) scaled facility S-LH-1 and S-LH-2 was performed in the new

with a short core [1.68 m (5.5 ft)), short intact loop Stod-2C facility, which is the state-of-the-art in

steam generator (Type 1), and inactise componente SBLOCA experimental facilities.

in the broken loop. Because of these scaling distor-
tions, the N1od-l facility was not particularly suited
to performing SBLOCA experiments. Prior to the Appendix A contains a summary of the applica-

TN11-2 accident one additional 10c'o SBLOCA was bility of Semiscale small break experiments for
performed in the Ntod-3 system involving delayed code development and assessment purposes. This

ECC to imestigate core uncoury heat transfer. appendix matches issues and the most applicable
experiment to satisfy the inues. In addition, the

Following the accident at TN11-2 an extensive num- adequacy of configuration documeetation and
ber of small break experiments were performed in the data to satisfy the issue is assessed.

.
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Core Heatup/ Peas

Steam Generator Rod
Operation Pump Operation Temperature

.

UHI Drained ' Isolated Intact I con /fimken I con (K) Obiectiw

N/A isolated Pump comted dow n No/ initial condi- l'irst small break run in Semiwalc.
tion Provided data for standard problem

evaluation

N/A isolated then blowdown 4400 $ throttle intact loop pump to Yes/1050 Duplicate the Thil scenario in
half flow; 60iX) s terminate power Semiscale

N/A isolated then blowdown 4400 s throttle intact loop pump to Yes/1050 Duplicate the Thlt scenario in
half flow; 6000 s termuiate power Semiscale

N/A isolated Tripped I s after 12.41 hlPa Yes/ll60 10r break with dela>ed ECCe

N/A Drr.ined (broken loop Tripped I s after 12.41 MPa Yes/1070 lor break with delayed ECC andeonly)
broken loop sterm reperator second-
ary blowdown

N/A Isolated Tripp?d :.t 12.4 MPa (ear!> > Yes/760 Innuence of pump operation on
small cold leg breaks (pumps tripped
early)

IN/A Isolated Did no' trip No/ initial condi- Baseline for examining innuence of (

.

tion pump operation during small cold leg
j

breaks (pumps not tripped)

N/A isolated Tripped at 12.4 MPa (early) No/ initial condi- Innuence of pump operation on
tion small hot leg breaks (pumps tripped

early)

N/A isolated Did not trip No/ initial condi- Bawline for examining the inHuese
tion of pump operation during snull >ot

leg breaks (pumpr. not tripped.

N/A Isolated Tripped at 3.08 MP2 (delayed) No/ initial condi- Influence of pump operation on
tion small cold leg breaks (pt.mps tnp

delayed)

TIN/A Auxiliary feed; late feed Broken loop tripped 30 s after No/ initial condi- Small cold leg break with typicaland steam

E T W 1s
12.48 MPa/ intact loop tripped at tion boundary conditions expected in
140 s after 12.48 hlPa but or ly PWR *

coasted down to 10r initial speed Che

N/A Auxiliar3 feed; late feed intact loop tripped 140 s ard broken Yes/800 Same as S-SB-2 except core powerand steam loop tripped at 80 s after system augmented to makeup heat loss
pressure,12.48 MPa Al80 g}g g .

i

Aperture Card ;N/A Auxiliary feed; broken intact loop pump tripped at 0 s, No/ initial condi- LOI'T L3-1 counterpart (2-l/2rloop isolated then broken loop pump tripped at 1.5 s tion
e

drained cold leg break uith system modifica-
tions)

,

N/A Auxiliary feed; broken intact loop pump tripped at 0 s, Yes/780 LOFT L3-1 counterpart uith aug-loop isolated then broken loop pump tripped at 1.5 s
drained mented core power to makeup heat

,

loss

N/A Isolated Tripped I s after 12.41 MPa Yes/660 Baseline for 10r UHI test 'e

t8.5 Isolated Tripped I s after 12.41 MPa Yes/630 lore UHI test *
-

i
i
>

'g l. o W / o i 4 ' 2 - d
|
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Table 1. Summary of Semiscale small braak experiments

ECC Actisation Pressure intact loop / Broken la
(Mi%)

licat loss
aTest idemif.n Jonfieuration Break Si/e/Iocation \takeun Techniaue itPIS AIS I PIE

S-02-6 ,2 %fod-l1 6r / cold leg noncom- None N/A/N/A 4.14/4.14 1.03/l.03e

municatne single. ended

S-TNIl-3C3 Mod 3 0.;r. , PO RY Augmented core power Intermittent / intermittent N/A/N/A N/A/N/A

S-TMI 313 0.28' < PORY Augmented core rower intermittent / intermittent N/A/N/A N/A/N/AMod-3 e

4 10r / cold Irg None 1.45/N/A 1.45/N/A l .73/N/AS-07-10 Mod-3 e

54)7-10D5 y. g.3 jor / cold icg None 1.60'N/A !IO/N/A 2.10/N/Ae

S-SB-P1 ,7 . Mod-36 2.5r / cold ler None 13.2/13.2 N/A/N/A N/A/N/Ae

S-SB-P2 ,7 >fod-36 2.5 r / cold leg None 13.2/I3.2 N/A/N/A N/A/N/Ae

S-SB-P3 ,8.9 Mod-3 2.5Ce / hot leg None 13.2/13.2 N/A/N/A N/A/N/A6

S-SB-P4 8.9 Mod-36 2.5r / hot leg None 13.2/13.2 N/A/N/A N/A/N/Ae

S-SB-P7 ,7 Mod-36 2.5r / cold l g None 13.2/I3.2 N/A/N/A N/A/N/Ae

S-SB-2 " 3 3 Mod-3 2.5r,fcoid L.g None 12.48/12.48 4.23/4.25 0.89/0.89?

S-S B-2Al 2.10,I 3 M od-3 2.5r / cold leg Augmented core power 12.48/12.48 4.54/4.16 0.89/0.89e

2.5r / cold leg None i 2.4 / N / A 3.8/N/A 0.88/N/A14.15 Mod-3S-SB-4 e

34 I5 Mod-3 2.5'e/ cold Icg Augmented core power 12.4 /N/A 4.3/N/A 0.88/ N/A
S-S B-I A

10r / cold leg None 13.3/N/A 2.77/N /A N/A/N/A16,17 Mod-2AS-UT-1 e

S-UT-216,18,19 Nfod-2A 10 'e / cold les None 13.5/ N/A 2.98/N /A 1.15/N/ A

.

4
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Table 1. (continued)

ECC Actnation Pressure Intact loop / Broken too
61Pa)

Heat Lou
Test ideinifiera Confiruration Break Sire / Location Makeus Techniaue HPIS AIS LPIS

S-SG-440 # Mod :B I tube / broken locp cold Esternal heaters; core 12.5/12.5 Not used N< a used

side power augmented 20 LW

S-SG-54I 47 N1od-20 5-tube / broken loop hot Esternal heaters; core 12.5/12.5 Not used Not used
side power augmented 20 kW

S-SG-642,47 hlod-2B 5-tubeibroken loop hot Esternal heaters; core 12.5/12.5 Not used Not uwd
side power augmented 20 kW

S SG-743'47 Mod-2B 5-tube / broken loop hot Esternal heaters; core None Not used Not uwd
side power augmented 20 kW

S-SG-844'47 Ntod-2B I-tube / broken loop cold Esternal heaters; core 12.5/12.5 Not used Not used
side power augmented 20 kW

S-SG-945,47 Mod-2B I-tube / broken loop cold External heaters; core HPIS initiated on low Not used Not used
side power augmented 20 kW secondary pressure

(4.86 MPa)

46S-L H-1 Mod-2C Sre cold leg Esterna: heaters; no core 25 s after 32.5 MPa 4.2 MPa Not used
augmentation achioed

46S-L H-2 Mod-2C Sr* cold les Esternal heaters; no core 25 s after !2.5 MPa 4.2 MPa Not used
augrnentatic,n achieved

a. Superscripts refer to reference number.

.
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Core Heatup/ Peak
p Rod

Steam Generator
Operation Pump Operation Temperature *

_ . L'HJ _ Duined/ Isolated Intact Lw/ Broken looo (10 Obiective

N'A Only relief valve opera- Delayed; tripped at 602 s No Tube rupture with delayed pump trip ,

tion for 600 s; feed and'

steam during recostry
'

NA Early SG feed and steam: Tripped at 24.5 s on SI signal No First tube rupture on hot side of -
eteam generator

relief sahelatched open

80 s*

j N-A Stuck open relief vahe on Tripped at 38.5 s on 51 signal No 5-tube rupture with compounding
'i

failure of stuck open broken loop SG
' brokenloor; feed and

relief valve
steam on intact loop

N'A Only relief vahe for Tripped at 37 s on 51 sisnal and loss No 5-tube rupture with compounding|

failure of complete loss of onsite and ,

600 s;intactloop feed of power - '

| offsite power, no SI
and steam during recos-

^

ery

i

N-A Only relief vahe for Tripped at 154.5 s on SI signal No 1 tube rupture with compounding
time of stuck open PORV

600 s;later feed and
.

steam

NA Only relief valve for Tripped at 17 s on low secondary No Main steamline break compounded

by tube rupture600 s;IL feed and steam pressure

during recosery-

1

%A Isolated; steam relief Tripped at 2 m after 12.6 MPa pri- Yes Repeat of S-UT-8 hydraulic boundary
; combinations; 0.9Fe upper head to

allowed mary pressure
dcwncomer core bypass flow

'
1

MA !solated; steam rehef Tripped at 2 s after 12.6 MPa pri- Yes Repeat of S LH 1; examined effect of
e core bypasscore bypass Cow; 3r

allowed mary pressure
flow allowed

.

.

k

- 1

t
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,

p/ Broken Loop
Cote lleatup/lYak

Stearn Generator Rod
Operation Pump Operation T mperatureLPIS Util Drained / Isolated Intact I ocp/ Broken I oop tK) Obiettise

N/A/N/A N/A Isolated Tripped 3.4 s after 12.8 MPa No / initial conMi- Baseline for loop heater performance {tion

0.98/0.93 N/A Isolated Tripped 3.4 s after 12.d Mpa No/ initial condi- Baseline for 2-1/2r Ulli teste

tion

0.93/0.90 8.7 isolated Tripped 3.4 s after 12.8 MPa No/ initial condi- 2-1/2r Ultiteste

tion

0.93/M/A N/A isolated Tripped 3.4 s after 12.8 MPa Yes/660 Baseline for 5'r Uill teste

| 0.93/0.90 8.7 Isolated Tripped 3.4 s aftei 12.8 MPs Yes/570 $r Ulli test; 4re core b pass flowe
3

i

: N/A/N/A N/A Isolated Tripped 3.4 s after 12.8 MPa Yes/825 Similar to Test S-UT-6 with lowerI
uppe r head by pas; llow(i.t r ) ande

other upper head modifications

M/A/N/A N/A Isolated then feed and Pumps off entire test Yes/950 Ultra small break without flPISbleed

N/A/N/A N/A isolated then feed and Pump off entire test No/ initial condi- Ultra small breai with flPISbleed tion

None N/A Secondary boil-off via Tripped 2 s after transient initiation Yes/825 Initiated by loss-of-offsite power; no
relief salves

ECC PORV primary bleed

None N/A Secondary boil-of f later Tripped 2 s after transient initiation Yes/830 Initiated by loss-of-offsite power;drained
with system recosery

1.2/I.2 N/A Isolated primary core Tripped 30 s after transient initiation Yes/56! Sr. SBlOCA pump suction break

Mot used N/A Secondary boit-off Tripped a' 0 s Yes/Il45 First station blackout test; no ECC
drained

Not used N/A Ikail-off/ drained Tripped at 0 s off at 60 s Yes/1144 Statio.- blackout; system heated
steam in vessel upper plenum thermo-
coup!e housing caused blowdown

Not uwd N/A Only a relief valve opera- Tripped at % s on SI signal No First steam generator tube rupture;tion for 600 s; unaffected
limited recovery

loop feed and steam on
loel

Na used N/A Only relief sabe opera- Tripped at 22 s on SI signal No 5-tube rupture with PORV operationtion for 600 s; unaifected
loop feed and steam on
loci

Not used N/A On!y relief valve opera- Tripped at 20 s on SI signa! No 10 tube rupture with complicated
-

tion for 600 s; unaffected
it op feed and steam on recovery insching pressurizer spray

lew!

#

$
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Table 1. (continued)>

! -

! ECC Actisation Prescure intact L
&lPa)

lleatLoss
"

Test Identifiera Confinuration B eak Sire / location N1akeun Techniuue llPIS__ AIS

S-U T-320 hiod-2A 2.5r /coldIcg None . 12.8/N/A ' 4.2/4.2e

-

S-UT-421,22 hiod-2A 2.5F / cold les Externalloop heaters 12.8/N/A 2.8/2.8e

S-UT-516,28,23 hiod-2A 2.5r / cold leg Externalloop heatm 12.9/N/A 2.95/2.9e

S-UT-624,25 Stod 2A Sr / cold les Externalloop heaters 12 6/N/A 2.8/2.8

S-UT-716,24,26 hiod-2A
*

Sr / cold leg Externalloop heaters 12.5/12 6 2.85/2.9e

S-UT-827'28 hiod-2B Sr / cold les Externalloop heaters 7.6/N/A _ 4.14/4.0e

S-NC-8829,30,31 hiod 2A 0.4r /coldleg Externalloop heaters N/A/N/A 4.14/4.14e

S-NC-929 33'32 hlod-2A 0.4r / cold leg : Externalloop heaters 12.4/12.4 4.14/4.14e

S-PL-233 hiod-28 Pressurizer PORV External heaters; aug- None None
mented core power*

75 kW

S-Ple334 htad-2B Pressuriier PORV Exterr:al heaters; aug- 3.5 /3.5 None
mented tore power
55 kW

S-PL-435 51od-2B Sr pump suction None 7.I /7.4 4.2/4.2e

S-TR 136 h!od-3 Pressurizer PORY Core power augmented None 4.1/4.1 (not
80 kW used)

S-T R-236 51od-3 Pressurizer PORY Core power augmented 8.7 intact loop only Not used
80 kW; reduced in
10 kW increments as
vesselliquid level
decreased

-SG- 137'47 hiod-28 |-tube / broken loop cold External heaters; core 12.5/12.5 Not used

%~ side power augmented 20 LW

'

CARD
S-SG-238'47 h1od-2B 5-tube / broken loop cold External heaters: core 12.5/12.5 ' Not used '

side power augmented 20 kW

Also Available On
Aperture Card

*

S-SG-339'47 Nfod-2B 10-tube / broken loop cold External heaters; core - 12.5/12.5 Not used
side power augmented 20 iW

,

1

'
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FACIL!TY DESCRIPTION

Five different versions of Semiscale were used io ences between the Ntods, are summarized in
perform small break loss-of-coolant experiments Table 2. A britf description of the various Afods
meluding: Afod-1, Alod-3, Alod-2A, N1od-2B, follow s,

and N1od-2C. Figures I through 5 give schematics
of these five mods, which represent a steady MOD-1
improsement in control and measurement of-

boundary conditions, scaling, and measurement of The NIOD-1 was designed to simulate the Loss-
phenomena. This section briefly describes the of-Fluid-Test (LOFT) facility that incorporated a
important characteristics of each of the Semiscale 1.68 m (5.5 ft) core and inactive components in the
Ntods. All of the Alods were basically two-loop, broken loop. This modification was designed to
including an intact loop that simulated three snaf- investigare desig:t basis accidents (200% double-
fected loops of a four loop PWR and a broken loop ended offset shear breaks of the primary piping).
that simulates the loop in which the small break Elevation scaling was practically nonexistent how-
loss-of-coolant accident occurred. Alajor differ- ever, an attempt was made to represent correct

A

sSteam
generator

Simulated g TypeI
steam
generator %-

i i,

1,i
Pressurizer +

.

Suppression tank Pu" '

Cold l~

leg 4

R( _) Hot<,;b
10 9 K
.W hk. .

, Hot leg .

W.
d #3 1-

})
Rupture
assembly

Bypass- -

loopj yb,s

6
+ Pressure ['

16-in. Cold vessel,

header leg (y %'

Bypass loop

Simulated
- pump y

.

52433

Iigure 1. Semiscale Ntod-l sprem for cold leg break configuration.
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A
v

v

"
.

w

W

.

Broken loop
steam
generator +
Type ||

Intact loop
steam generator
TypeI

\n
Pressurizer

1 \C IElVesse-l y
\
m Intact= -

'''loop
pump

qp < -

=

Broken 'P t ,

loop pump ggi
50ra _

~
#d Break

, assembly
k d c

- t,e

u
_

-

,

,- Pressuro
suppression%

header

Pressure e
suppression

--*
'

tank h -

Downcemer + .

assembly
.

5 2432

fi ure 2. Semiscale 3fod-3 9 stem for cold leg break configuration.F
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-

b
.

4

,.;

Broken loop Intact loop
Type || Type ||

Steam generator Steam Generator

Pump -

Pressurizer -.

a

5'Vessel '.

\ ie-
1rs q -

9 Instrumented spool
u

,
piece (typical)

-
- "
..

*; V :y
j.> c

'

Pump = : d
}h

,,

dw

'

Break condensing
Break assembly and measuring system

r

Downcomer
.)

.

' ~
"

- INEL 3 0424

f~igure 3. Semiscale Mod-2A 9 stem configuration.
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Auxiliary .
/ feed port

Lf
Auxiliary .

feed port
AFFECTED LOOP / Relief valve

(ADV)Rclief valve
(ADV)

y

jp-+-- Main steam
Pressurizer isolation valve

N
Main steam \p '

isolation valve s '

%
h UNAFFECTED LOOP

.

Stum generator=

Pressure
'

/= Feedwater'

~

Feedwater
''

- Pump
Tube rupture pi
break

'

,

assembly
''

| Instrumented
s

/ spool piece
,

' (typical)

Pump = p

J -j

e Effluent condensing .

"***' _ and measuring system

downcomer (typical)

8 -

5 2434"
,

l'igure 4. Semiscale NI<4211 sprem configura!itm.
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Broken loop
atmosphere dump /

Broken loop
pintact loopsteam line : ,

steam line

'

Broken loop V
steam domer Intact loop-

]
atmospheric dump

( valve (ADV)
Broken loop

"
Recirculation lines at n

valve (MSIV) Intact loop main
10 steam isolation

Y"i#"(MSiv)Density
I;8 washer

Type 111 steam (typical) ~ -Intact loop

generation Type 11 steam

MType ||1 generatordowncomer r

steam
generator PressurizerItl
*"

Pressure Intact
vessel- lil loopa

1 Pump 2" INTACT LOOPBROKEN LOOP
I

"

RI

U intact loop
,

feedwaterJ'
,

*[ Instrumented
'

'

( spool piece'

nM (typical)I-a
'

Broken loop Break 6- g
feedwater assemblys I Intact loop pump

suc n p sea 0
n hfBroken ;

pump
1 1 Blowdown valve

.

Condensing coils
. L ,

iim
Broken loop pump '"

$-suction (loop seal)

e
Vessel Condensed break
downcomer flow measuring tank 4 o4or

Figure 5. Semiscale Mod-2C sysicm configuration.
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Table 2. Comparison of Semiscale Mods
'_

Intact Loop Steam Broken Loop Steam
Facihty Nted Generator Generator inta :t I o00 Pt mp Broken 1.000 Pump Liectrically_lleated Ccre

_

N!od-l Type I; 54 to 5.13 m None; resistance simulator 12w rence pump Orifice; locked rotor 1.67 m (5.5 ft)actise Int.

(16.85 ft tubes)(n odels resistance only simulated length core: rods bre
LOFT facihty) extended out top of sel

vessel; masimum power
1.6 NtW;40 roJs with
PWR pitch and size

Ntod-3 Type I T> pe II; 2 tubes 1:1 ele- L aw rence pump fligh * peed sertical; 3.66 m(12 ft) length Int.
sation scaling bottorn suetion, side core; rods extended out bre

discharge locked rotor top of vessel; masimum sel
resistance norile at power 2.0 NtW; 25 rods
discharge with PWR pitch and size

f

Alod-2A Type 11;6 tubes 1:1 ele- Type II: 2 tubes 1:1 ele. Law rence pump liigh-speed sertical; 3.66 m (12 ft)lesqth Inta
sation scaling vation scaling (rtmoved for natural bottom suction side core; rods extended out broi

circulation testQ discharge locked rotor top of sessel; maximum sch

resistance nozz!c at power 2.0 N1W; 25 rods
discharge with PWR pitch and size

Alod-2 R Type !!;6 tubes 1:1 ele- Type II; 2 tute 1:1 elesa- liigh-speed vertical; Sarte as Ntod-2A Same as Ntod-2A Inta
sation scaling; scaled tion scaling; scaled rebel bottom suctio1; side sch
relief salses on sahrs on wondary discharge; locked rotor 3 it
secondaries resistance nozzle ai kior

discharge sch

pipi

Ntod-2C Type II; 6 tubes; i:1 ele- Tspe !!!; 2 tubes; external . me as Stod-2B St.me as Alod-2B Same as Alod-2B Inta
sation scaling d mammer; elaborate sch

separator; I:1 scahng; l-l -
extensne instrumentation; less
improsed secondary
wlume scaling

"%
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ici e Heat loss Makeun Dow neomer Vessel Urner llead Original Purpose of Facility
'

B ir sch 160; None Internal annulus in sessel: Nonc large break IDCA
l-1/2 in. no in-core densitometers

' bon steel

in. sch 160; Augumented core power External pipe with core / Contains ECC injection L arge break i OCA
l-1/2 in. dow neomer densitometers port; simulate a guide tube;
bon steel two simulated support

columns; surnort plate
separates upper head from
cpper plenum

s
in. sch 160; .%r ..ited core power and External pipe with corc/ Same as Niod-3 sariation in SGIDCA; natural circulation

1-1/2 in. external band heaters on dow neomer densitometers b> pass nne resistance using
! bon steel loop piping only (last valse; upper plenum / upper .

natural circulation test used head resistance varied
sessel heatcrs also)

4as a 2-1/2 in. Ileater tape oser both Same as Mad-2A Basically same as Nfod-3 SBIDC A; power loss;
! ons; mostly piping sesset; ne rand by pass line uwd orifice; anticipated transientsi

h pipes; broken heaters on suctions upper plenum / upper head without scram; steam

) a 1-1/2 in. resistance changed by generator tube rupture.,
Ing. Stost plugging support columns
Inless steel

1121/2 in. Same as Mod-:B S.ane as Moo-2B Same as Mod-2B; bypass Steam and feed line treak
) ten loop hne can be saried by chang- and further SBIOCA
f 160 all stain- ing orifice analysis

TI
APERTURE

CARD .

Also Ava- able On
Aperture Cant

-

gs ye t u Y 7 - of |
.

_ _ _ _ _ _ _ - _ _ _ _ _ _ - _ _ _ '



.

power to volume ratio and relative volume of com- head and downcomer inlet ar.nulus contained an
ponents. Heat-loss make-up was not available nor adjustable salve to set the core by pass flow rate.
needed because large break accidents happened
fast [about 30 s depressurization from 15.5 N1Pa t MOD 4B
0.13 N1Pa (2250 to 20 psia)]. Only one noncom-

'

municative (single-ended) 6% small break in Ihe
g nts to the heat loss makeup technique

cold leg was performed m this facility. and inclusion of a new high speed sertically ori-
ented intact loop pump characterized the Niod-211.

,

MOD-3 The heat low makeup technique changed from
band heaters to heater tape with a fairly uniform

, coverage of the tape (this was not possible with the
The Alod-3 represented a vast improsement in band heaters). The upper head to upper plenam

elevation scaling and tacasurement capability.1he flow path was changed by plugging instrument
system changed from one active loop (intau Imp) hales and drain holes that had been used on the
used for Niod-l to a true two loop system by inela- support column during Niod-2A testing. The
sion of a new fulllength active steam generator and bypass line between the sessel upperhead to down-
a new high specific speed active pump in the broken comer inlet annulus used fixed orifices to set a
loop. The facility was designed as a blowdown-

desired bypass flow.
refill-reflood facility to examine large break phe-
nomena. Prior to the accident at TN11-2 the facility
had only been used for that purnose. The major MOD-2C
improvement in measuremem capability was made
possible by Ihe use of an external dow neomer to the The NIOD-2C represents the current state-of-the-
irssel that allowed use of in-core gamma densitom- art facility for small break and anticipated transient

,

eters to measure local fluid conditions. Both during testing. Niod-2C includes a new Type til broken
and after the accident at TN112 the Niod-3 facility loop steam generator including correct 1:1 eleva-
was used to answer specifir small break safety ques- tion sealing, an external downcomer and correctly
tions such ts w hether to leave Ihe pumps on or turn solume scaled riser secondary volume. Using an-

them off iluring a diagnosed small tireak. The external dow ncomer allows better measurement of
N!od-3 facelity had no external heat loss makeup steam generator secondary hydraulic conditions
sy stem and used augmented core power for some of Juring transients.
the experiments to makeup for the large heat losses
from the atypically large surface area. The inclu- As these various Afods evolved, there was a
sion of a vessel upper head with a simulated guide 3teady improvement in measurement techniques.
tube and simulated support columns allowed simu- Specifically, the early N1ods used drag disks /
lation of small break LOCA esperiments with screens to measure break now; wherc.:s the newer
upner head injection. N1ods use condensing systems and catch tanks.

Improvements have been made in control and mea-
, surement of high pressure injection fluid into the

MOD-2A system. As the N1ods became more sophisticated,
scaled relief vahes were added to the steam genera-

Thc hlod-2A facility was t he first Semiscale htod for secondaries also with condensing systems and
to be designed to run specifically small break exper- catch tanks. The basic instrumentation in Semi-
iments. The inclusion of the Type II-full-length scale is common to all the Niods including pressure
steam generator in the intact loop (Nfod-3 used a cells, differential pressure cells to detern.ine liquid
short 4 m (13.1 ft) Type I steam generator in the lesel, loop and steam generator fluid and metal
intact loop) made possible almost complete 1:1 thermocouples, core heater rod cladding thermo-

*

scaling of elevation that is critical to natural circu- couples, and x and pray densitometers, turbine
lation type phenomena. For the first time, external meters and drag disks to measure flow (at least
band heaters were used on the loop piping to ofIset single. phase initial conditions).
heat loss l'.at is critical in a small-scale high pres--

sure facility such as Semiscale (the heat loss is on For nearly all the small break experiments, tran-
the order of the core decay heat for much of the sients werc initiated from full power operation with
transient). A bypass fir.e between the sessel upper pumps rum.:ng, core power on, the loop full of

13-



water and pressurized to l5.5 Nll'a (2250 psia) with All other NIods used quick opening blowdown
pressure controlled by using a steam bubble in the valves and blowdown noules. The breaks were
pressuri >er. Typical PW R eore differential tempera- mostly considered centerline pipe treaks as the
ture were used [35 to 39 K t63 to 70'F)] with a nom- nonle was concentrically centered. bble I lists
inal hot leg temperature of [595 K (610*F)). sariations in this. The references used in Table 1
Transients were initiated in several ways. Alod-l gives further details of these MODS and also lists *

t. sed rupture disks and scakd blowdown noules. the N!od associated with a given experiment.

.
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SUMMARY OF RESULTS FROM SEMISCALE SMALL BREAK
LOCA EXPERIMENTS (1979 to 1985) '

This section summarizes important results con- ery, and introduction of accumulator flow. The,

densed from all the sma!! break LOCA experiments causes of each of these inflection points are dis-
run in Semiscale. First, the signature responses for cussed below,

a variety of types of small breaks (centerlisie pipe
'

break, PORV leak, or steam generator tube rup- During a small break, as the primary system
ture) are discussed. Next, there is a discussion on loses mass out the break, the loop fluid changes,

small break issues that hase been addressed in the from subcooled conditions to saturation condi-
Semiscale testing including: severity of small tions. This change causes a large change in the loop
break accident relatise to break size and break loca- depressurization rate because of the start of flash-
tion; seserity of accident relatise to upper head to ing wheneser saturation conditions are achieved.
downcomer bypass flow; preferred aperation of the Figure 7 shows the system depressurization for a
primary coolant pumps during a small break; pre- 0.4ro SBLOCAa (the 0.4ro break is a very small
ferred use of upper head injection; and preferred break tnat accentuates the effect of reaching satu-
recovery procedures during a small break with and ration conditions on depressurization). The first
without compounding failures. Finally, interesting major inflection in pressure was caused by the
phenomena that has been identihed during the reduction in core pow er associated uith core scram
Semiscale small break experiments are discussed to the ANS decay curve. The temperature rise
including: core uncovery heat transfer; natural across the core (due to full core powers was sud-
circulation phenomena, and accumulator criatter- denly reduced upon scram resulting in a decrease in
ing phenomena. density of the subcooled loop fluid. The main.

'

result was a rapid increase in depressurization cor-
responding to the reduction in expansion of theGeneral S.ignature Response to a subcooled fluid. Primary pressure continued to"

Small Break Loss-of-Coolant decrease rapidly as subcooled fluid riowed out the
Accident break until about 130 s, at which time Guid satura-

tion conditians were achieved in the vessel upper
P ""* " t leg. W & pressurization rateThe general si nature response for three types oft
decreased at th.is pomt because flashing of hot leg

.

small break LOCA are discussed in this section.
The three types of small break are pipe breaks, flu d caused Ihe available iuid to occupy more vol-r

PORV stuck open (TMI type), and steam generator ume, thus retarding the depressurization rate,

tube rupture.
.

The next inflection point in depressurization rate

Pipe Break. A great sariet) of centerline pipe occurs when the vessel liquid inel reaches the hot

break experiments were performed in the Semiscale leg. T here is a temporary increase in depressuriza-

system toscring a large spectrum of break size, tion rate due to the two-phase natural circulation

location, and operation scenario. However. the sys- fl w rate increase and resultmg mereased conden-
sdn m in de steam generamr. Natural cintem signature response was similar for all these

experiments. The response for a typical 2.50o21,22 culation phenomena associated with small breaks

small break and a 0.4r,30 small break is used for will be discussed m a later section. This temporary

discussion proposes. increase in depressurization rate due to a two-phase
J

_

flow increase is not sustained because the system |

Following the initiation of a break, the primary pressure soon reaches the saturation pressure car-

system depressurization is continuous and repre- resp nding to the cold leg accompanied by addi- |
*

nal Da ung f hquid that again retards thesented by several definite inflection points in
depressurization rate. Figure 6 shows the primary
pressure response for a 2-1/2ro centerline small-

pipe break. On an os erall basis the major in flection
points in depressurization are caused by achiese. a. For the esperiment shown in f igure 7 core power was

wrarnrned at W s n a bw pmuum um and fiels was scariedment of saturation conditions for the loop fluid, about 120 s. The stearn generators were isolated by 115 s and
pump suction liquid seal clearing and break uncov- pumps were off at blowdown initiation.
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depressurization rate. Figure 8 compares the satu- level of the pool of broken laop fluid reaches the
ration temperature (based on primary pressure) to lesel of the break nozzle, the break How becomes
both the hot leg and cold leg fluid temperatures almost single-phase steam that greatly enhances the
showing that the timing of saturation conditions in depressurization rate. Visual observations also
the various parts of the loop correspond with the shew that liquid phase can be entrained into the-

major inflection points in pressure. nozzle even after the stratified steam / water inter-
face has passed the centerline of the nozzle.

Referring back to Figure 6, the break uncosery.

can have a large effect on system depressurization Figure 6 al<o shows the effects of accumulator
rate during a small break LOCA. Break uncosery is injection on system depressurization rate. Injection of
related to clearing of the pump suction seals that is accumulator fluid [beginning when the system prts-
discussed later. Figure 6 (typical 2-1/2*'s small sure was 4.2 Ml'a (609 psia)] caused a sessel reflood
break experiment with normal ECC parameters) of hot vessel structures and the core. The resultaat
shows a large increase in depressurization corre- steam generation tended to retard the depressuriza-
spending to break uncovery. During a small pipe lion process. The depressurization rate following ter-
break experiment in Semiscale a centerline pipe tear mination of accumulator injection was fairly slow
or rupture was assumed. Thus, the centerline ofIhe and steady goserned by an energy and mass balance
break nozzle was placed even with Ihe centerline of imohing, break Dow, core decay heat, H PIS, and pri-
the broken loop piping. Basically, the fluid in the ma.y to secondary heat transfer.
broken loop behaves in a stratified manner during
small breaks.a The fluid in the broken loop looks The slow steady depressurization period follow-
like a pool of liquid with steam on top. When the ing accumulator injection is characterized as a pet,

iod of boil-off of fluid in the core, two-phase flow
out the break, and a counter balanced inflow of*

a. This observation is supported by sin.al data. The sisual
obsen arions wcre made u ith an optical probe ar'd s ideo camera. fluid from the HEIS s}' stems. As lone as H PIS flow
The siew was on the centerline of the break. is greater than break flow during ihis period, core

.
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uncoserv and rod heatup did not occur prior to sp- tlashing also occurs Ihere. T herefore, as depressuri-
tem pressure reaching LPIS set points. Howeier in zation continues the depletion of liqwd in the sys-
the absence of lip!S tlow cere rod uncosery and tem is stratiiied with a top down soiding. Ilecat.se
heatup can occur before system pressure reaches of the geometty of the pump suctions a real of
LPIS setroints. .\laintaining IIPIS flow is critical water becomes trapped in the suetions forming a

'
to sesselliquid insentories during small break tran- plug for steam flow from ihe sessel around the loop
sients. For the small break example shown in to the break.a Since the core power is on decay
Figure 6 the HPIS rate about equated the break heat, boiling of liquid in the core produces steam
flowrate at about 1300 s, as shown in Figure 9. that has a pressurization effect. llecause this pres- - -

HPIS flow combined with accumulator flow at surization cannot be relined due to the pump sue-
about the same time resulted in a general filling of tion seat formation 6 team binding), both the sessel
the system, as shown in Figure 10. Also shown in liquid level and the pump suction liquid locl are
Figure 10 is the general filling trend of the sessel manometrically depressed and in some cases can
and dow neomer. lead to momentary core rod heatup. The manomet-

rie balance of heads in the loop is in r. quasi-steady
One of the most dramatie esents occurririg dur- state mode as more core steam generation expands

mg small pipe break transients is the formation of against liquid l'eads in the loop. As a resnit, both
liquid seals in the pump snetions of both loops. the liquid level iri the dow nflow side of the caction
This seal formation and esentua! clearing has a and s essel are depressed. Clearing of t he intact loop
large effect on sessel insentory and core rod suction of liquid can be emisioned as a steam /
heatup. Accompanying the early system depressur- hquid interface trascling down the downtlow side
ization there is subcooled fluid eser>where in the of the suction and up the upflow side in an orderly
system except the pressurizer. Farly in time the
pressuriier fluid flashes and the imentoty in the

,

pressuriier depletes. At the time the pressuriier
"~*'''P'"""""""#'""'"'" 8 "#" '''""'''"fluid depletes, fluid in the hot leg and primarv

- ing would onur for a hot leg bicak as won as the pathway from
tubes of the steam generator becomes saturated and seul to breat was clearia

.
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.

manner until cleared. The sessel lesel reaches a mary U-tubes and more importantly the amount of
minimum salue when the pump suction liquid level bypass flow between the sessel upper head and
reaches the bottom of the suction, as shown in Fig- downcomer, which is discussed later,
ure iI. The vessel lesel continues to invease until
clearing of the seal of liquid has been co.npleted. On many experiments the pump suction seal
Figure 12 is an illustration of system fluid dicribu- clearing and break uncovery (discussed under
tion just prior to intact loop seal clearing and Fig- depressurization response) occurred at about the
ure 13 illustrates the fluid distribution after the same time. As long as there was a suction seal, the
intact loop seal clearing. As an example, (show n in pressurization because of core boiling manometri-
Figure 13) the broken loop seal never did clear and cally pushed fluid up the downcomer and into the
some of the fluid from the intact loop and vessel co'd leg thus covering the break. Once the seal was
downcomer raigrated to the broken loop suction. removed the cold isg fluid was no longer held up
The important result of the intact loop seal cicaring and the cold leg fluid level relaxed such that the
was that there was a path for steam relief from the break uncovered. This lead to a more rapid depres-
vessel upper plenum to the break through the cold surization as seen in Figure 6.
leg of the intact loop that reheved the manometric
balance of heads around the loop. As part of this Two distinct types of vessel fluid depletions
head redistribution, the sessel liquid lesel occurred during small breaks for a variety of rea-
increased. During this occurrence the core was usu- sons. Regardless of t>pe of depletion, under nor-
ally recovered sufficiently to quench rod positions mal ECC operation no sustained uncontrollable

-

that had temperature excursions. For the break core heatup occurred for the break spectrum exam-
spectrum imestigated in Semiscale (0.4r to 10r ) ined in Semiscale testing (0.4 to 10r y,o o o

the pump seal induced core rod temperature excur-.

sion was not sustained and seal clearing always lead The first sessel fluid depletion and core rod
to partial recovery of core liquid lesel. The ses 'nty heatup occurs because of pump suction seal forma-
of ine sessel liquid level depletion during the seal tion. Figure 14 shows core vessel collapsed lesel
formation is influenced by liquid heads in the pri- and rod temperature response during a typical Id%

19



0 0i i i , , , ,

_.

2A
50 - ~~~- 3-

\

s[ Pump suction '

level (downflow) Pump suction level (upflow)-10 0 -

\ 7 cm (3 in) 7 cm (3 in)
\ - -60 _g--

3 -15 0
- N EE -

\ s
1 N g~

j -200 - ( j
R

N~\
-

a
a'-250

-

,Ay i10 cm (4 in)
, v.. n.v.i s._/ x - -iOOc

2
/ y

-300 d WN.\ ' '''''~' % .
''

360 -- \<
0 cm is cold leg centerline
-496 cm is bottom of core - -150

f I i 1 1 I iofQQ
10 0 125 150 17 5 200 225 250 275 300

Time (s)
WA9008911 a
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small break LOCA.16,17 1he seat formation and upper core thermocouple response for a 5%
depressed the vessel Inel and a minor core heatup Niod-2A break case 24,25 showing the gradual boil-
occurred. However, when the pump suction seal off of core collapsed liquid lesel and resulting core
cleared the entire core was again submerged ia rod temperature excursion. Only minor heating
enough liquid to quench all rod i eatups. AlthouFh occurred because accumulator activation quenched
pump suction seal formation and some vessel leet the core Ohe relationship between core level and
depression occurred for the entire break spectrum core heatup is discussed later).
encountered in Semiscale experiments with normal
ECC, only the 5% break experiment exhibit,cd suf- Another way core heatup can occur during small
ficient vessel liquid lesel depression to cause rod break transients is for the normal ECC delivery to
heatup. be interrupted. For instance on one small break

experiment (0.4%, break),30 HPIS was assumed to
The second sessel fluid depletion and core be disabled. Liquid imentory was maintaired suf-

heatup occurs during ihe period between pump seal ficiently in the sessel to present uncontrolled core
clearing and accumulator injection. The system neatup through the depletion of accumulator
depressurization is slow during this period and if tanks. After the depletion of accumulator tanks the
break flow is greater than HPIS there is a net out- relationship between depressurization rate and
flow of sessel liquid that can lead to core rod break flow was such that extensisea core uncovery
heatup. In the Alod-2A system with 1:1 elesation occurred before the system 1.PIS setpoint pressure
scaling the only experiment with normal ECC was reached. Core heatup and its relatiomhip to -

parameters that exhibited sufficient core boil-off to sessel imentory will be discussed in detail in a later
cause rod heatup prior to accumulator injection section.
was the 5% break experiment. 110 4 .er in the .

Niod 3 system with LOFTscaled steam generators
the 2.5% break experiment also exhibited some

a. operational rtquirements are ihai ciectrinore power was io
minor core rod heatup prior to accumulator injec- be tripped when the highest nwl temperature reAhed in~0 K
tion. Figure 15 compares core collapsc't liquid les el (I w ii
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In summary, as long as normal ECC systems are loss of the condensate feed pumps in the steam gen- !

aethated during small break 1.OCAs for the break erator secondary feedwater system. The loss of
spectrum 0.4r to 10ro no sustained core rod tem- these pumps induced the main feedwater pumps too,

t perature excursions are expected. trip, resulting in an electrical turbine trip and main
steam isolation vahe closure, loss of turbine and

TMI-2 Type Small Break. The accident at TMI-2 feedwater activated the ausiliary feedwater system
mvohed a primary system oserpressurization and a pumps; however, the auxiliary feedwater pump iso-
stuck open pressurizer power operated relief sahe lation vahes we.re inadsertently closed and ausil-
(PORV). The small break part ofIhe transient,Ihen iary feedwater vas not asallable until eight min into
is the flow of primary fluid through the stuck apen the transient. With the steam generators isolated
PORV. The transient at TMI-2 was initiated by a and full core power on, the primary fluid aserage

'
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temperature increased, resulting in Guid expansion ure 18. Opening the relief valves caused an immedi-
causing an oserpressurization. The PORY opened ate reduction in secondary pressure even though
at a high pressure trip 15.55 hlPa (2255 psig), how- core power continued at the initial value. The sa fety
ever, the primary pressure continued to increase salve was rescated at about 27 s causing a slight
because the rate of fluid expansion esceeded the pressurization of the secondary as the core power'

,

PORV flow rate for liquid flow. The core power was was now only on decay heat.
automatically scrammed when the primary pres-
sure reached 16.24 NIPa (2355 psig). With core On a long term basis the major occurrences that

* power off the primary pressure decreased as pri- effected the core uncovery were the termination of
mary Huid flowed out the strek open PORV. Even- IIPIS and termination of pump power. The pri-
tually the primary pressure decreased enough to mary pressure rapidly reduced to the loop satura-
activate HPIS at a system pressure of 11.03 N1Pa tion pressure accompanied by Hashing, retarding
(1500 psia), hov eser, lesel swell due to core decay the primary depressurization, as shown in
heat and HPIS tiow caused a filiing of the pressur- Figure 19. Following attainment of saturation con-
izer and HPIS was terminated to asoid fmther ditions the depressurization of the primary was
os erpressurization. The continued discharge of pri- slow and stayed bet 3 teen 6 and 7 Alpa (875 and
mary Guid eventually lead to loop pump head deg- 1055 psia) for the remainder of the transient. The
radation and power to the main coolant pumps was flow of fluid out the PORV vaused a mass inven-
terminated. This action coupled with a continued tory redistribution in the primary. Figure 20 shows
How of primary fluid out the stuck open PORV the filling of the pressurizer caused by suction of4

! resulted in core uncovery and core rod heat up. loop fluid created by the flow of fluid out the
PORV. The pressurizer was full by 1700 s and

The Semiscale Thll simulations 3 were per- remained full for the remainder of the transient.
formed in the NIOD-3 using a best estimate of the With a high pressurizer level, Thll-2 operators felt.

TNil boundary conditions. The overall response of justified in turning off HPIS as they thought the
the Semiscale system to the Thil scenario agreed system rvas liquid solid; however, voids were
well with what TNIl data was available. The follow- formed in the vessel (due to mass depletion from

"

ing discussion is divided into two par:s. The first the PORV Dow) that esentually lead to core uncov-
i part discusses the short term (0 to 60 s) response cry. Figure 21 compares pressurizer level, vessel lig-

and the second part examines the long term uid lesel, and core heater rod temperature showing
response (0 to 7000 s) leading to core uncovery. the ultimate effect of turning loop cooling pumps;

off in the Semiscale simulations. Wi;hin 600 s fol.
Figure 16 compares the Thll pressure response lowing pump trip, the core level begin boiling off

to the Semiscale response early in time showing (due to decay heai) eventually resulting in core rod
similar trends. It was not clear from the Thll data heat up. As long as the primary cooling pumps
v hether the code safety valves on top of the pres- were on, core power decay heat could be removed
surizer actually lifted, however, the Semiscale by way of comection to steam in the core, heat loss
valves did lift. Following opening of the PORV the in the empty steam generator, and loop piping.
system pressure continued to increase as the steam When the pumps were tripped the only possible
generators were isolated at time 0 with continued mode of cose decay heat removal was reflux con-
core power. Only a fter the core scrammed on a high densation; however, with Ihe steam generator see-
pressure t rip did the primary pressure decrease. The ondaries empty, reflux was ineffectise resulting in a
rapid decrease in pressurc occurring at about 21.5 s co;e boil-off and core rod heatup as shown in
started before the code safety vahe opened indica- Figure 21.

' tmg loss of core power alone caused the decrease,
however, the effect of closing the code safety vahe The break mass now rate out the PORV was
is readily apparent as the depressurization rate large enough to cause vessel voiding; however com-.

greatly decreased. The pressurizer level increased as pared to the entire primary mass inventory the
shown m Figure 17 due to primary level swell. The break flow was smtll as shown in Figure 22.4

steam generator secondary pressure rose to relief Between 2000 and 6005 s only 72 i g (158 lbm) out,

valve set points [8.0 N!Pa (1160 psia) in the Semi- of a total initial mass of 150 kg (3K)lbm)left the
scale Simulations] as core energy was transferred system; therefore had the steam generator second.,

~

from the primary to secondary fluid as seen in Fig- ary been active (feed and steam) renux could have

;
i

i
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~

provided long term core cooling for thousands of sa simulation also indicated superheat in the hot legs
without the use of primary pumps. Figure 22 also at about the same time as the TNil transient as
shows a large increase in break mass flow rate w hen shown in Figure 23. This indicates that the Semi-
the pressurizer filled with liquid. This corresponds scale correctly scaled such important parameters as
to the changes from two-phase flow to single-phase PORV flow, system volume, and core decay heat.
liquid flow.

In summary, a stuck open PORV such as
A core heater rod temperature excursion accom- # Curred at M4 is anomer Und of smaH Meak

. .

panied the core boil-off. In the Semiscale experi- accident involving a decrease in system mass inven-

ments core power was terminated on a high tory. The flow of fluid through the PORV caused a

temperature trip [1050 K (1430'F)]; however in the decrease of loop mass inventory as loop fluid was

TNil actual accident considerably higher tempera- pulled mto the pressurizer. The pressurizer once

tures occurred. Based on the heat transfer coeffi- filled remained filled for the entire transient even

cients in t he core for the Semiscale simulations core though ather parts of the loop were voiding. HPIS

cladding temperatures in excess of 2000 K (3140'F) w s disabled to avoid a hquid full pressurizer and

could have occurred in TNil. I'I*"'.y c lant pumps were turned off to avoid
cavitation. These two operator mduced events con-

During the TNil accident, the first strong indica- tributed to a core rod heat up with rod cladding

tion of severe liquid soiding in the core was esi- temperatures estimated to be in excess of 2000 is
(3140 F) based on Sem, scale heat transfer results.idenced by superheat in the hot legs. The Semiscale-

Steam Generator Tube Rupture. Steam genera-
ter tube rupture is another form of a small break,
as the tube rupture allows a flow of primary fluid.

a. RcGus condensation occurs w hen the sessel collapsed liquid out of Ihe system to the a ffected loop steam genera-
lesel is below the hot kg. and the steam generator tubes are tor secondary. In many ways, the tube rupture sig-
steam filled. Steam Fenera:cd in the core floas to th
prosided by ahe ucam penerator secondary w here u n, e heat unkcondensed D EP
and tiows bad to :he core, response discussed earlier.
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.

The occurrence of a tube rupture in the Semi- (Figure 25) at which time the primary depressuriza-
scale Niod-2B37-45 during typical PWR ty pe oper- tion rapidly increased. The increase in primary
ating conditions has a sery distinctise signature depressurization corresponded euctly in time to the

response. The system signature response can be interfacht liquid loel of the pressurizer reaching the
characterized by such parameters as primary and bottom of the pressurizer. When the pressurizer level

secondary system pressure, system liquid lescis, reached the surge line connecting the pressurizer to
fluid flow rates, and temperatures. The signature the hot leg there was a large change in the amount of

response is discussed for a time period of 600 s, solume for flashing of saturated pressurizer fluid. As
uhieh was assumed to include only automatically long as the interfacial lesel was abose the bottom of
occurring esents without operator action. A time the pressuriier and not in the surge lire, the volume
of 600 s was chosen to be representative of the time was high and promoted flashing, which in turn
required for an operator to identify the occurrence retarded the primary depressurization. When the
of a tube rupture transient. For discussion pur- interfacial liquid level depleted to the surge line idue
poses, a single cold side tube rupture in the Semis- to break flow), the volume of saturated hquid
cale system is used for this section.44 decreased which retarded flashing, resulting in an

increase in depressurization. Shortly after the pressur.

The tube rupture, occurring at 0 s, caused a pri- izer interfacial lesel cleared the bottom of the pressur-

mary system depressuri/ation and loss of primary izer, the low pressurizer pressure set point of
mass to the broken loop steam generator secondary 13.1 N1Pa was achieved, automatically causing con-

system. Figure 24 compares the primary and second- power scram to the ANS decay curve and the main -

ary pressures early in the tran.icnt. Primary fluid, steam isolation sahe (NISIV) closure on both steam
originally at 15.54 NIPa (2253 psia) llos ed through generators.

the conical flow tube break orifice int ( ihe broken .

loop steam generator secondary originally at Upon NISIV closure, primary to secondary heat
5.53 N1Pa (809 psia). The loss of mass from the pri- transfer m both the broken and intact loop steam
mary system caused a steady primary depressmiza- generators caused a rapid pressurization of the see-
tion until the pressuri/er emptied at about t = 134s ondaries, as show n in Figure 24. Prior to achiesing

i
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the low pressurizer pressure trip, both the intact, slight primary repressurization period (190 to
and broken loop steam generator secondary pres- 240 s), the primary presst.re first stabilized then
sure remained fairly constant as full core power was followed a slow depressurization but remained
remosed be way of normal secondary steaming abose the broken loop ADV set point for the entire
conditions through a full open NISIV. The energy initial 6(X) s period. This slow depressurization was

,

addition due to tube rupture break flow from the supported by a combined energy balance including
primary to broken loop secondary caused a negligi- safety injection flow, primary to secondary heat
ble rise in broken loop secondary pressure prior to transfer, break flow, and primary and secondary
NISIV closure. Following NISIV closure the pres- wall heat low. *-

sure rose quickly in both generator secondaries to
the atmospherie dump vahe (ADV) set point prev During the f;rst 600 s, only minor system mass
sures and the ADVs were cycled seseral times The soiding occu; red, as shown in Figure 27, whicha

secondary pressure soon leseled out below the ADV compares a primary unaffected loop steam genera-
set point as primary to secondary heat transfer was for tube collapsed lesel and the sessel upper head
reduecd due to a reduction in primary heat source collapsed level. The primary tubes remaincd essen-

,

alter core sersm. tially full and the sessel upper head lesel was
reduced from 421 cm to 375 cm (165 to 137 in.)

i Following core scram, the system primary pres- above the cold leg. Ilecause of the positise differen-
sure showed an increase in depressurisation rate tial pressure between the primary and broken loop
due to a shrinkage of the primary fluid caused by secondary, a positise break flow persisted through-
cool down (greater heat loss from primary to see- out the early period; honeser, safety injection flow,
ondary than heat input f rom the core). No major once initiated, was slightly higher than break flow
change in primary depressuri/ation occurred w hen rate resulting in a slight filling trend in sessel upper
the primary pressure reached the safety injection head lesel during the first 600 s, as shown in2 ,

i signal [12.51 Nipa (1813 psia)] that automatically I igure 27.
induced termination of power to the primary cool-
ant pumps, initiation of safety injection, termina- This basic signature response was found to be
tion of main feedwater, and start up of auxiliary typical for one , fisc , and ten-tube ruptures; only

*

feedwater to the secondaries. The elfects of the ihe timing of esents such as core scram, NISIV clo-
automatic safety injection esents were osershad- su e, and safety injection were dif ferent. In addi-

j owed by the rapid reduction of core power and tion, the signature response was found to be
resuhing primary fluid shrinkage due to primary- essentially identical for hot side and cold side tube
to. secondary heat transfer. Esentually, the primary ruptures. The fundamental difference for the break
system depressurization was sufficient for the hot spectrum studied was the relationship of safety
leg fluid to reach saturation conditions at about injection and break flow. For the fise- and ten-tube
220 s,(Figure 26). Flashing in the sy stem fluid then breaks, t he sessel liquid imentory was considerably
caused a major reduction in the depressurization less than for the one-tube case because of a much
rate. The primary pressure made a slight reemery higher break flow in relation to safety injection
between 190 and 240 s. This repressuritation was flow. At 600 s, the one-tube break had a system
caused by a combination of: superheated steam in imentory of about 87C ; the fise tube break had ano

the pressuriter due to heat transfer from the pres- imentory of 6(Fo; and the 10-tube break had an
surifer walls to the pressuriier fluid (Figure 26), inventory of $2r . Even though the sessel liquido

and the change from forced circulation to natural collapsed lesel was reduced to the top of the core
! circulation heat transfer in the steam generators during the ten-tube rupture and within 15 cm of the

that occurs as the primary pumps coast dow n. I ol- top of the core for the fise-tube rupture, no core
lowing pump coastdown, the core decay heat rod heatup occurred.
remosal mechanism was single. phase natural cireu-

,

lation and the magnitude of the flow rate is typical
of single phase results found presiously in Semi- SBLOCA Issues Addressed in
scale separate effects esperiments. Iollowing the SemisCale Experiments

,

'

lollowing the accident at T. Nil, a gieat number
a The sin u rono creoore n Jiuacm tor ihe imau toor of is,ues arme reWhc to smau Weak tom.-na broken imr beunne or meial mao salom innaense,
bencen the tu renaarors. cool mt accidents. The following issues relative to

,
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accident seserity hase been addressed by the Semi- The relationship between llPIS flow, core boil-
scale SBLOCA experiments: the effect of break off, and break Dow resulted in a break size of N5%
siic, the effect of break location, the effect of having the most severe core liquid level depression,
upper head to downeomer bypass flow, the pre- as shown in Figure 29. For the 5% break size, a
ferred operation of primary coolant pumps during core temperature excursion [ maximum core tem- .

a SHI OCA, the relatise merits of upperhead injee- perature 660 K (728'F)] occurred during core boil-
tion sersus nonupperhead injection during off and was mitigated by the introduction of
SilLOCA, recovery procedures from a small break, accumulator ECC flow, as show n in Figure 30. The
and the effect of compounding failures during a shape of core liquid level sersus a number of tube

*

small break. ruptures on Figure 29 suggests that a 6 to 7% break
might produce slightly lower sessel collapsed loels.

'

Effect of Break Size (pipe breaksk The soerity
of a small break loss-of-coolant accident regardless Break Location (pipe breaks). Three basic loca-
of break size can be measured by examining the tions for a pipe break were examined in the Semi-
amount of liquid uncoscry in the core associated .seale experiments, cold leg (between the pump
w ith a small pipe break. The central problem is how discharge and the sessel), hot leg between the steam
much core liquid uncoscry occurs prior to accumu- generator and the sessel, and the pump suction.
lator injection. Larger small breaks do allow more
system fluid out of the break; howoer the time to Niost small break transients experiments concen-
depressurize the primary system to accumulator set trate on cold leg breaks. This logically was based on
points is quicker resulting in a faster core reflood. the observation that the highest break flow occurs
During sery small breaks the break now can be on during the subcooled decompression and any phe-
the same order of the 11PiS How resulting in only a. nomena lengthening the duration of the subcooled
small net loss of mass in entory. There is a range of break flow should result in a maximum expulsion -

break size howe er, where the combination of break of system liquid inventory. During a cold leg break
now and ilPIS Gow result in core uncovery. This transient the cold leg fluid is initially nominally
range was determined to be 2.5 to 10%; therefore, about 37 K (67'F) cooler than the hot leg. The

,

these breaks were examined in the bulk of Semi- break flow in the cold leg remains subcooled liquid
scale testing. until the cold leg saturales, which occurs a signifi-

cant time period after the hot leg saturates. In the
! The soerity of a SillOCA is directly related to hot lg break, the hot leg is one of the first compo-

the depressurization rat:. The sooner accumulator nents to saturate thereby changing the break flow
and 1.PIS pressure setpoims are reached the sooner from a high density subcooled flow to a relatively
a mass imentory increase can occur. The pressure low saturated flow thereby keeping more fluid in
response is directly related to break uncoscry, the system longer. Figure 31 compares the system
which is coupled to pump suction seal clearing as mass inventory as a function of time for hot leg 7

8discussed earlier. Figure 28 compares the depres- and cold leg ,9 breaks (2.5% break experiments)
surization rate for 2.5.22 5,25 and 10%17 small confirming that the hot leg breaks allow more mass
break LOCAs performed,in the Semicale Niod 2B. to remain in the system. In addition, with a hot leg
All experiments achiese saturation conditions break the steam binding problem and resulting
within a few seconds of each other; howoer, major manometric core liquid loel depression do not
differences in time to accumulator setpoint occur occur as Ihe relief path from Ihe core to the break is
largely because of different times for pump suction not blocked.
seal clearing (at 60,200 and 425 s, respectively for
Ihe 10, 5, and 2.5% break). Remming the seats ~1 he response of a 5% pump suction break 35 was
causes a break uncovery t.nd faster rate of depres- found to be scry similar to the response of a 5%
surization as primary steam rushes out of the loop cold leg break. Such phenomena as depressuriza- .

through the break. IIPIS flow was less than break tion rate (Figure 32), seal formation, and break
flow for the examples show n in I igure 28; howoct, unemery are similar for pump suction breaks and
ilPIS flow has a bigger effect in maintaining loop cold leg breaks. Figure 33 compares the sessel col-

,

j mass imentory for the 2.5 and 5% break than the lapsed liquid level showing almost identical liquid
; 10% break. For instance, the I PIS about equaled levels for pump suction breaks and cold leg breaks.
| break flow for the 2.5 and 5% break cases at 1300 The fluid demity in the pump suction and cold leg
. and 1500 s, respectisely while the 10% break now are sufficiently similar to allow similar break mass

was always higher than llPIS flow. flow.i
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.

Effect of Downcomer to Upper Head Bypass the core level deprenion was greatly enhanced for
Flow. Commercial PWRs hase an initial core the lower bypass llow case as shown in Figure 34.
bypass from the downcomer inlet annulus to the For the low bypass flow case the severe core level
upper head varying between 0.4 and 4% of vessel depression lead to a core rod heat up that was miti-
core maw now rate. During a small break transient gated by Ihe loop seal elcaring (indicated in .

the formation of liquid seals and resulting core level Figure 34 as an inercase in core liquid level). The,

depression can be greatly affected by the amount of sessel primary depressurization rate was not greatly
core bypass between the downcomer and sessel affected by a different core lesel depression, as

,

upper head. As discussed earlier, core decay heat shown in Figure 35. Both experiments showed an
produces steam in the core that has a pressurization increase in depressurization rate awociated wit h the
effect in the vessel upperhead and hot legs because pump seal clearing and core uncosery as discussed
of the liquid sealin the pump suction. As Ihe pres- earlier. The 1.1% core bypass case showed a faster
sure builds up, both the dow nflow side of the pump core boil-off rate following ihe pump suetion seal
suction and core liquid lesel are depressed. A facil- elearing (Figure 34). This is partly attributed to a
ity with a higher bypaw flow (lower hydraulie slightly higher secondary pressure and thus lew
resistance between the upper head and downcomer effective heat sink for the 1.1% bypass case (see
inlet annulus) can minimite the core boiling Figure 36); nevertheless accumulator pressure set-
induced prenuritation effect because of an points were reached in both esperiments resulting
enhanced steam relief path to the break. in a mitigation of core heatup, as shown in;

Figure 37.
To address this issue, two 5% SillOCAs were

performed in the Semiscale .\ lod.2A with nearly Effect of Pump Operation on Small Breal Phe-
identical boundary conditions but with different nomena. Pump operation during small break
core bypass flows. One esperiment had a core I.OCAs affects the system depressuritation rate -

bypass flow of 4.0%24,25 and the other 1.1%.28 and primary system coolant in entory by influene-
lloth esperiments showed the usual pump suction ing eonditions upstream of the break. Ilreak experi-
seal formation and core level deprewion, llowever, ments of 21/2% involving both pumps on and ,
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l'igure 35. Venel upper plenum pressure for a .8 and 1.I''o core by pass flow (5''e cold leg break)..

pumps off were performed in both the Semiscale The IOFT experiments showed that more mass
7N!od-3 and the LOFT facility. For the pumps off remained in the system during the transient with

case, the pump power was tripped at the low pri- the pumps off,
mary pressure trip [(12.48 N1Pa)(1809 psia)]. The

i combined results of these experiments showed that Considering the whole small break transient, the
turaing the primary pumps off at a low pressure trend found in the LOFT data for more mass reten-
trip tended to maximize the amount of primary tion for early pump trip wa> not repeated in the
coolant remaining in the system. As an additional Semiscale simulations, as shown in Figure 38. Not
combined result of Semiscale and LOFT esperi- only is the relationship of system mass retention for
ments, injection location has as large an affect as pumps on or pumps off not the same for Semiscale
pump operation. and LOIT but the magnitude is considerably dif-

ferent. First, the Semiscale system mass retention is
During the IOFT small break experiment with relatisely independent of pump operation. The

the pumps off, stratif;eation of fluid occurs in the Semiscale pump degradation in two-phase condi-
syuem with steam at high points and liquid at low tions is much higher than the LOIT pump (which
points. Consequently as the blowdow n progresses, more closely simulates a PWR head degradation).
the cold leg soids in a stratified manner. Esentually When Ihe Semiscale pump is left runnmg during
the break uncosers and the break flow becomes the small break, the capability to impart energy to

*

mostly steam with little mass esruision. Iloweser, the fluid is so degraded that it behases as if
when the primary pumps are left running in the stopped, it would be expected then that the 1.0FT
LOFT system during a small break transient, the pumps off ease would agree with either the Semi.
fluid in the cold leg tends to be on the aserage a scale pumps on or off case; honeser, the compari-.

higher density homogeneous misture caused by the son is also not close. Figure 38 shows that the
churning effect of the pump operation. This higher magnitude of the amount of mass retained in the
density fluid allows for a higher break flow and LOFT pumps off experiment was comiderably
thus a more rapid depletion of sptem imentory. greater then either of the Semiscale esperiments.

'
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(

This difference had nothing to do with pump oper. LOFT results clearly show that the pumps offease
ation but rather with ECC injection location. In the resulted in more mass retention; howeser, the tests
Semiscale experiments ECC was injected in the involved downcomer ECC injection which mini-
cold leg just upstream of the break and in the i OFT mized the effect of ECC on fluid conditions
experiment ECC was essentially injected into the upstream of the break. The Semiscale experiments
dow ncomer. Ily injecting fluid just upstream of the demonstrate the importance of ECC on upstream
break the fluid density at the break temained high Guid conditions but due to a too rapid degradation
resulting in higher break flow rates. For the LOFF in pump operation the energy tramfer to the fluid
experiment with pumps off, ECC fluid had little due to the pump does not correctly model commer-
effect on fluid conditions just upstream of the cial PWR behasior,
break and comequently on break flow; therefore
the system man depletion was governed by a strati. Effectiveness of Upper Head injection (UHl)
fied removal of fluid. In Figure 38 the Semiscale During SBLOCA. A series of SillOCA experi-
pumps offease actually showed less mass retention ments was conducted in the Niod.2A to imestigate
than the pumps on case. This was became with the the influence of upperhead ECC injection on tran-
pumps on, cold ECC was mixed with system fluid sient response.I8 Sescral commercial PWRs
and forced to the break location, thus presenting a employ this ECC technique that was primarily
higher demity fluid at the break promoting a designed to offset large break tramients; therefore,

*
higher break flow. In short, the importance of ECC the Semiscale experiments are designed to investi-
injection location in these Semiscale test results was gate the effectiseness of Ulit impact. For a saricty
greater than the effects of the pump operation. of break sizes (2.5,5, and 10%)it was found that

the effect of Ulli injection on the transient signa-*

In summary, the I.OIT and Semiscale results ture response was minimal. The estra coolant man
regarding pump operation during a small break injected, during the Uill experiments was almost
iOCA are contradicting but when combined help exactly offset by an increased break discharge. Ila- I

to understand which pump operation maximizes sically Util involses accumulator injection at
system maw imentory during the transient. The 8.6 N1Pa (1247 psig) primary pressure with a total
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solume of water injected equal to approximately increased by an amount equal to the Ulli injected,
the sessel upperhead. resulting in similar mass imentories for the two

cases. Figure 41 compares the integrated break
The overall depressurization signature was only mass flow showing an increased break flow for the

slightly affected by the presence of Ulti as shown Ulli cases. Aho shown in Figure 41 is the total -

on Figure 39. This was because all of the usual mass of Uill that about equals the differentialin
| small break phenomena such as pump seal clearing integrated mass flow for Util and non Ulli experi-

and break uncosery occur also for tests imching ments. The reason for the increased break flow was .

Ulit. For all break sizes, there was a slightly higher a longer time to break uneosery and inercased sub-
depressurization rate during the period of Ulli cooling at the break. Figure 39 showed that break
injection. This higher rate resulted from the con- uncosery was delayed for the Ulli experiments
densation of sapor by the cold accumulator water (increased depressurization associated with break
[(injected at 8.6.\lPa) (1247 psia)]. The sessel uncosery). Iigure 42 indicates that the sessel col-
upper head remained at a higher collapsed liquid lapsed liquid lesels are essentially identical follow-
lesel during the period of Ulli injection as show n ing sewel accumulator injection for all break sites.
in Figure 40. The refilling of the upper head start- It is significant to point out that during the period)
ing at about 220 s for the Sr break case is awoei- of minimum core level for the worst case breake

ated with pump seal c! earing and rapid decrease in (5Co case), Ulli caused an improu ! margin for
primary pressure. This caused an increase in the core cooling, as shown in Figure 42 even hough the
differential pressure between the upperhead accu os erail mass in t he system was identical as indicated
mulator tank and the sessel upperhead rapidly in Figure 41.
increasing the flow into the upperhead until accu-
mulator depletion. Esen though the upperhead Operator Recovery Procedures During
drain characteristics uere different for Ulli and SBLOCA.1)uring a SilLOCA a PWR operator has *

non-Ulli experiments the overall sy stem imentory a variety of means asailable to recover the plant.
was similar at any point in time, llreak flow was Operators can control primary pressure by using:

.
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400 (accumulator, LPIS) pressure set points [6 7 N1Pa, , , ,
_

j: UH! :| (870-10l$ psia)l, while the vessel inventory
depletes due to an overall system mass redistribu-

T 2.5% breake 3 tion (recall in the discussion of TNil signature
( * * . ,

"" 888$"*I i resp nse the pressurizer filled with liquid and the+

8
j200 -

'

2A # e e u ng ca operatm

'.
- 76 '.i _

(s-UT sh { action is required to assure safe reactor response,.
-

Mod-2A Semiscale investigated the relative effectiveness of*
, .,

3
such recoscry procedures during the steam genera-Uncertainty i

*10 cm (4 in) \, for tube rupture test series. Recosery included pri-
mary mass inuntmy control and loop fluid

i;
' 'O O

subcooling control. Normal recos ery combinations
400 , , , ,

_ suggest.d by ty pical United States PWR emergency

[2 UNI :| 5% breake operation procedures were followed. These
- sesenne included unaffected loop feed and steam, using

E IS-UT-e - 7 atmospheric dump vahe and auxiliary feedwater,( 'N U$f-2A| primary system feed and bleed, using pressurizer
j 200 - \ Gj,Tij- 76 j PORV operation and safety injection; pressurizer

2
3 g g auxihary spray; pressurizer mternal heaters; and SI
} \ operation. During the Semiscale tube rupture
"' g

i \, experiments conditions changed from subcooled
\ conditions (prior to the break) to saturation condi-,,

' ' tions and then back to subcooled conditions as the
'

0
! O-

operator used the various techniques to control
400 i i i i _ 33, inass imentory and subcooling. This type of behav.

|+-UHH 10% breaks ior can be observed on plots called ATOG (Abnor-
.. - sesenne mal Transient Operation Guidelines) plots. As an.

_

E tS-UT 1: I example, Figure 43 shows a typical ATOG plot with,

i I, _$$f2A) 5 the transition from subcooled conditions at full
j 200 -I - 75 power, full flow conditions through the transient,
3 2 back to subcooled conditions at natural circulation

*
> .

j f and pumps off.
i

.

.
.
*
.

I"""~b " " ' " ' " " Starting from subcooled primary system fluidO O
0 10 0 200 300 400 500 conditions [approximately 22 K (40 F)], the tube

Time efter ruptura (el rupture event occurred, resulting in a rapid depres-
surization to saturation conditions. For this experi-

figure 40. Collapsed liquid lesel in the vewel upper ment,4 I it was assumed that the operator identified
head for 2-1/2. 5, and 10% breaks with that a tube rupture had occurred early (about the

i and without UHl. time the system fluid achiesed saturation condi-
combinations of secondary feed and steam, manu. tions). Fohowing normal emergency procedures,
ally operated HPIS (ECC injection), primary feed feed and steam of the unaffected loop steam gener-
and bleed, pressurizer heaters, and pressuriier aus- ator was initiated while Si and tube rupture break
iliary spray. flow continued. Esentually, SI flow was greater

than break flow, allowing a net positise influx of
During a loss of primary coolant, because of a system mass that caused a compression of voids in

-

cold leg break for the break spectrum 2.5 to 10%, the system. The operator would observe this on an
normal automatic recovery procedures are found to ATOG plot (Figure 43) as an increase in loop sub-
be adequate. Low pressure injection (LPIS) set cooling, as the void compression increased loop, ,

points can be reached without uncontrolled core pressure but not temperature. S: nee the primary
uncosery. Ilowever, for ultra small breaks such as 9 stem loop and affected loop secondary were
occur for PWR stuck open PORV or steam genera. hydraulically coupled by way of the break and, fur-
tor tube rupture (on the order of 0.4%), the pri- ther, since Si had increased primary system pres-
mary pressure can remain well above ECC sure, the affected loop ADV cycled sescral times,

41
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l'igure 41. Integrated break mao llow for 2-1/2,5, and 10% breaks wit'h and without Ulit.
.

maintaining primary pressure at the affected 'oop The Semiscale experimentai results show that the
ADV serpoint. Nicanwhile, continued feed and effectiseness of pressure control and loop cooling
steam in the intact loop increased primary fluid due to unaffected loop feed and steam is dependent
subcooling. To eliminate escewise affected loop on the hydraulie state of the loop, which is depend.
ADV cycling and potential atmospheric release of ent on the number of tubes ruptured and the natu-
secondary fluid, SI was terminated, thus remming ral circulation mode.47 For instance, a single-tube;

I the compressing effects on system soids. The pri- rupture Icases the system in single. phase natural
mary system pressure then dropped, decreasing pri- circulation at Ihe end of the operator diagnostic
mary fluid subcooling, w hich remained above 22 K period, whereas Ihe rise-and ten-tube rupture cases
(40'F). Since primary system prewure was below with more system voiding leave the system in the
the affected loop ADV setroint, potential affected refhn condemer mode. The feed and steam opera-

| loop secondary fluid release to atmosphere was no tion has a large ef feet on primary system pressure if
longer a problem. An operator could plot progrew the primary system is in a more soided state, such
during a transient on similar ATOG plots and as occurs with a fise-tube rupture esent; howeser,
immediately ascertain its effect on primary system for a single-tube rupture, the rate of pressure
pressure control and primary fluid subcooling, decrease due to feed and steam is slower, as shown I

in Figure 44. lor the single-tube rupture case, the
increased steam generator heat sink increased !

The effectisenew of the sarious reemer> tech- primary-to-secondary system heat transfer by .

| niques were awessed using the Semiscale Niod-211 increasing the differential temperature acrow the
' tube rupture transients. The following discuwion t ubes. The increased heat transfer caused a primary i

includes the etfectisenew of steam generator feed system fluid temperature reduction w hich increased
and steam on prewure contiol and loop cooling, shrinkage of fluid in the system. f or the fise- and

,

primary feed and bleed for imentory and prewure ten-tube rupture cases, the initiation of unaffected
control, prewuri/er ausiliary spray for prewure and loop feed and steam increases the condensation in
imentory control, prewurieer internal heaters for the primary sprem tubes. The maw rate of conden-
prewure control and safety injection for imentory sation is proportional to the differential tempera- I

and prewure control. ture aerow the tubes, and the sptem prewure is
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proportional to the mass rate of condensation; the inflow of primary loop liquid mass, the effec-
therefore, the increase in differential temperature tiveness for pressure reduction is reduced. A drop-
caused by the feed and steam operation increased let of auxiliary spray water is more likely to reach

| the depressurization rate. the pressurizer liquid pool without reachiag satura-
| tion temperature by steam condensation if the pool*

PORV operation along with SI is effective in redue- level is higher. The initial spike in pressure upon
ing primary system pressure below affected loop relief spray initiation is attributed to steam and wall
valve setpoints; howeser, there was a significant sys- superheat as the subcooled spray drops evaporate.

tem mass inventory redistribution as shown on upon contact with the fluid and walls. The evapora-
Figure 45.47 Upon initiation of PORV operation, tion of drops causes a pressure increase due to the
primary system Guid was transperted to the pressur- solumetric increase invols ed. Once the superheat is
izer from other parts of the system and esentually remosed continued spray causes an effective pri-
filled the pressurizer. The primary source of the fluid mary pressure reduction because the droplets
filling the pressurizer was the sessel. This is a similar remain liquid and condense saturated steam.
response as was discussed for the TMI-2 stuck open
PORV accident. The effectiseness of PORV opera- Pressurizer internal heaters are ineffective for
tion for reducing primary system pressure decreased increasing primary system pressure during a single-
as the liquid level in the pressurizer increased. Once tube rupture in Semiscale, as show n in Figure 47.47
the pressurizer filled, open PORV had only a small As long as SI was off bubble formation in the pres-
effect on primary pressure control. This is because the suriier due to heater operation could not offset the
primary fluid solume reduction due to PORV liquid fluid volume lost due to tube rupture break flow. j
flow is much less then the volume reduction from The net result was no compression of the primary |

steam flow that occurred during early pORY opera- fluid and thus no net rise in primary pressure.
tion.*

The use of Si in a nearly full system causes a
Pressurizer auxiliary spray is effective in reduc- compression of steam spaces and a primary system

ing primary pressure as long as the pressurizer pressurization.47 The primary system pressuriza-,

maintains a steam space as shown in Figure 46.17 tion due to SI increases the subcooling in the hot
As the pressurizer fdis with condensed stcam and leg. Termination of SI during a tube rupture causes
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a lowering of primary system pressure because the rod heat up started a' about 1200 s with the pri-
continued break flow expands the soids in the sys- mary pressure well abos e the accumulator set point s
tem. Figure 48 shows that the prewure decrease pressure of 4.2 NIPa (609 psia). For this particular
accompanying the Si termination followed the per- esample the operators initiated a rapid unaffected
feet gas assumption. loop feed and steam of the secondary that eventu-.

ally brought the primary pressure to accumulator
"#I "" "" I *"" * * ^##" * "I # * #""'#Compounding Failures During Small Break. A quid les el as show n on h. "partialinercase of core h. g-great sariety of compounding failures concurrent-

ure 50 and mitigated the first rod temperature
with a SBIOCA can be emisioned. 5eseral exam- .

ples of the compounding failures were examined m. escursion. At about 3500 s a second core heat up
occurred due to continued core liquid boil-off. TheSemiscale testing. Already discussed was the TNII
primary depressur.ization rate at this time wasstuck open POR\,, a failure that was the small

Mly zero and accumulator pressure and pri--

break; howact, this section discusses compound-
* 'IE*""* #N"" * "

."E
" " ##" * "'ing failures that were investigated in Semiscale dur-

ing a small break. C,ompounding failures for two lator flow and the core simply boiled off.
Nicanw hile, the steam generator secondaries boiled

types of small breaks were examined (pipe breaks
dry and the operators then used the PORV to stim-and tube rupture breaks).

late a primary depressurization to induce further
accumulator flow and eventually reach LPIS set-

Compound failure During a Pipe Break. Semiscale points. The PORV flow decreased the primary
imestigated a sery small(0.4r ) cold leg break uith pressure and stimulated a net positise flow of accu-o

a complete loss of high pressure injection flow as mulator water into the primary that caused a vessel
the compounding failure. In this esent, core liquid liquid filling trend and turnaround of core heater
level boil-off and core heat up occurred due to rod temperatures. Once the accumulators ran dry.

decay heat before accumulator injection pressure the core rod temperature again increased and the
setroints were reached. For this extreme case (no core power was manually tripped at about 945 K,
H PIS), operator action was required to mitigate the about the time the I.PIS pressure setpoint was,

core rod heat up as shown in Figure 49. The core reached.
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Compounding failures During Tube Rupture. Com- dary). If SI were present other means could be used
pounding failures examined during tube rupture (such as PORV flow) to lower primary pressure
included stuck open affected loop ADV,42 stuck below relief vahe setroints. Recovery procedures
open PORV,44 complete loss of on and offsite started et 600 s after tube rupture with an unaf-
power (no H PIS),43 and a main steam line break as fccted loop feed and steam to maintain a 5.72 NIPa.

an initiating event with a tube rupture.45 For all the (829 psia) primary pressure (which is below the
compounding failures examined in the Semiscale affected loop ADV pressure setpoint) that isolates
experiments, normal recovery procedures (as dis- the affected loop secondary from atmospheric

,

cussed in the presious section) acre adequate to release (see Figure S I). Next, a more intensive unaf-
preclude any core heat up during the tube rupture. fected loop secondary feed and steam was started to
As an example, the complete loss of on and offsite reduce primary pressure below the affected loop
power case is discussed, which is the worst case pressure thus inducing a back flow of affected loop
(maximum core uncovery). For this experiment (a secondary fluid to the primary. The primary pres-
5 tube rupture) seemery procedures imohed only sure decreases during this feed and steam operation
unaffected loop feed and steam using ADV steam because of increased condensation in the primary
flow and auxiliary feed with a complete absence of tubes and the secondary becomes a larger sink with
SI (HPIS). Without some coerator action to lower feed and steam. Figure 52 shows the primary and
primary pressure below affected loop secondary affected loop secondary pressures showing the sud-
relief vahe setpoints, primary to secondary break den decrease of primary pressure below t he affected
flow would eventually fill the affected loap secon- loop secondary as the feed and steam operation
dary and the pressure would equilibrate between started. Since primary pressure was lower than
primary and secondary. The problem is that the affected loop secondary pressure a back flow of
pressure would equilibrate above affected loop secondary fluid through the break to the primary
secondary relief sahe setpoints thus indirectly occurred, as shewn in Figure 53. The reverse break-

opening the primary to atmosphere (because of the flow esentually caused a filling of the vessel level
hydraulic coupling between primary and secon- also shown in Figure 53. Aleanwhile the primary

.
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pressure continued to decrease to the accumulator the point that the primary pumps speed is zero, any
setpoint pressure [4.24 AlPa (615 ps:a)] without core heat removal from the system is accomplished
core uncosery or core rod heat up. In short, the by natural circulation. Therefore correctly model-
compounding failure of a totalloss of SI due to a ing this behavior is important to calculating the
loss of both on and offsite power was successfully overall severity of a SBLOCA.*

mitigated by operator induced feed and steam of
the unaffected loop generator. Separate effects steady state testing in the Semi-

scale facility indicated that the loop natural circula-
-

Phenomena Associated With 'i " * d' " * I '8'lY d*P'"de"' " 'Y5'' * * SS

SBLOCA inventory and only slightly dependent on second-
ary mass inventory. This trend was also observed
during SBLOCAs in the Semiscale system. During

Due to the unique nature of SBLOCAs sescrat a sery small break experiment (0.4% cold leg pipe
phenomena occurred presenting a challenge to break)30all of the major modes of natural circula-
state-of-the-art computer calculational ability. tion were obsened including single-phase, two-
Phenomena of interest includes: the change from phase, and reflux as the system mass inventory
forced flow to natural circulation as the primary decreased because of break flow. For this experi-
pumps coast down accompanied by a net less of ment no llPIS was used resulting in a continual
primary mass inventory, core un:osery heat trans- decrease in system mass inventory. Figure 54 shows
fer, and accumulator flow chattering. the characteristic primary pressure response associ-

ated with a 0.4% SBLOCA including a rapid
Natural Circulation Phenomena During depressurization associated with core scram and an
SBLOCA. Natural circulation is an important heat overall decrease in depressurization associated with*

removal mechanism during a SBLOCA. Power to the entire system reaching saturation conditions.
the primary pumps is terminated on a low pressur- Due to the very small break a natural circulation
izer pressure trip and the pumps quickly coast phenomena not usually obsened during a small
dow n (on the order of 30 to 50 s) to zero speed. At break was the sudden increase in depressurization

*
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i

rate (at 300 s) as the hot legs uncovered, as show n in flow rate increased and esentually peaked. As fur.
Figure 54. This increase in depressurization corre- ther mass was expelled, the loop mass flow rate
sponds in time with the change from single-phase decreased due to soids coming oser the top of the
natural eirculation to two-phase natural circulation steam generator tubes, thus reducing the overall

*

as esidenced by the downcomer flow increase, as density gradient in the loop. Bentually, enough
shown in Figure 55, With two-phase natural circu- mass was expelled from the system that fluid in the

,

: lation steam bubbles are condensed in the steam intact-loop steam generator depleted (see
generator causing an increase in depressurization Figure 57), leading to a reflux conduion in the -

rate. The condensation process is supported by a intact-loop steam generator. Reflux was sisually
lower secondary pressure than primary, as show n in observeda to begin at about 825 s in iheintact loop,
Figure 56. Referring back to the downeomer flow but did not occur in the broken-loop steam genera-
(Figure 55) there was a temporary increase in for until much later (1900 s). The broken-loop nat-
downeomer flow starting at about 120 s. This cor- ural circulation behavior (which represents the

i responds to the point in time when the pressurizer broken loop of a four-loop PWR) was generally

| empties of liquid. Steam from the pressurizer decoupled from the intact-loop behasior (which
entered the hot leg where it mixed with the ongoing represents three unbroken loops of a four-loop
two-phase mixture inducing a temporary larger PWR), as shown in Figure 58, which compares
density gradient in the loop leading to a momentary mass flow rate in the intact loop, broken loop, and
increase in dow ncomer flow. downcomer. The two-phase peaking in the intact

loop occurred at about 390 s w hile the broken-loop
As more coolant left the system by way of the peaking did not occur until about 650 s. The dow n-

break, the density gradient between fluid in the comer mass flow rate as a function of system mass
upflow side of the steam generator, hot leg, core, inventory for the transient blowdown case and the

,

and fluid in the dow nflow side of the steam genera-,

tor, pump suction, cold leg, and downcomer
increased, leading to increased primary loop flow * m Vismi obsenations were made with optical probes near the

,' ~As the soiding became more pronounced the loop bouom or ihe siearn generator tube sheet.
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steady state two loop case is similar, as shown in bleed as a recovery operation. The steam generator
Figure 59. Besides the nature of the experiment feed and bleed increased the condensation poten-
(steady state versus transient), the main difference tial in the system, w hich precipitated an increase in
in these two systems was the inclusion of the pres- depressurization rate, as shown in Figure 54. This
surizer mass for the transient case. Inclusion of the increased depressurization rate caused the accumu-
pressurizer mass resulted in a departure from lator pressure setpoint to be reached more quickly.
single-phase type values at a much lower system Later, after accumulator flow had depleted
mass inventory because the hot leg uncovered at a (about 5000 s into the transient) reflux cooling in
lower percentage of total system mass inventory. the intact loop (visually observed) . supported by

steam generator auxiliary feed and bleed main-
The main heat rejection mechanism in the system tained the core level and thus core coolability esen

during the first 1000 s of the 0.4re small break in the absence of accumulator flow. The net mass
transient was two-phase natural circulation. ficw rate from the break was smail enough to main-
Although the feedwater line and steam line in the tain the core level within an interval w here core rod
steam generator secondary were both closed at temperature excursions did not occur. Eventually,
blowdown initiation, the secondary remained a (in the absence of emergency core coolant the core
heat sink for ihe first 2000 s of the transient. collapsed) liquid level would deplete and cause core
Figure 56 compares primary system pressure with rod temperature excursions. Core rod temperature
secondary pressure, showing that the secondary excursions occurred at total system mass invento- -

pressure is lower than the primary for the first ries of about 35r , which is a collapsed level in thee

2000 s of the transient. vessel of about 275 cm (108 in.) above the bottom
of the core. -

At s2000 s into the transient, mass depletion in
the system due to break flow and a depression of Core Thermal Hydraulic Response. Transient
core level caused by the formation of pump suction severity during a SBLOCA can be measured by the
liquid seals caused a core uncovery, which amount of liquid uncosery of the core and the
prompted initiation of steam generator feed and amount of core rod heat up during the boil-off
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Figure 59. Comparison of dow neomer mass flow rate as a function of the system maw imentory for steady state and
transient esperiments..

associated with the slow depressurization period. pressure [4.1 NIPa sersus 2.8 NIPa (595 versus
Any core heat ups induced by pump suction seal 406 psia)]. By injecting earlier during the slow pri-
formation are not a good measure of transient mary depressurization period the resulting early
seserity as the pump suction liquid seal always reflood can cause a core lesel increase precluding
clears and the rods are quickly rewetted. lioweser, the collapsed level reaching the level for which
during the boil-off period, sustained core heat up incipient core heat up occurs.
occurs. A compilation of the rangein collapsed lig-
uid lesels for which incipient core heat up occurs The collapsed level doesn't present an exact phys-
has been compiled for the cold leg small break spec- ical representation of water availability in the core
trum studied in Semiscale, as shown in Figure 60. during the boil-off period as there is a distinct
Heat up occurs (depending on bicuk size) with col- frotha lesel on top of a poolofliquid at the bottom
lapsed lesels between 150 to 250 cm from the bot- of the core. Figure 61 compares the collapsed level
tom. The range in level for incipient core heatup is and froth level (as determined from the in-core den-
attributed to different blowdow n dynamics causing sitometers) for a TNil type scenario. As the core
differem froth levels in the core. For a gisen break liquid boils off and the collapsed level decreases,
size, the difference between a given minimum col- the froth level and collapsed lesel approach each
lapsed level and the collapsed level corresponding other about in the region of incipient core heatup
to incipient dryout is a good qualitatise measure of show n on Figure 60. One reason the froth level col-
whether a dryout occurs, is imminent, or is not lapses after dropping below the midplane of the.

imminent. Collapsed lesel data from two types of core is t he presence of subcooled water in the lower
experiments imotving different accumulator set- core does not support the boiling necessary to
point pressures as shown on Figure 60. For both maintain a froth level. For core positions immersed

,,

accumulator serpoints there is a a good margin for in a saturated liquid, boiling produces steam that
cooling at the lower and upper end of the spectrum
(2.5 to 10% breaks), howeser for the 5% break case
the margin is reduced. Howeser, Ihere is a distinct a. The fro,h lesci was defined to be the poini where the densi-
adsantage to inject accumulator water at the higher someters showed a rapid decrease in density io sicam <> tvahes.
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400 eten ne r thee locations. The densitometers showI Top of core ' - 150
the rapid drop .m density asiociated with the froth

g 350 - Incipient g loel passing a position and a definite fluid stratifi-
* U

-- 300 c * $ e tion in the cote throughout the boil.off period.
g g g At 6550 s the colla [wed toel was about 200 cm *

2 250 j - 100 S above the bottom of the core (l'igure 61), w hich ism

2 \ 2~ w hen the core heat up at that eloation occurred as

A shown in Figure 62. This collapsed lesel does notj 200 - * - * *
.,

;
150 -

,,, .. . "W.EY-50 $ as show n in Figure 60. Figure 60 refers to heatups
C ""#'""" " "" " " # " " " '

*
$

@ for cold leg centerline breaks only and therefore,-S 100
"

- -- 2.8 M Pa =
'5 t.oop accumulator g does not apply to the TNil casca (stuck open
U 50 -

4.1 MPa
set point PORV), as show n in Figures 61 and 62. Therefore,

U nn appear to be aUected by keak' ' '0 0
0 10 20 30 40 loe ti n and Figure 60 applies only to cold leg cen-

terline breaks.
Ratio of break area to system volume

(10 - 6 f t - 1) 5243 Loop Accumulator injection Behavior. During a
SUI.OCA the accumulator pressure is just above

I igure N). Estimated minimum core collapsed liquid primary pressure throughout the time where accu-
lesels for a 4.1 and 2.8 Alpa loop accumula- mulator tanks fluid empties inte the primary sys-
ior pressure setivint. tem. Oscillation in both primary pressure,

supports a froth lesel. Howeser, this saturated *

a. T he is11 mnuhtion has a,,breal area to sprem w here ratioregion esidently boils off leasing the subcooled
6 x m" n-b should hase msuM in anMmsi nipool of water uith a small froth loel. Figure 62 incipicni core heat up of between 230 and No em. as show n m

compares the core heater rod temperature at the lagure 60. .
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Iigure 61. Comparison of collapsed loci and froth lesel in ihe core for the Semiwale simulation (Test S-TNil-31).
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Figure 62. Comparhon of in-core fluid density and core rod thermocouple response for the Semiscale simulation
tS-TMI-31).-

accumulator pressure, and accumulator injection rise. This in turn causes the pressure driven accu-
rate are observed during accumulator injection for mulator flow to stop and the vapor generation rate
a SBLOCA (Figure 63) that presents a challenge to and the system pressure to decrease, starting a new
computer code calculation. cycle. This cyclic behavior was observed to occur

for the duration of accumulator liquid injection.
With decreasing break size, the magnitude of the

When the accumulator begins injecting, the con- oscillations decreased to a point at w hich the accu-
densation effect of the cold water causes the pri- mulators appeared tofloat on the system pressure.
mary pressure to drop, in turn increasing the The oscillatory behavior of the core collapsed liq.
injection rate. But the effect of injecting mass into uid level is prominent, as shown in Figure 64.
the system and dropping the pressure is to increase Although the effect on core lesel was pronounced,
the sapor generation rate and cause the primary the oscillatory injection did not detract from ade-
pressure to plateau or, in some instances, even to quate cooling of the core.

.

e
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RECOMMENDATIONS FOR FUTURE EXPERIMENTAL NEEDS

This section discusses issues in the field of small the data.46 Interfacial drag and core heat transfer
break loss-of-coolant research that with further are both imolved in correctly calculating the void

*

testing could improse knowledge of SilLOCA phe- distribution in t he core. Iloth useful interfacial drag
nomena and also calculational capability. This dis- and high pressure [6.9 hlPa (1000 psia)] post-CHF
cussion is divided into two areas: recommended heat transfer information could be obtained from
separate effects testing and recommended integral separate effects boil-off experiments imolving only*

testing. the Semiscale vessel and core. Boundary conditions
could be accurately measured at the entrance and

,

exit to the vessel that could later be used to drive the
Recommended Separate Effects codes while checking existing models.
Testing

Interfacial Drag Flooding-Condensation Effects in

Improsements in the code that could greatly Primary Tubes. Test S-LH-1 and S-LH-2 showed a

enhance calculational capability include two-phase strong relationship between liquid hold-up in the pri-

pump models; interfacial drag models; and post. mary steam generator tubes and core liquid lesel

CHF heat transfer models. depressions. This phenomena is thought to be closely
related to interfacial drag, flooding in tubes. and con-

Two-Phase Pump Testing. Current code calcula. densation in the primary tubes. The codes are unable

tions use a two-phase pump model that includes a to exactly calculate this phenomena;46 therefore a

two-phase multiplier and single-phase and two. separate effects test could be performed involving

phase difference curves. These models are based on only the vessel / core as a steam source and the broken
.

data taken fer a completely different pump (the loop steam generator as a sink. A reflux meter and the

Lawrence pump used in the intact loop for Niod-1, extensive array of differential pressure cells in the bro.

Niod-3, and Stod-2A); however, more recent data ken loop steam generator could give a good measure
'

in Semiscale has been performed with new higher on boundary conditions for these flooding
speed, high specific speed pumps. With these new experiments.

pumps, the pump operation was show n in S-LH- 1/
1 S-LH-2 to have a strong effect on fluid behavior ommenM Weyal TeSungand can influence the holdup of liquid in the pri-

mary tubes. Therefore, to accurately model the
Semiscale data at least one of either the intact loop The following integral testing could give addi-
or broken loop pump should be tested in two-phase tional insight into SBLOCA safety related issues
conditions in at least the first quadrant . Data relative to PWR behavior as well as improve assess-a

from this testing could be factored into the existing ment efforts for the computer codes.

pump model. With an improved two-phase pump
degradation model, more credibility can be placed Preferred Pump Operation During a SBLOCA.
on other calculated parameters from the code. The question of preferred pump operation during a

SBLOCA was not adequately addressed in Semi-

Interfacial Drag / Core Thermal-Hydraulics. Test scale and LOFT tests because (a) LOFT had poor

S-LH-1 and S-LH-2 showed a poorly predicted (by elevation scaling and ECC injection location that

RELAP5) void distribution in the core during core affects break flow and; (b) Semiscale had poor con-

liquid level depressions that precluded accurate cal- trol of boundary conditions (HPIS flow) during
culation of core rod heat ups that were observed in early testing in the N1od-3. Additional experiments

involving delayed versus early pump trip could be,

performed in Semiscal to determine the preferred
pump operation. As an example of where pump

'

operation was desirable, was during the TNil acci-
dent. A continued pump operation would have sig-
nificantly delayed the TN11 core damage because

. Pump operation is defined on hornologous cur es disided forced convection to steam has a significantly
into four quadrants depending on speed, flow, and head. The .

early blowdown phase of a SBIOCA usually lies in the first higher heat transfer coefficient than natural con-
quadrant. vection to steam or simply an adiabatic case. For
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these experiments the scaled hydraulic torque could Ultra Small Breaks With Degraded ECC. Semi-
be matched as closely as possible with an estimated scale has performed two ultra small breaks 30,32
PWR hydraulic torque. but measurement of boundary conditions were

only fair (see Table A-1, Item 9). These high risk
*Lower Vessel Breaks. Lower sessel SBLOCA accidents are relatisely sery probable; howeser,

hase newr been insestigated in the Semiscale sys- concurrent with degraded ECC is less likely, never-
tem. Perforndng lower sessel breaks experiments theless, the consequence is very high (melted core).
would pros ide a new data base for code serification Using the state-of-the-art heat loss make-up tech- *

and a correct calculation of this phenomena would niques, scaling, and measurement systems, these
greatly enhance confidence in the codes. Since all new experiments could proside great insight into
the codes were deseloped for TMI or cold leg / hot the mechanism invohed during ultra small breaks
leg SBLOCAs, a lower sessel SULOCA would with degraded ECC.
present a unique challenge to the existing codes.

.

e

D
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CONCLUSIONS

1. An extensive data base invoh ing Semiscale (stuck open PORV) characterize the signa-
Small Break Loss-of-Coolant simulations ture response for SBLOCA.
is available for code deselopment and*

assessment use. 3. Alany SBLOCA issues examined in Semi-
scale testing give insight into SBLOCA

To aid future assessment and development severity for a large scale PWR response.,

efforts, the Semiscale SBLOCA experi-
ments have been put into historical per- Important SBLOCA issues addressed by
spectise relatis e to the overall water reactor Semiscale testing include: accident severity
safety effort. The Semiscale simulations as affected by break location, break size,
hase been cataloged according to type of and system configuration; small break
SBLOCA including a brief description of response with compounding failures; pre-
each of the experiments. In addition, the ferred primary coolant pump operation
various N!ods of the Semiscale system are during a transient with small break symp-
described including N!od-1, Alod-3, Ntod- toms; and, relative merits of upper head
2A, N!od-2B, and NIod-2C. Also cata- safety injection.
loged are the recommended experiments to
assess the various issues associated with 4 Future Semiscale integral and separate
SBLOCA including an estimate of data effects testing could improve understand-
quality and quality of system description ing of phenomena and code calculational
documentation for code assessment and capability.

'

deselopment purposes.

Recommendations for future Semiscale
2. Semiscale SBLOCA signature response separate effects testing include: two-

characteristics for a variety of types of phase pump testing; interfacial drag and.

SBLOCAs stimulates thinking about large core heat transfer work; and flooding
scale commercial PWR response during work in the steam generator. Future inte-
SBLOCAs. gral Semiscale testing recommendations

includes: preferred pump operation during
Experiments imolving pipe breaks, steam SBLOCA; lower vessel breaks; and, ultra
generator tube rupture and TN!!-2 type small breaks.

9

m
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APPENDIX A

APPLICABILITY OF SEMISCALE SMALL BREAK
EXPERIMENTS FOR CODE DEVELOPMENT AND ASSESSMENT.

This appendix presents a table summarizing the trends such as pressure and v(ssel level are ade-
applicability of Semiscale small break data for code quately measured.,

deselopment and assessment. Table A-1 gives a list
of issues important to small break analysis along Most of the issues listed in Table A-1 apply only
with the recommended Semiscale experiment or to code assessment invoh ing overall integral system
experiments that best satisfy that issue. Also listed effects; however, some of the data is applicable for
is the adequacy of system documentation (used for model deselopment most notably in the field of
modeling infonnation) as well as the adequacy of core hydraulics / heat transfer (Item 4). Semiscale
the data to examine the issue. A rating of poor, fair, has in-core gamma densitometers that allow an
good or excellent has been assigned to each of the estimate of channel average void fraction. Special
issues as to adequacy of data and location. An care was given to placing, core rod thermocouples
excellent rating of documentation means the sys- at the same axial and azimuthal orientation as the
tem configuration is documented in a referencable gamma densitometer beam. The advantage of
document (suitable for model construction). A using the Semiscal data for core heat transfer model
poor, fair, good rating for documentation means development is the estimation oflocation void frae-
the information is available; howeser, such infor- tion offered by the gamma densitometers. The dis-
rnation can be obtained only through interaction advantage of the Semiscale data for core heat
with Semiscale personnel. The information is con- transfer model development is the lack of super-'

tained in internal documentation, operator logs, heated steam probes. Another area of promise for
and test procedure. The poor, fair, or good rating model development is the use of triplet thermocou-
was assigned based ori how recent the testing and ples in the broken loop steam generator (Item 6). A,

which system was used for the testing. An excellent triplet includes a matched set of primary fluid,
rating for data means there is sufficient data to get wall, and secondary fluid thermocouples that can
both qualitatise and quantitative information be used for primary to secondary heat transfer
about an issue. An excellent data rating implies studies especially in the fluid of condensation heat
excellent control of initial and boundary condi- transfer. Another area for possible model develop-
tions. A reting of good means that quantitative ment application is in the field of countercurrent
data is available with a higher uncertainty than the two-phase flow in vertical and horizontal tubes
excellent rating. Also control of boundary and ini- (Item 5). Semiscale has two and three beam gamma
tial conditions is adequate for assessment purposes densitometers to determine flow regime as well as
even though some boundary conditions of second , an optical probe at the steam generator inlet
order importance may be lacking. A fair rating for plenum. Although such parameters as slip are not
data implies missing boundary conditions and a determined the data gives qualitative support for
high uncertainty on key initial conditions (e.g., models.
steam generator secondary level); however, overall

,

)
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Table A-1. Applicability of Semiscale small break experiments

Adequacy of
Recommended Configuration

*
Issues Ear.eriment(s) Documentation _, Adequaes of Data

A'IOseiall SBIOC A blowdow n data S-L H-1 Escellent Excellent; two-phase flow data is inade-
quate after saturation conditions ,

achiesed in loop (40 s in cold leg);
homescr,5 quid toel measurements were
matimized especially in the steam gener-
ator primary tubes; excellent measure-
ment of boundary conditions including
break flow and flP!S injection.

Effeet of dow neomer to upperhead S-Lil 1; S-Lil-2 Excellent ^-I Excellent (see 1 abose); initial core
bypass flow on SBLOCA seserity bypass flow measured within 10%

hlanometric core liquid toel depression S-L H -1 Excellent ^-I Esce!!ent (see 1); liquid leveh in all
(steam binding) components accurately measured.

Core thermal hydraulics (pre- and post- S411-1; 5 LH-2 Escellent^ I Exec!!cm; mre gamma densitometers
CilF and liquid distribution in the core were specially matched to core rod
during heat up thermocouples; soid distribution in the

core was accurately measured. A good
sample of both axial and azimuthal
thermocouples were matched to gamma .
densitumeter locations.

Countercurrent two-phase flow in verti- S-LH-1; S-L H-2 ExcellentA-I Good; optical probes gase a siew of
cal tubes and horizontal pipes (flow steam gercrator inlet plenum during
regime stud 6es) SBIDCA; extensive levd measurements

in tubes; hot leg gamma densitometers
and turbine meters aho ghe evidence of
countercurrent flow; densitometers give
good insight into flow regime.

Ccndensatio'n cffccts in primary tubes S-Lil-I; S-Lil 2 Excellent ^-I Good; matcLed/ calibrated triplet ther.
(primary to secondary heat transfer) moceuples in steam generator tubes can

ghe good primary to secondary heat
transfer information.

Steam generator tube rupture signature S-SG-1 (one tube) ExcellentA-2 Good-excellent; good control of al?
response S-SG-2 (five tube) boundary conditions; extensive measure-

S-SG-3 (ten tube) ment of all effluent from the system
including steam generator relief vahc
flow.

Recosery during ube rupture: ExcellentA-2 Good <xcellent; excellent control and
Primary feed and bleed S-SG-2; S-SG-8 measurement of boundary conditions;
Pressurizer internal heater operation S-SG-3; S-SG-4 especially safety injection, PORV flow
Secondary feed and bleed S-SG-2; S-SG-7; and pressurizer ausiliary spray.

S-SG-5
Pressurizer auxiliary spray S-SG-1; S-SG-4
Safety injection S-SG-1 8

Natural cirettation during a SBLOCA S-NC-8 B; S-NC-9 Faira Good-data includes optical siew of both
(single-phase, two-phase; reflus) inlet and outlet plenums of the steam

,
generator as well as speciallow flow
measuring turbine meters; steam genera-
tors extensisely instrumented with triplet
thermocouples (primary / secondary /

| wall); single-phase data also avai!able

| because system was heated using only
single-phase natural circulation.

i
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Table A-1. (continued)

Adequacy of.

Recommended Configuration
*

Issues Exrerimentto Documentation Adeauaev of Data

Effect of upper head injection on sescrity I'aira I air-good; occasional inaccuracies in key
2.5r break S-UT-4; S-UT 5 boundary conditions such as llPls flow;e,
5.Or break S-UT-6; S-UT-7 howeser overall effect on soerity due toe

10.0r break S-UT 1; S-UT-2 Uill compared to non-Ulli can bee

assessed.

aEffeet of break size on soerity Fair Good 4mportan: boundary ..onditions
2.5 re S-UT-4 generally asailable; data sufficient to
5. Ore S-UT-6 assess break site effect on accident
J 0.Or. S-UT-1 soerity especially Guid man distriba-

tion during blowdow n.

Effect on pump operation on soerity S-SB-Pl; S-SB-P2; Poor" Fair; break flow data poor; howeser
S-SB-P3; S-SB-P4; oserall pressure and mass distribution
S-SB-P7 adequate; pump is small scale, low

specific speed with poor two-phase
degradation data.

Seahng issues (comparison of LOFT S-SB-4; S-SB-4A hra Fair; break flow measurement poor;
Test L3-1 prosides comparoon of scale) oserall presst.re and mass distribution

, good.

Multidimensional affects: loop-to- S-Lil-1; S-Lil-2 Ewellent^ I Good; steam generator tubes in broken
loop; within the steam generator tubes; loop extensively instrumented with differ-
core thermal-hydraulies ential pressure cells; core extensively,

instrumented both axiall e and azimuthally
with core rod thermocouples.

aECC mixing and condensation S-UT-1; S-UT-4; I: air Good; temperature at FCC injection
S-UT-6 location limited to one thermocouple.

Break flow S-Lii-1 Excellent ^-I Good-excellent; break fhw measured
aUT test series Fair accurately with condensing / catch tank

system; howner, staggered DP cells
across break are lackdig; good gamma
densitometer information either side of
the break allow flow regime estimation;
during the UT test series, optical probes
were used to obtain films of a centerline
view of the break showing stratification
and !! quid phase being pulled into the
break nozzle.

a. Adequate information on configuration is asailable but would require extensisc interaction with Semiscale analysis and operation
personnel using internal documentation. idod-2A has fair to good documentation availability and Mod-3 has poor documentation
asailability.

a

References,

A- 1. Systern Cc>nfigurationforMod-2C T&sts S-Lil-1 ands-Lil-2, to be published September,1986 (SEN11-T R).

A-2. Systern ConfigurationforMod-2B Stearn Generator Thbe Rupture 7est Series, to be published October,
1985 (SENil-TR).
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