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- ABSTRACT

' A series of experiments was conducted in a scaled model of a pressurized water
'

reactor (Semiscale Mod-2B) to investigate steam generator tube rupture system
3ipature response and recovery techniques. The tube rupture was assumed to occur .
during normal full power operation [15.6 MPa (2262 psia) system pressure; 37 K,

(67'F) core differential temperature]. From the experimental results, the characteristic
system signature responses for a wide range of number of tubes ruptured and rup-
ture locations have been examined. In addition, recovery techniques requiring operator
actions were examined. These recovery techniques included the use o.f pressurizer aux-
iliary spray and internal heaters, steam generator feed and steam, primary feed and

.

-. bleed, and safety injection. The effectiveness of using these techniques for primary .
system pressure and subcooling control is discussed. .
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' SUMMARY'
,

~ The Semiscale exherimental program conducted saturated fluid in the pressurizer immediately began
'

by EG&G Idaho', Ince is part of the overall research flashing as break flow initiated the primary system<
,

' nd development program sponsored by the U.S. - depressurization. When the interiacial fluid level inag -

Nuclear Regulatory Commission (NRC) through the pressurizer reached the surge line, there was an; :

, - the Department of Energy (DOE) to evaluate the abrupt interfacial area reduction which caused a
i behavior _- of pressurized-water-reactor (PWR) rapid decrease in the amount of flashing. This

systems during hypothesized accident sequences. Its decrease in flashing resulted in an increase in the
7

primary objective is to obtain representative integral primary system depressurization rate until the low
and separate-effects thermal-hydraulic response pressurizer pressure trip [13.1 MPa (1900 psia)] was

,

'_ data to provide an experi:nental basis for analytical - reached, causing core scram and MSIV closure.
model development and assessment. This report Core scram caused a second increase in primary
presents the results obtained from the Semiscale . . system depressurization as primary-to-secondary
Mod-2B steam generator tube rupture test series. system heat transfer continued due to decay heat
The Mod-2B system is a small-scale nonnuclear, in the core. As a result of the MSIV closure and--

,

experimental _ system in which nuclear heating is ' continued primary-to-secondary system heat trans-

| simulated by an electrically heated core. The system fer without steam relief, the secondary pressure in
includes a vessel and two operating loops, both of both loops rose to the atmospheric dump valve

4 'which contain an active steam generator. (ADV) setpoint and cycled several times during the
L first 600 s. At the end of 600 s, the system was in
| The steam generator tube rupture test series was various modes of natural circulation supported by
I performed in the Semiscale-Mod-2B system at a heat source (core decay heat) and heat sink (steam
j typical PWR system; pressure and temperature generator secondary pressure lower than primary

- [15.6 MPa (2262 psia) pressure; 37 K (67_'F) core pressure). The various modes of natural circulation
*

; differential temperature]. The following sum- depended on the amount of system mass voiding,
| ' marizes important results from analysis of the steam corresponding to the difference between tube rup-
1 generator tube rupture test series. ture break flow and safety injection flow.

-
9

Tube rupture signature responses were investi- The signature response was found to be similar,

gated in the Semiscale Mod-2B system by establish- for one , five , and ten-tube ruptures; only the tim-
ing a primary-to-secondary system flow near the ing of events, the system mass inventory, and>

tube sheet in the affected loop generatu. The natural circulation modes were different. All three,

'
signature response was investigated for a 600-s cases show increased depressurization to the satura-
period following the tube rupture, assumed to be tion condition upon core scram. The core scram-

the initiating event. The 600-s period was thought time was dependent on the early depressurizationi

to be a reasonable period for en operator to deter- . rate which was' proportional to the tube rupture
mine that a tube rupture had occurred and which break size and break flow rate. For the single-tube.

generator had suffered.the tube rupture. Only rupture case, the mass inventory at the end of the
automatically occurring events transpired during operator diagnostic period was about 87%, which
this operator diagnostic period, including ~ core is typical of single-phase natural circulation inven-
scram, main steam isolation valve (MSIV) closure, tories. At 600 s, the five-tube case had an inven-
safety injection (SI) initiation, main coolant pump tory of about 60% and the ten-tune esse had an
trip, feedwater termination, and auxiliary feedwater inventory of $2%, both of which are more typical

'
. initiation. Upon initiation of the tube rupture, the for the reflux-condensation mode of natural circula-
primary system depressurized' as _ primary fluid tion. In all three cases, there was sufficient vessel

,

flowed into the broken loop secondary system via inventory to preclude core rod heatup.*
'

~

the tube rupture break assembly. On an overall; .

basis, the primary system depressurized with vary- ' Tube rupture location, whether at the inlet or at
ing depressurization rates until saturation condi- the outlet of a tube, has essentially no effect on tube,.

tions were reached in the hot leg, at which time the
depressurization slowed due to flashing. Major.

_ rupture signature response. Signature response
. measures, such as primary system pressure, break

inflection points in the primary system depressuriza- flow rate, and pressurizer liquid level, are identical -

tion were caused by the following occurrences. The foi inlet and outlet breaks. -

i-

3
~

iii'
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The initial' pressurizer collapsed liquid level was Semiscale experiments to first lower the primary
found to have a large effect in the timing of cer- system pressure below the broken loop ADV set-

~

tain automatically occurring events during the . point, thus isolating the secondary system from -
-. operator identification period. A' higher initial- atmospheric release of inventory, and then increase

pressurizer collapsed liquid level resulted in a slower loop subcooling. The operator techniques examined -

primary system depressurization and a longer time in the- Semiscale experiments involved: an .
, to scram; however, the thermal-hydraulic state of unaffected loop secondary feed and steam to -

the system after the first few hundred seconds was increase loop subcooling and lower primary system ,

-identical for different initial pressurizer levels. This ' pressure; primary feed and bleed, using safety injec-
was because the extra mass in the higher initial level tion (SI) and pressurizer power-operated relief valve
case simply left the primary system via the break (PORV) operation to control loop pressere; pres-
flow. As a result, the system mass inventory after surizer auxiliary spray to control loop pressure and
the first few hundred seconds was essentially iden-- inventory; SI to control pressure and inventory; and . .;

tical in all cases. pressurizer internal heaters to control primary
system pressure and subcooling.

The primary system signature response for a main
steam lite break followed by a tube rupture was ' The Semiscale experimental results show that the
found to be similar to the signature response for effectiveness of pressure control and loop cooling
a tube rupture without the complication of a main due to unaffected loop feed and steam is dependent
steam line break. The major difference was that the on the hydraulic state of the loop, which is depen-
secondary system release to atmosphere is greater dent on the number of tubes ruptured and the
for the main steam line break case. Prior to a tube natural circulation mode. For instance, a single-tube
rupture,' the main steam line break caused only a rupture leaves the system in single-phase natural cir-
minor reduction in primary system pressure [15.5 culation at the end of the' operator diagnostic
to 14.2 MPa (2247 to 2059 psia)]. This reduction period, whereas the five- and ten-tube rupture cases
was caused by an increase in heat sink due to a with more system voiding leave the system in the

*
secondary pressure reduction corresponding to the . reflux condenser mode. The feed and steam opera-
main steam line break. Once the tube rupture tion has a large effect on primary system pressure
occurred, the primary system pressure decreased in if the primary system is in a more voided state, such
a similar manner to the case where there was no as occurs with a five-tube rupture event; however, -

,

con. pounding main steam line break. The primary for a single-tube rupture, the pressure decrease due
system pressure decreased at various rates to the to feed and steam is lower. For the single-tube rup-
saturation condition in the hot leg, at which point ture case, the increased steam generator heat sink
flashing reduced the depressurization rate. A main increased primary-to-secondary system heat transfer
inflection point in primary system depressurization by increasing the differential temperature across the
occurred as the pressurizer liquid level lowered to tubes. The increased heat transfer caused a primary -
the bottom of the pressurizer and the interfacial system fluid temperature reduction which increased;

; area for flashing changed. (This was similar to the shrinkage of fluid in the syste:n. For the five- and
normal tube rupture signature response without the ten-tube rupture cases, the initiation of unaffected

; complication of, main steam line break.) The loop feed and steam increases the condensation in

i affected loop secondary system pressure decreased the primary system tubes. The mass rate of conden-
I during the operator identification period because 'sation is proportional to the' differential temperature
j- tube rupture break flow was less than main steam across the tubes, and the system pressure is propor-
!- line break flow, causing a reduction in secondary tional to the mass rate of condensation; therefore,

liquid level. As a result, there was a considerably the increase in differential temperature caused by i

( higher release of secondary system fluid to atmos- the feed and steam operation increased the depres-
,

!' phere than for a tube rupture event alone.- . surization rate.' During unaffected loop feed and

. .

steam operation, the redistribution 'of primary -

At the end of the operator diagnostic period, the system fluid was again dependent on the hydraulic
primary system pressure was above the steam gen- condition in the loop at the onset of feed and steam.
crator relief valve setpoints and subcooling in the For the more sided five-tube case, feed and steam

,

hot leg was nonexistent; therefore, operator action caused a pronounced mass redistribution. Feed and
was required to reduce system pressure below the steam operation during the five-tube case caused a
relief valve setpoint and increase the loop subcool- filling of the unaffected loop primary tubes. Con '
ing. Recovery techniques were employed in the densed steam generated in the core and entrained

- iv -
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fluid from other parts of the system were the Pressurizer auxiliary spray is effective in reduc-
primary sources of fluid filling the tubes. The rapid ing primary system pressure, but the effectiveness

' depressurization associated with the feed and bleed is dependent or pressurizar wall and steam super-
'

Loperation caused a flashing effect for fluid in the heat removal. The introduction of cold auxiliary.

core; however, there was no rod heatup associated spray water into the pressurizer changed the fluid-

wit h this level swell. For the single-tube case, where and metal temperatures from superheated to satu-
.

single-phase natural circulation dominated, feed rated. Once the fluid was saturated, further spray
' and steam initiation promoted essentially no change . condensed .the saturated steam. Initially, the.

in mass | distribution in the system, since no removal of superheat caused a slight pressurization
| condensation-based, low-pressure areas existed. .of the primary system due to evaporation of aux-

'
iliary spray. Once the superheat was removed, con-

PORV ' operation along with SI is effective in tinued spray caused a pressure reduction due to
,

reducing primary system presstire below affected condensation.
' loop relief valve setpoints without core uncovery.4.

! Even though the core was not uncovered during the' Pressurizer internal heaters are ineffective for
PORV operation, there was a significant system - increasing primary system pressure during a tube
mass inventory redistribution and net overall system rupture. As long as SI was off, bubble formation4

mass inventory reduction. Upon initiation of PORV, . in the pressurizer due to heater operation could not
operation, primary system fluid was transported to offset the flu:1 volume lost due to tube rupture
the pressurizer from other parts of the system and - break flow. The net result was no compression ofi

eventually filled the pressurizer. The primary source the primary fluid and thus no net rise in primary
; of the fluid filling the pressurizer was the vessel. The . ressure.p
i' effectiveness of PORV operation for reducing

primary system pressure decreased as the liquid level The use of Si in a nearly full system causes a com-

i in the pressurizer increased. Once the pressurizer pression of steam spaces and a primary system pres-
filled, an open PORV had only a small effect on surization. The primary system pressurization due

, ,

j primary, pressure control. This is because the to Si increases the subcooling in the hot leg. Ter -

L primary volume reduction due to PORV liquid flow mination of SI during a tube rupture causes a lower-
! is much less than the volume reduction from steam ing of primary system pressure because the continued

j flow that occurred during early PORV operation. break flow expands the voids in the system.-

.
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RESULTS OF THE SEMISCALE MOD-2B
STEAM GENERATOR TUBE RUPTURE TEST SERIES

.

INTRODUCTION
.

The Semiscale experimental program conducted The Semiscale Afod-2B system is a small-scale
by EG&G 1daho, Inc., is part of the overall research model of the primary and secondary system of a
and development program sponsored by the four-loop nuclear generating plant. One loop, the
U.S. Nuclear Regulatory Commission (USNRC) intact or unaffected loop, simulates three loops of
through the Department of Energy (DOE) to a PWR; and another loop, the broken or affected
evaluate the behavior of pressurized-water-reactor loop, simulates the PWR loop in which the tube
(PWR) systems during hypothesized accident rupture occurs. Both loops have active pumps and
sequences. Its primary objective is to obtain U-tube-in-shell steam generators. There is a vessel
representative integral and separate effects thermal- with an electrically heated core and an external
hydraulic response data to provide an experimen- downcomer. The modified-volume scaling philo-
tal basis for analytical model development and sophy followed in the design of the hiod-2B system
assessment. The Semiscale Alod-2B steam generator preserves most of the important first-order effects
tube rupture test series was authorized and per- thought important for small break loss-of-coolant
formed under this program. accidents (LOCA's).2Afost notably, the 1:1 eleva-

tion scaling of the Semiscale system is an impor-

Transients initiated by steam generator tube rup- tant cdedon for preserving the factors influencing

ture and transients otherwise induced but concur- "* ural circulation behavior, which is a major heat
,

. ,*

rent with tube rupture are considered relatively rejection mechanism during a tube rupture.
probable during the normal life of a commercial This report presents the results of the Semiscale
PWR. The study of tube rupture transients is steam generator tube rupturc experiments. Specific
important because the tube rupture allows a topics include: ceneral system signature response to

-

primary-to-secondary system flow path which can a tube rupture; influence of tube rupture location
eventually result in a secondary system release of and number of tubes ruptured on system signature
radioactive fluid to the atmosphere. To mitigate a response; influence of initial pressurizer level on sig-
tube rupture transient, operators utilize emergency nature response; and the signature response of a
recovery procedures to isolate the affected generator main steam line break with concurrent tube rupture.
from atmospheric release and then gradually In addition, operator recovery techniques were ;
increase primary system inventory and loop sub- examined, including: the effectiveness of unaffected

icooling. The computer codes commonly used to loop secondary feed and steam on pressure and sub- )calculate system response during a tube rupture cooling control; the effectiveness of pressurizer
transient have not been adequately verified against power operated relief valve (PORV) operation on

an integral data base involvingtherefore, a sents
tube rupture t 1d pressure control; the effectiveness of pressurizer

,

operator recovery procedures; auxiliary spray for inventory and pressure control;
of experiments was performed in the Semiscale the effectiveness of pressurizer internal heaters for
hiod-2B system to provide an integral data base for pressure control; and the effect of safety injection
code assessment and development. (SI) on pressure control.

|
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SYSTEM DESCRIPTION, EXPERIMENT MATRIX,
AND EXPERIMENT CONDUCT

*

System Description loop and 6.55 A1Pa (950 psia) in the unaffected
loop. The 11rst stage SRV relief setpoint is 5.94 h1Pa
(861 psia) in the affected loop and 6.74 N1Pa

The steam generator tube rupture test series was
.7 psia)in the unaffected loop..These relief set-

_

performed in the Semiscale blod-2B test facility, pomts were artificially lowered to ensure ADV
which is a small-scale model of a four-loo.n, PWR

penmg as expected on full-sized plants. The ADV
power-generating plant (scaling factor 1/1705). The can als be manually latched open during the
Nfod-2B system incorporates the major components recovery procedure with the SRV block valve shut.
of a PWR, m. eluding steam generators, vessel, Appendix A contains a description of the scaling
downcomer, pumps, pressurizer, and loop pipmg rationale for the relief setpoints used in Semiscale.
(as shown m Figure 1). One loop (unaffected) is
scaled to simulate the three intact loops in a PWR, The tube rupture break assembly connected the
w hile the other (affected) simulates the single loop primary coolant system with the secondary side in
in which the tube rupture is postulated to occur. The the vicinity of the steam generator tube sheet of the
Semiscale Atod-2B system utilizes an electrically affected loop (Figure 2). The break assembly could
heated core to represent a PWR nuclear core. be connected to either the hot leg or cold leg side

of the primary system at the steam generator
For all experiments, the vessel core consisted of plenum of the affected loop, 57.1 cm (22.5 in.)

a 5 x 5 array of internally heated electric rods,21 below the top of the tube sheet. The break assembly
to 23 of which were powered. The rods were ge - was connected to the secondary system at one loca-
metrically similar to nuclear rods with a heated tion,36.5 cm (14.37 in.) above the top of the tube
length of 3.66 m (144 in.) and an outside diameter sheet on the cold leg side of the generator. The ,

of 1.072 cm (0.42 in.). All rods were powered break assembly consisted of a break orifice and ven-
equally. turi flowmeters to measure single-phase break mass

flow rate. The break orifice was an interchangeable
In both the unaffected and affected loop second- symmetric conical flow tube, as depicted in

~

aries, a simulated power-operated atmospheric Figure 3. Figure 3 also shows the dimensions for
dump valve (ADV) and a staged safety relief valve one , five , and ten-tube break orifices. The breaks
(SRV) system are situated on the main steam line, weie assumed to be double-ended offset shear
They represent scaled ADV and SRV flow capacities breaks. The flow tube is calibrated in single-phase
and operation.3 Although SRV's in a PWR typi- water and could be used to monitor break mass flow
cally have five stages of relief, the SRV orifice is rate in both directions because of the symmetry of
designed to pass a scaled flow corresponding to only the flow tube.
the first stage of relief. The ADV orifice is designed
to pass scaled flow corresponding to ADV opera- The facility pressurizer PORV provides a means
tion in a PWR, where the pressure relief setpoint of manually relieving primary system pressure from
for the ADV stage is encountered before the various the top of the pressurizer. Semiscale uses a single
multistaged SRV relief setpoints. The parallel flow valve with a flow control orifice to simulate the two
path arrangement allows'ADV flow through the PORVs of a full scale PWR. A 0.141-cm (0.055-in.),
ADV block valve and orifice and stage one SRV sharp-edged orifice was sized to pass 0.03 kg/s
flow through the combination of both block valves (0.066 lbm/s) at 16.2 h!Pa (2349 psia). Pressurizer
and orifices. The block valves operate in an open internal heaters can be operated in the variable mode,
or shut mode only, with the orifices controlling the backup mode, or warmup mode. The variable and
flow rates. The ADV block valve opens automat- backup mode total power is 2.35 kW, and the -

ically at the ADV pressure setpoint. If the pressure warmup mode total power is 13.3 kW.
continues to rise after the ADV opens, the SRV
block valve opens automatically at the SRV pressure Heat loss makeup in the Semiscale system is ,

setpoint. As the pressure decreases, the block valves accomplished by using external heaters distributed
close automatically, 69 kPa (10 psi) below their uniformly throughout the system. These heaters are
respective pressure setpoints. In Semiscale, the ADV controlled by six separate power supplies, including
relief setpoint is 5.85 h!Pa(848 psia)in the affected the vessel, hot legs, cold legs, unaffected loop pump

2
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Figure 2. Semiscale Mod-2B tube rupture break assembly,

suction, affected loop pump suction, and pres- (ll60*F)] was reached on the inside surface of the
surizer. The total power provided by these heaters pipe insulation, external power to' that' component .

,

is 47 kW. An additional 20 to 28 kW of heat loss was reduced by half. If the temperature trip limit ,.

makeup was provided by augmenting core power : continued to be exceeded, power to that component
throughout the transient. The additional heat loss was terminated. The purpose for terminating power

, _

was added to make up vessel and pump seal cool- is to prevent damage to the heater element. A heater
ing losses which were not compensated for by loop temperature of 900 K (ll60*F) does not imply that
heaters. Control of the heaters was as follows: If . the pipe wall or fluid temperature reached that,

the maximum allowable heater temperature [900 K - value.- '
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Figure 3. Semiscale Mod-2B conical flow break tube.

Conditions in the system were monitored by an Experiment Matrix
extensive network of metal and fluid thermocouples
and pressure and differential pressure transducers. The steam generator tube rupture series consisted
Both steam-generator long and short tubes were of nine experiments involving a variety of tube rup-
extensively instrumented with both primary-side ture locations, number of tubes ruptured, com-
and secondary-side fluid thermocouples and several poMing failures, and recovery procedures'.
primary-side differential pressure transducers. Table I summarizes the test matrix for the tube rup-
Average fluid density was measured in the loops and ture series. The break area spectrum represented
vessel by X-ra; and gamma densitometers. Volu- one, five, and ten tubes ruptured on both the hot
metric flow was measured by turbine meters, and and cold side of the affected loop steam generator.
momentum flux was measured by drag screens. The breaks were assumed to be double-ended off-

* Special condensing systems and catch tanks were set shear breaks near the tube sheet. The first eight
used to accurately measure system mass flow rate experiments involved a tube rupture as the initiating
from the steam generator secondary relief valves event,. and the ninth experiment involved a main
and the PORY valve. For one of the experiments, steam line break with a compounding tube rupture.-

a concurrent main steam line break used a special All nine experiments involved an early time period
condensing system and catch tank to measure (usually 0 to 600 s) during which only automatically
effluent, occurring events were functional followed by an

$



Table 1. Steam generator tube rupture test matrix
.

Experiment Number of Tubes Initiating
Test Number and Location Event . Recovery Techniques Comments *

S-SG-1 1 (cold side) SGTR Unaffected loop feed and 51 terminated on high vessel and
steam; termination of St. pressurizer level to reduce primary

pressure; recovery involved establishing
pressure equilibrium between primary and
affected loop secondary.

S-SG-2 5 (cold side) SGTR Unaffected loop feed and ADV used to control unaffected loop
steam; PORV operation; ter- secondary depressurization at
mination of SI. 2.76 h1Pa/h (400 psi /h); PORV used to

control primary depressurization on same
rate; recovery included reducing primary
pressure to accumulator injection setpoint
[4.22 htPa (610 psia)]

S-SG-3 10 (cold side) SGTR Auxiliary pressurizer spray, Test scenario based on PWR (Zion)
pressurizer ir.ternal heaters, emergency operating procedures; recovery
SI, unaffected loop pump, involved establishing a slow primary
unaffected loop secondary depressuriiation and a subcooled fluid
feed and steam. condition in the loop.

S-SG-4 1 (cold side) SGTR Pressurizer auxiliary spray, hiain coolant pump trip delayed until
unaffected loop secondary 600 s; Si cycled, pressurizer internal
steam and feed, SI, pres- heaters cycled; recovery included ,

surizer internd heaters. establishing primary pressure control with
pressurizer internal heaters below affected
loop ADV setpoint.

*
S-SG-5 5 (hot side) SGTR Unaffected loop secondary Recovery involved early unaffected loop

steam and feed, pressurizer secondary feed and steam at t = scram
internal heaters, Si cycling. + 60 s (82 s), Si cycling and pressurizer

internal heaters powered to maintain
primary pressure below affected loop
ADV setpoint.

S-SG-6 5 (hot side) SGTR Unaffected loop secondary Compounding failure was a stuck open
steam and feed, pressurizer affected loop ADV; recovery included
auxiliary spray,51. reducing primary pressure to LPIS set-

point [1.38 hlPa (200 psia)).

S-SG-7 5 (cold side) SGTR Unaffected loop secondary Compounding failure was a complete loss
feed and steam. of onsite and offsite power; recovery

involved using unaffected loop feed and
steam to reduce the primary pressure
below the affected loop secondary thus
causing a back flow through the break.

S-SG-8 I (cold side) SGTR Unaffected loop secondary Compounding failure was a stuck open
feed and steam and primary PORV; recovery included bringing the
feed and bleed using PORV. primary pressure below the accumulator

setpoint pressure [4.22 h1Pa (612 psia)].

S-SG-9 I (cold side) htSLB Unaffected loop feed and Compounding fadure was a main steam *

steam, SI, PORY operation. line break; main steam line break was the
initiating event followed by tube rupture
60 s later; recovery involved establishing
an increasing loop fluid subcooling and ,

primary system inventory.

.
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operator recovery period. This 600-s period was an does not address each individual test in detail. The
assumed operator diagnostic period which was experimental test data for each of the nine tests in
thought to be a reasonable time for the operators the series are available to the public on the NRC
to identify which steam generator had suffered the Division of Accident Evaluation (DAE) data bank..

tube rupture and to initiate a planned recovery. Semiscale facility configuration information for
Some experiments assumed early operator diagnosis each test will be contained in the Semiscale con-
of the steam generator tube rupture (60 s after tran- figuration document (soon to be completed).,

sient initiation) but still assumed 600 s for the iden-
tification of which generator had the tube rupture. Experiment ConductMany of the experiments myolved compounding
failures, such as a stuck open affected loop ADV,
complete loss of onsite and offsite power, stuck As a general procedure prior to initiation of the
open PORV, and main steam line break. The main transient, the system was filled with demineralized
steam line break was the initiating event for the water and vented to ensure a liquid-filled system.
experiment, with a tube rupture caused by the main The system was heated to initial conditions using
steam line break, core power and pressurized using pressurizer inter-

nal heaters to draw a steam bubble. The steam
7

Operator recovery techniques included combina- generator secondaries dissipated the core heat by
tions of the following: unaffected loop secondary steaming to atmosphere. Table 2a (metric) and
system feed and steam (using auxiliary feedwater Table 2b (English) contain a list of important initial
and controlled steam release through the ADV); conditions throughout the system. The Semiscale
pressurizer auxiliary spray; pressurizer internal initial conditions were typical of PWR full-power
heaters; unaffected loop pump operation; and operating hydraulic conditions in the primary and
primary system feed and bleed, using SI and PORV secondary systems.
operation. Test scenarios were developed based on

' emergency operating procedures for commercial Most transients were initiated at 0 s by opening the
nuclear PWR*s undergoing a tube rupture.4 Table I tube rupture break block valve (see Figure 2), allow-
lists the recovery procedures used for the various ing primary system fluid to flow into the affected loop
experiments. secondary. The system depressurized to the low.

pressurizer trip pressure [13.1 MPa (1900 psia)],
Since this report concentrates only on the which initiated core scram and main steam isolation

phenomena encountered during the test series, it valve (MSIV) closure. Following scram, the core

Table 2a. Initial conditions for the steam generator tube rupture test series
(metric)

Steam Generator Steam Generator
Pressure Secondary Fluid Mass

Loop to Imp (MPa) (k8)Pnmary Pressurirer Cold Le8 Flusd Core Flunt
Synem Liquid Core Temperature Temperature Pnmary

Emperiment Pressure
Voly)me

Power Differemmt Itne Affected Unaffected Affected Unaffected Leaka8e' Number (MPal (m (kW) (K) (K) Loop Loop Loop Loop (k8/s)
|

S-E l 11.42 0.0034 2001) 2.0 39.0 3.53 5.98 > l 88 107 0.000712

5-5G-2 15.50 0.0028 2010 0.5 38.5 S.S$ S 42 118 ilt 0 004000
*

$ 50 3 15.45 0.0106 1990 0.1 37.3 5.50 3.52 93 84 0.0031

$-M4 15.56 0.0098 1990 1.4 35.9 S.$2 S.41 83 88 0.0009

5-L S 15.47 0.0094 1990 0.2 38.35 S.62 S.47 94 105 0 003

5.SG4 11.68 0.0097 1990 0.3 37.9 $ 62 3.56 97 88 0.0033

$$G-7 15.41 0.0091 1990 1.9 38.7 5.58 5.49 109 178 0.0029 -

SE8 l$.54 0.0105 1990 0.7 37 8 5.58 S.49 97 84 0.002

SSG 9 13.65 0.0098 2000 f.5 37.45 5 60 3.58 93 95 0.0012
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Table 2b. _ initial conditions for the steam generator tube rupture test series
- (English) .

Steam Generator Steam Cenerator .

Pressure Secondary Fluid Mass
Loop to toop (psia) (Ibm)

Prunary . Preuunter Cold Les Fluid Core Fluid
Sywem Liquid Core Temperature Temperature . Primary

Vog)me '~
. Power Differenual Rise Affected Unaffected . Affected Unaffected Leskase- Esperiment Pressure -

'
(ft (kW) (*F) I'F) Loop imop Loop Loop Obai/s)Number (peia)

S.SG l ' 2235 0.12 2000 3.6 70.2 802 793 414 235 0.00156

S-SG-2 2248 0.10 2010 . 0.9 69.3 8C$ 786 260 260 0.0088

S-SG 3 2252 0.37 1990 0.18 67.5 797 800 204 194 0.0069

S-SG-4 2256 0.34 1990 2.5 64.5 800 787 183 194 0.002

S-SGS 2242 0.33 1990 0.36 69.0 814 792 208 233 0.006

S-504 2274 0.34 1990 0.54 68.2 813 866 2ll 194 0.0073

S-SO 7 2252 0.32 1990 3.4 69.6 809 796 240 - 392 0.0063

S-sG8 2233 0.37 1990 1.3 68.0 809 796 214 194 0.004

S-SO-9 2269 0.35 2000 , 2.7 67.4 812 809 204 209 0.007

power was controlled to the ANS decay curve. As the Recovery involved reducing primary pressure
primary system further depressurized to the SI below the affected loop ADV setpoint pressure
pressure trip [12.51 MPa (1814 psia)], the following [5.85 MPa (848 psia)in Semiscale] to isolate secon-
automatically occurring events transpired: SI was dary fluid release to atmosphere via the ADV and
initiated; main feedwater was terminated and auxiliary then establishing primary system pressure and -

feedwater was started; and main coolant pumps began inventory control. Recovery techniques started with
a controlled coastdown. The experiment simulating the termination of auxiliary feedwater to the
a main steam line break was initiated at 0 s by open- affected loop generator and then involved the ,

ing block valves in the main steam line, followed 60 s following, either separately or in combination:
later by opening the block valve in the tube rupture unaffected loop generator feed and steam (using
break assembly. All experiments involved a 600-s auxiliary feed and ADV steam); primary feed and
operator diagnostic period, during which time only bleed (using SI and pressurizer PORV operation);
automatically occurring events transpired, followed pressurizer auxiliary spray; pressurizer internal
by a recovery period, heaters; and unaffected loop pump operation.

.

.
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EXPERIMENTAL RESULTS

This section presents results from the Semiscale conditions has a very distinctive signature response.
steam generator tube rupture experiments during The signature response to a tube rupture transient,

which both signature response and operator can be characterized by such parameters as primary
recovery techniques were investigated. The discus- and secondary system pressures, liquid levels, fluid
sion on signature response includes: general flow rates, and temperatures. For discussion pur-*

signature response of a tube rupture transient; effect poses, an experiment involving a single, cold-side
of the number of tubes ruptured on system signa- tube rupture in the Semiscale system is used for this
ture response; effect of tube rupture location on section. The signature response is discussed for a
system signature response; effect of pressurizer time period of 600 s, which was assumed to include
initial liquid inventory on signature response; and only automatically occurring events without
signature response of a main steam line break com- operator action.
pounded by a tube rupture. Topics specific to
recovery techniques include: the effectiveress of The tube rupture, occurring at t = 0 s, caused
steam generator feed and steam in cooling fluid in a primary system depressurization and loss of
the loop and lowering primary system pressure; the primary mass to the affected loop secondary system.
effectiveness of pressurizer spray for reducing Figure 4 compares the primary and secondary
primary system pressure: the effectiveness of system pressure early in the transient. Primary
pressurizer PORV operation for reducing primary system fluid, originally at 15.54 Af Pa (2247 psia),
system pressure; and the effectiveness of using SI flowed through the conical flow tube break orifice
and pressurizer internal heaters to increase fluid into the affected loop steam generator, which was
inventory and subcooling. In the discussion of these initially at 5.58 h1Pa (809 psia). The loss of mass
topics, phenomena such as condensation, flashing, from the primary system caused a steady primary
natural circulation, primary-to-secondary system depressurization until the pressurizer emptied at
heat transfer, and overall mass and energy distribu- about t = 134 s (Figure 5), at which time the

*

tions are examined. primary system depressurization rate increased. The
increase in primary system depressurization rate,

Signature Response for Tube c msp noing to theinterfacialliquid levelaofthe
.

Rupture Trans,entS pressurizer reachm, g the bottom of the pressurizeri
and entering the surge line, is attributed to a change
in the amount of free surface area and flashing of

Tube rupture signature response was investigated saturated pressurizer fluid. As long as the interfacial
in the Semiscale Afod-2B system by establishing a level was above the bottom of the pressurizer and
primary to-secondary system flow through a scaled not in the surge line, the interfacial surface area was

conical flow break tube near the tube sheet of the high, promoting flashing which, in turn, retarded
affected !oop generator. This section characterizes the primary system depressurization. When the
the primary and secondary system response during interfacial liquid level reached the surge line (due
the early portion of the tube rupture transient (prior to break flow), the interfacial surface area
to recovery procedures) and explains the thermal. decreased, which retarded flashing and resulted in
hydraulic driving mechanisms causing the behavior. an increase in depressurization rate. Shortly after

the pressurizer interfacial level cleared the bottom
Signature response is also presented in Appen. of the pressurizer,the low pressurizer pressure set-

dix B, using special primary system pressure ver- point of 13.1 AfPa (1900 psia) was achieved
sus hot leg fluid temperature plots for all (t = 146 s), automatically causing core power
experiments of the steam generator test series. These scram to the ANS decay curve and hfSIV closure
types of plots are commonly used as part of abnor, on both steam generators..

mal transient operating guidelines (ATOG)in PWR
plants.

.

General Signature Response for a Tube Rupture
Transient.The occurrence of a tube rupture in the N",$n '|e an js et rjne\" s ad$

" '"
a

Semiscale system during typical PWR operating ferential pressure measurement.
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Upon' MSIV closure, primary-to-secondary- Figure 7.a At the end of 600 s, neither generator
system heat transfer in both the affected and unaf- was full; however, the affected loop generator was
fected loop steam generators caused 'a rapid - within 75 cm (29.5 in.) of the top.

- pressurization of the secondary system, as shown .
" ~

; in Figure 6. Prior to achieving the low pressurizer . Following core scram, the primary system pres-
; pressure trip, both the unaffected and affected loop - sure showed an increase in depressurization rate as

steam generator secondary pressures remained fairly . the primary fluid cooled due to pnmary-to-
,

constant, as core power was removed via normal secondary-system heat transfer without full core4

secondary steaming conditions through an open power. The primary fluid cooling caused volumetric -

MSIV. The energy addition due to tube rupture shrinkage, resulting in primary system depressunza--
.

: break flow from the primary system to the second, tion. No major change in primary depressun,zation -

ary system caused essentially no rise in affected loop occurred when the primary pressure reached the SI

1. secondary pressure during this early period. This signal [12.51 MPa (1814 psia)], which automatically

was because'the energy removal during normal imtiated the followm, g: termination of power to the'

,

steaming was about six times the energy addition primary coolant pumps; initiation of Sl; and ter .

due to tube rupture break flow. Following MSiv mination of main feedwater and start of auxiliary

closure, the pressure rose briefly to the ADV set- feedwater to the secondaries. The effects of the

point pressure in both generator secondaries. Dur- automatic _S1 events were overshadowed by the
; - ing the first 600 s, the ADV's cycled several times rapid reduction of core power and pnmary fluid

,

' . in each generator as primary-to-secondary heat shrinkage due to primary-to-secondary heat trans-

transfer caused boiling in the secondary system. The fer. Eventually. the primary system depressunza-

| inflow of auxiliary feedwater into the unaffected ti n was sufficient for the hot leg fluid to reach
j loop and combined break flow plus auxiliary feed-

water into the affected loop compared to the mass a. Collapsed l$el refers to all the fluid (both steam and liquid)
. expelled through the ADV operation, causing a slow
' between the dirrerential pressure measurement :ap beins treated

filling trend in each generator, as shown in as saturated liquid only.,
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Figure 7. Unaffected and affected loop secondary collapsed liquid level during a cold-side, one-tube rupture transient.

,

saturation conditions at about t = 220 s (Figure 8). During the operator identification period (the
Flashing in the system then caused a major reduc- first 600 s), only minor system mass- voiding
tion in the depressurization rate. The primary occurred. Figure 10 compares the primary steam *

system pressure made a slight recovery between 190 generator tube collapsed level and the vessel upper
and 240 s. The repressurization was caused by a head collapsed level. The primary tubes remained
combination of superheated steam in the pres- essentially full, and the vessel upper head level was
surizer, due to heat transfer from the pressurizer reduced to 375 cm (148 in.) above the cold leg.
walls to pressurizer fluid (Figure 8), and the change Because of the positive differential pressure between
from forced circulation to natural circulation heat the prim 1ry and affected loop secondary, a positive
transfer in the steam generators that occurred as the break flow persisted throughout this early period;
primary pumps coasted down (Figure 9). During the however, SI flow, once initiated, was slightly larger
first 600 s of the single-tube rupture transient than break flow, as shown in Figure 11. The slight
discussed here, the natural circulation mode was filling trend in vessel upper head level during the
single phase liquid natural circulation; and the first 600 s, as shown in Figure 10, was caused by
magnitude of the flow rate is typical of single-phase a slightly larger SI flow than break flow. During
results found previously in Semiscale separate- this vessel filling, the pressurizer remained steam-

,

i effects experiments.5 filled with no liquid filling trend (Figure 5).

Following the slight primary system repressuriza- In summary, during the single-tube rupture, after
tion period (190 to 240 s), the primary pressure first 600 s of only automatically occurring events, the
stabilized, then followed a slow depressurization, system was in a single-phase natural circulation *

but remt.ined above the affected loop ADV setpoint mode supported by a heat source (core decay heat)
for the entire initial 600-s period. This slow and a heat sink (lower steam generator secondary
depressurization was supported by a combined pressure than primary pressure). Primary system .

energy balance, including SI flow, primary to- feed using SI was slightly higher than break flow
secondary system heat transfer, break flow, into the affected loop generator secondary, resulting

; flashing in the hot leg, and system environmental in a slight filling trend in the vessel upper head while

| heat loss. the pressurizer remained empty and the steam

;
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generator primary system tubes remained full. core scram) was quite different for each case,
Following the rapid primary system depressuriza- resulting in a different low pressurizer pressure trip
tion associated with core scram, the primary system times and thus scram times (16.4 s for the ten-tube
depressurized slowly and remained above the case,32 s for the five-tube case, and 146 s for the.

affected loop ADV setpoint pressure at the end of one-tube case). The depressurization rate prior to
600 s. The slow depressurization was the result of- scram increased proportionally with increasing
an overall energy balance, including fluid shrinkage, number of tubes ruptured. The depressurization,

due to primary system environmental heat loss and rate was 0.0128 h1Pa/s (1.85 psia /s) for one tube,
primary-to-secondary heat transfer, combined with 0.065 h1Pa/s (9.43 psia /s) for five tubes, and
break flow competing against core decay heat, 0.120 h1Pa/s (17.4 psia /s) for ten tubes.
flashing, and Si flow.

The attainment of repressurization following
The Effect of the Number of Tubes Ruptured on saturation in the primary system is more pro-
Signature Response. Variation of the throat area nounced for the one-tube break than for either the
of the conical flow tube allowed simulation of five- or ten-tube breaks. For the larger number of
multitube ruptures in the Semiscale facility. One , tubes ruptured, there is a higher break flow
five , and ten-tube rupture experiments were per- (Figure 13) which dominates the pressurization
formedtoexaminetheeffectof thenumberof tubes effects, including pressurizer steam superheat and
ruptured on the basic signature response. the change from forced to natural circulation in the

loop. The similarity in response for the break spec-
The overall system response for a one-tube, five- trum was also seen in pressurizer collapsed liquid

tube, and ten-tube rupture is similar; however, the level (Figure 14) and the secondary pressurization
timing of events is quite different. Figure 12 shows in the steam generators (Figure 15), implying similar
the same rapid primary system depressurizction to phenomena for the entire break spectrum.
saturation conditions for a one , five , and ten-tube

' rupture. The most rapid depressurization period The fundamental difference betacca the ons
,

corresponds to core scram, as discussed previously; tube, five-tube, and ten-tube ruptures was the rela-
however, the initial depressurization rate (prior to tionship between break flow and SI flow. The break

.
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flow was much higher in relation to the Si flow for scram time was dependent on the early depressuriza-
'

the five- and ten-tube ruptures (Figure 13), resulting tion rate which was proportional to the tube rup-
in more extensive ves3el voiding as shown in vessel ture break size and break flow rate. With larger
collapsed level (Figure 16). This difference in system break flow for the five- and ten-tube ruptures, there.

voiding resulted in considerably different system was more system voiding, resulting in completely
mass inventories (Figure 17), which led to different different modes of natural circulation at the end of
natural circulation modes in the loop at the end of the operator diagnostic period (first 600 s). For the
600 s. For the single-tube case, the inventory was five- and ten-tube rupture transients, a reflux-
about 87%, which is typical for a single-phase condensation mode predominated; and for the
natural circulation approximation.5 At t = 600 s, single-tube case, a single-phase mode existed.
the five-tube case had an inventory of about 60%;
for the ten-tube case, the inventory was $2%. These The Effect of Tube Rupture Location on
inventories for the five- and ten-tubes cases are Signature Response.Two five-tube rupture tran-
typical of a reflux condensation mode of natural sients initiated from identical initial and boundary
circulation.a,5 conditions were performed in the Semiscale system,

one with the break at the inlet and one with the
in summary, the thermal-hydraulic response for break at the outlet of the steam generator. The

the entire break spectrum studied in Semiscale was object was to assess whether the difference in
similar except for the timing of events. All three hydraulic conditions was sufficient to cause dif.
experiments show increased depressurization to the ferences in signature response. The inlet and outlet
saturation condition upon core scram. The core represent the maximum difference in initial

hydraulic conditions in the steam generator and,

therefore should produce the maximum difference
in initial break flow and signature response.

a. During reflux, steam generated in the core travels to the steam*
generator, where it is condensed in both the up side and down The signature responses for cold side (inlet) and
side of the tubes. Steam that was condensed in the up side runs hot side (outlet) tube ruptures were found to be
back into the core via the hot les counter-current to the steam
riow, steam condensed in the down side travels as liquid to the essentially identical during the early portion of five-.

pump suction and cold leg. tube rupture transients in Semiscale. Even though
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a

the initial Guid density for the hot side tube rup- a PWR, the pressurizer is about half full of
ture near the break was only about 89% of the den- Saturated liquid. Internal pressuriier heaters

3 3sity in the cold side [676 kg/m (42 lbm/ft ) for the immersed in this liquid are used to maintain loop
3 3hot side and 755 kg/m (47 lbm/ft ) for the cold subcooling and pressure control. This is accom-

,

side], the break flow was not greatly effected by plished by establishing a steam bubble which pushes
tube rupture location, as shown in Figure 18. This against the liquid-full system. It has been shown
is because the flow through the conical flow tube previously that a significant change in primary
is proportional to the square root of the fluid den- system depressurization results when the interfacial*

sity, which should result in about a 5% difference liquid level in the pressurizer is reduced due to break
in flow rate (within the uncertainty of the measure- flow from the bottom of the pressurizer into the
ment). Since the break flows were similar, the surge line. Therefore, differences in the initial

;g phrMry system depressurization rate (Figure 19) pressurizer liquid level could have an effect on the
and pressurizer drain' time (Figure 20) were also early signature response of a tube rupture. To' i >

'f similar. investigate this, two otherwise identical five-tube
ruptare transients were performed in the Semiscale

*
In summary, tube rupture location (whether at Mod-2B facility. One experiment had an initial

the inlet or the outlet of a tube) has essentially no pressurizer liquid volume of about 4287s, and the

^
effect on tube rupture signature response. Signature other had a 27% initial pressurizer liquid volume.
response parameters such as primary pressure, The experiment with 42% initial pressurizer liquid
break flow rate, and pressurizer liquid level are volume is more representative of correct volume
essentially identical for inlet and outlet side breaks, scaling to a PWR.
Even though the hydraulic conditions (fluid den-
sities) are different at the inlet and outlet, flow out The initial pressurizer liquid level was found to

~

of the break is proportional to the square root of have a large cffect on primary system depressuriza-
the density and the effect is negligible. tion during the operator response period (0 to

600 s), thus affecting the timing of certain*

The Effect of Pressurizer initial Liquid Level on automatically occurring events. On an overall basis,
Signature Response. During normal operation in differences in initial pressurizer liquid level do not

.
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Figure 18. Break flow for a hot-side and a cold-side five-tube rupture transient.

19

i.



16 i i i i i i i i

15 - Uncertainty e 0.06 MPs te pois)

14 -
s - 2000s

s
\ cold side tube rupture

13 - \ .

e \ en. \ *E
' E 12 -

\ O
E E\g ,

Hot side tube rupture
\ - 1600 Ee \ m

e \ *
\ dE

10 - \
\

9 -

- 1200
8 - -=

i e i e , t i7
0 10 20 30 40 50 60 70 80 90

Time after SGTR (s) , , , , , , , , , ,

Figure 19. Primary system pressure for a hot-side and a cold-side five-tube rupture transient.
.

.

250 i i i i i i i i

g Top of pressurizer = 832 cm (249 in)

\ Uncertainty e 13 cm (5 in)g
200 - \

- 75s
\

17 5 - N

3 \ c
S. 150 - 's cold side breet c

\ 1-e N

~e 12 5 - \ - 50 .>3
's 3n

'5 100 - \ S.7a
s .'s O

75 - 's
\ - 25Hot side break

50 - \,~---
- .

25 -

' ' ' ' ' ' ' '0
.

0 10 20 30 40 50 60 70 80 90.
Time after SGTR (s)

, , , , , , ,

Figure 20. Pressurizer collapsed liquid level for a hot-side and a cold-side five-tube rupture transient.

20



cause differences in long-term system response overall vessel level was about the same after 100 s.
characteristics, such as primary pressure and stored Figure 23 compares the vessel upper head collapsed
energy in the primary fluid. Figure 21 compares the liquid level for the two experiments. The additional
primary system pressure for the five-tube rupture mass in the pressurizer for the normal case simply.

experiments with normal and low initial pressurizer went out through the break, leaving the system mass
liquid volumes. The overall trend of depressuriza- inventory similar.
tion is identical, but the time to scram is con-

,

siderably different (32 s for the normal pressurizer The stored energ/ in the system fluid following
level case and 18 s for the low pressurizer level case). pressurizer drain appears to be the same for the two
For the first 12 s, the primary system depressuriza- cases, as shown in Figure 24 which compares hot
tion for the two experiments is nearly identical, as leg fluid temperature for both. Prior to scram,
essentially identical break flow (Figure 22) removes 2 MW of core power was added to the primary
mass from the primary system. At 12 s, the primary system for 20 s more in the normal !cvel case than
system depressurization rate for the low pressurizer in the low level case. Even though core power was
initial liquid volume case shows a great increase, on 20 s longer for the normal case, the feedwater
while the normal liquid volume case continued to termination and MSIV closure were also delayed
depressurize at the same rate. Coincidently, at about 20 s. As a result, the extra energy delivered to the
12 s, the interfacial level in the pressurizer for the primary fluid was simply dissipated by continued
low initial liquid volume case reached the surge line, prettansient steam and feed in the unaffected and
resulting in a large change in interfacial surface area affected loop secondaries; i.e., after 100 s, the hot
for flashing. With the higher initital liquid level in leg fluid temperatures are similar, indicating similar
the pressurizer for the normal case, the pressurizer fluid energy content.
interface surface area for flashing remained higher
for a longer period of time, which caused a retard- In summa y, a higher initial pressurizer collapsed
ing effect on depressurization. With the higher liquid level (increased liquid volume) resulted in a
system pressure for the normal initial pressurizer slower depressurization and a longer time to scram.*

level case, the break flow remained higher for a The thermal-hydraulic state of the system after the
longer period of time (Figure 22); however,1:.e first few hundred seconds was identical, as the extra

.
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Figure 24. Hot leg fluid temperature for two five-tube rupture transients with different initial pressurizer collapsed
liquid levels,*

pressurizer mass for the normal case simply left the pressure as steam flow is increased out the steam
primary system via the break flow. As a result, the generator secondaries. Both the unaffected and,

system mass inventory after the first 200 s was affected loop generators show a decrease, because
essentially identical for the two wes. The extra core a common tie between the steam generator secon-
power delivered to the primary fluid for the nor- daries was assumed. The steam line break was
mal level case, compared to the low level case, was assumed to occur downstream of the steam line flow
dissipated in the longer secondary steam and feed restrictor in the affected loop steam lir*e but also
time prior to scram and resulted in similar primary upstream of the MSIV. Prior to MSIV closure in
fluid temperatures. the unaffected loop, fluid in the steam line com-

Signature Response of a Main Steam Line municates with the affected loop through a com-
mn .ca er. n acN,en,ng a low secondaryBreak with Concurrent Tube Rupture. In the

event of a main steam line break in a nuclear power system pressure trip, the MSIV was closed in both
I ps, causing the pressurization of both secon-,

generating plant, it is possible to have a concurrent
tube rupture due to the sudden increase in prh tary- danes @gm 4 Mowing N closum, no

further fluid communication between the two gen-to-secondary-system differential pressure. An
experiment was performed in the Semiscale system erators existed. Followmg MSIV closure and con-

with a main steam line break as the initiating event, #"'".nt core scram, the pressurization was not
followed 60 s later by a single-tube rupture. The sustamed in the affected loop because the steam hne

signature response during the operator diagnostic break continued to allow steam release. In addition,

period (0 to 600 s) is discussed in this section. primary-to-secondary heat transfer was reduceda

because the core power was on the ANS decay -
On an overall basis, the signature response for curve. In the unaffected loop, the pressure slightly

a main steam line break followed by a tube rupture increased as primary-to-secondary heat transfer per-,
*

is similar to the signature response for a steam sisted with core power on decay heat with no steam
generator tube rupture alone. Figure 25 compares release (MSIV closed and steam line break isolated).
the primary and secondary system pressures dur- In general, the primary pressure response to the
ing the first 600 s of a main steam line break and main steam line break was characterized by only a
tube rupture transient. At t = 0, the main steam . minor reduction in primary system pressure [from
line break occurs, causing a reduction in secondary 15.6 to 14.2 MPa (2247 to 2059 psia)].
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Figure 25. Primary and secondary system pressure during a main steam line break with concurrent one-tube rupture.
.

At t = 60 s, the tube rupture occurred, resulting 600 s, as shown in Figure 29, resulting in con-
in a depressurization of the primary system at siderable atmospheric discharge of primary and
various rates until saturation conditions were secondary system fluid.

*

reached in the hot leg (Figure 26). Once hot leg
saturation conditions were reached, flashing Break flow remained above Si flow until about
reduced the depressurization rate. A typicalincrease 350 s, as shown in Figure 30. This resulted in a
in primary depressurization occurred as the decrease in vessel upper head le"el (Figure 29).

! pressurizer interfacial liquid level entered the surge Break flow and Si flow were approximately equalb
line, causing a reduction in flashing (see Figure 27). during the time period 350 to 600 s, resulting in a
At 600 s, the primary system pressure was above vessel upper head level of 260 cm (102 in.) above
the affected loop SRV setpoint; however, the the cold leg at 600 s.
affected loop secondary system pressure continued
to drop as the main steam line break allowed a in summary, the primary system response for a
steam relief path to atmosphere. concurrent main steam line break and tube rupture

is similar to the signature response for the tube rup-
The affected loop secondary system pressure ture event alone. Prior to the tube rupture, the main

I decreased throughout the time period following the steam line break caused only a minor reduction in
| tube rupture (Figure 25). This was a direct result primary system pressure. Following the single-tube

of tube rupture break flow being much smaller than rupture break initiation at t = 60 s, the primary
| the steam line break flow, as shown in Figure 28. system pressure started a slow depressurization until

l As a result, the affected loop secondary system the liquid interface level in the pressurizer entered
*

levela decreased throughout the time period 60 to the surge line. At that time, flashing in the

|

*

i

a. With the steam line break causing flow out the top of the b. Figure 30 actually shows break flow being higher than 51
affected loop generator, this measure.nent is for trend only. The - flow. However, considering the uncertainty in the break flow
level is probably within i 100 cm (39 in.) of an actual collapsed measurement and a fairly level vessel upper head (Figure 29),
level. break flow and SI flow are approximately equal.
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.

pressurizer was retarded, increasing the primary action is dependent on other compounding failures,
system depressurization rate. This relatively rapid such as main steam line break, loss of onsite and

*

primary depressurization persisted until saturation offsite power, stuck open ADV in the affected loop
conditions were achieved in the hot legs, at which generator, or a stuck open pressurizer PORV.
point flashing again retarded the depressurization Depending on the compounding failure, if any, the
rate. The main steam line break flow out of the operator methods of recovery include: unaffected
affected loop generator was much higher than the loop feed and steam, using ADV steam and aux-
single-tube rupture break flow into the affected loop iliary feedwater; primary system feed and bleed,
generator, resuhing in a decrease in affected loop using pressurizer PORV operation and safety injec-
secondary liquid level and a depressurization of the tion; pressurizer auxiliary spray; pressurizer inter-
secondary system. This resulted in considerably nal heaters; and SI operation. This section discusses
more atmospheric discharge of primary nnd secon- the effectiveness of these operator-induced
dary system fluid than for the tube rupture event responses and the thermal-hydraulic phenomena
clone. The vessel upper head level remained about governing these responses.
260 cm (102 in.) above the cold leg at 600 s.

The Effectiveness of Unaffected Loop Feed and '

Recovery Techniques During a Steam on Pressure Control and Loop Fluid Cool-
ing. Following the operator diagnostic penod of a

, ,

Tube Rupture steam generator tube rupture transient, one of the
operator options for loop pressure control and loop

*
Following the operator diagnostic period, a PWR fluid cooling is to induce a feed and steam of the

operator has a variety of means available to recover unaffected loop generators. The secondary feed is

| the plant from a tube rupture transient. Recovery from auxiliary feedwater, and the steam is con-
| requires first reducing the primary system pressure trolled by using the ADV's.-

to below the affected loop generator ADV setpoint,
thus terminating any atmospheric release of radio- The Semiscale experimental results show that the
active fluid, and then regaining control of both effectiveness for pressure control and loop cooling

i system fluid inventory and pressure. Operator due to feed and steam is dependent on the hydraulic
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state of the loop. As mentioned previously, the initiation; however, the experiment with five tubes
hydraulic state of the loop is dependent on the ruptured exhibited a much higher depressurization
number of tubes ruptured, with the larger number rate. This difference in depressurization rate is a
of tubes ruptured producing a more voided system. direct result of different heat transfer mechanisms

"

With a more voided system, the core decay heat occurring in the steam generator at the onset of feed
removal mechanism tends to be two-phase natural and steam. For the five-tube rupture case, the heat
circulation or reflux condensation; while with a transfer / core heat rejection mechanism was reflux
single-tube rupture, single-phase natural circulation condensation; while for the single-tube rupture, the -

occurs. What follows is a discussion of the role of mode of heat rejection was single-phase natural cir-
the natural circulation mode on the effectiveness for culation. Reference 5 describes reflux and single-
primary pressure control and cooling of a feed and phase natural circulation in the Semiscale system
steam operation, and the redistribution of primary in terms of mass inventory and steam generator or
mass associated with the sudden incrcase in cool- core differential temperature. At the pressures
ing in the steam generators. encountered during the steam generator tube rup-

- ture [4 to 8 MPa (580 to 1160 psia)], reflux occurs
The Role of the NeturalC!re.J.st/on Afode on the Effee- at inventories below 65To with a nearly zero dif-

t/veness of Unaffiscred Loop Feedand Steam. The effec- ferential temperature (saturation conditions
tiveness of primary system pressure control by throughout the loop). Single-phase natural circula-
secondary feed and steam depends on the natural tion occurs at system mass inventories of about 92Vo
circulation mode in the loop. The natural circula- with differential temperatures dependent on core
tion mode in the loop depends on system decay heat [30 K (54*F) at 60-kW core power].
inventory,5 which is a direct function of the number Figure 32 compares system mass inventory for a
of tubes ruptured. Figure 31 compares the primary one- and a five-tube rupture experiment, showing
systen pressure response following the onset of single-phase natural circulation type inventories for
unaffected loop secondary feed and steam for both the one-tube case and reflux-type inventories for the
a single-tube rupture and a five-tube rupture. Both five-tube case at the onset of feed and steam. .

experiments show an increase in primary system Similarly, Figure 33 shows a nearly zero differen-
depressurization rate following feed and steam tial temperature for the five-tube case (indicating

.
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reflux) and about a 20 K (36*F) differential tem- tion is proportional to the differential temperature
perature for the one-tube case (indicating single- across the tube,6rnd the system pn ssure is propor-
phase natural circulation). tional to the mass rcte of condensa: ion; therefore,

any increase in differe.'tial tempers ture across the
.

For the single-tube case, the sudden increase in tube due to feed and stearc of the se ondary system
heat sink corresponding to feed and steam initia- increases the depressurizatio.? rate.
tion caused an increase in primary-to-secondary-
system single-phase natural circulation heat transfer - For the five-tube rupture case, the recovery *

by increasing the differential temperature across the scenario involved maintaining prinary system ,

primary tubes (as shown in Figure 34). This increase pressure below the affected loop AD / setpoint by |
in primary-to-secondary-system heat transfer cooled cycling the ADV. At t = 800 s, tie ADV was
the loop iluid, causing the increase in primary closed and the heat sink diminished, causing an
system depressurization shown in Figure 31. increase in primary system pressure (see Figure 31).
Figure 35 compares the cold leg fluid temperature At t = 900 s, the ADV was again opened, causing
with the saturation temperature for the single-tube an increase in depressurization rate; therefore, feed
case. The primary system loop fluid remained sub- and steam operation was effective in maintaining
cooled throughout the process, and the primary a primary system pressure band below the ADV set-
system fluid temperature decrease corresponding to point by either increasing or decreasing condensa-
feed and steam is prominent. This cooling of fluid tion occurring in the primary system,
caused an increase in fluid density (shrinkage),
resulting in the slight depressurization rate increase Primary System Mass Redistribution Due to feedand
observed on Figure 31. steem. The redistribution of primary system mass

upon feed and steam initiation is also affected by
For the five-tube case (reflux), the sudden the hydraulic condition in the loop. For the five-

increase in heat sink due to feed and steam initia- tube case (reflux), there is a pronounced mass
tion increased the condensation occurring in the redistribution upon feed and steam initiation; *

primary system tubes. The mass rate of condensa- however, for the single-tube case (single-phase

.
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.

natural circulation), there was essentially no change showing a filling trend immediately upon initiation
in mass distribution. Figure 36 compares the hot of feed and steam. The source of the liquid level
collapsed vessel liquid level for the one-tube and increase in the steam generator tubes came from~

five-tube cases. There is very little change in level condensed core steam and entrained liquid from
for the one-tube case, but a significant depression other parts of the system. The core steam genera-
in level for the five-tube case. Even though the tion rate was abcut 0.041 kg/s (0.091bm/s), which

3vessel collapsed liquid level was reduced to below translates to a tube fill rate of 5.4 x 10-5 m /s
3(0.0019 ft /s). The actual tube fill rate shown onthe top of the core, no core rod heatup occurred

3for the five-tube case. For the five-tube case, the Figure 38 was abcr 2.5 x 10-5 m /s
3ft /s). Extrapolatint, to six tubes gives adepressurization in vessel level was caused by (0.00088

3 3flashing of vessel fluid as the primary system fill rate of 1.5 x 10-4 m /s(0.f 052 ft /s),whichis
pressure dropped. Figure 37, which presents the higher than the core steam rate can account for;
local axial density profile during the time period of therefore, the remainder is assumed to be entrained
feed and steam, shows that the decrease in vessel liquid from other parts of the loop.
density was fairly uniform throughout the core as
bubbles were formed by the flashing process. Figure 39 presents the liquid level in the unaf-

For the five-tube case with a voided system, the fected loop pump suction, affected loop pump suc-

local low pressure region created by the condensa. tion, and affected loop steam generator primary

tion process in the unaffected loop steam generator tubes. All show an emptying trend upon unaffected

tubes caused a filling of the tubes and a redistribu- loop feed and steam; therefore, the loop pump suc-
.

tion of mass in other parts of the primary system tions and affected loop steam generator tubes were

loop. Figure 38 shows the primary side liquid level a source for some of the filling of the unaffected
in a medium tube of the unaffected loop ger.erator, loop primary system tubes. The condensation proc-a

- ess associated with the feed and steam operation"

caused a differential pressure between the primary

. .
tubes and the rest of the loop. This differential -

a. The unaffected loop steam generator contains six primary pressure caused a fluid flow that entrained h. quid -
.

t.ibes-two long, two short, and two medium length tubes.The
arrected loop generator contains two tons tubes. towards the condensation site in the tubes. Even
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though the medium primary tube became nearly full through the system toward the hot side of the tubes
during the feed and steam operation (Figure 38), by condensation in the hot side of the tubes.
condensation continued as evidenced by a fairly
uniform depressurization rate (Figure 31). The Effectiveness of PORV Operation for Con-
Figure 38 shows the liquid level of only one of the trolling Primary System Pressure (Primary Feed -

six tubes in the unaffected loop steam generator; and Bleed). An operator has the option of open-
therefore, the tube liquid level depicted is not ing the PORV to reduce or control primary system

4necessarily representative of all six steam generator pressure during a tube rupture transient. In a .

tubes. The steam generator side of the unaffected PWR, PORV operations are performed along with
loop pump suction showed a draining upon feed safety injection, resulting in primary system
and steam initiation at t = 600 s; however, at about pressure control without significant mass reduction
t = 750 s the suction filled again. This was prob- (primary feed and bleed). In actual plant experience
ably due to a steam generator tube filling with con- at the GINNA nuclear power generating facility,7
densation from the hot side and spilling over into the PORV was cycled during a tube rupture tran-
the cold side of the tube (or actual flooding due to sient, resulting in a significant primary system
liquid entrainment) and then flowing down with pressure reduction (as shown on Figure 40). The
gravity to the steam generator side of the pump suc- overall system data from the the GINNA accident
tion. The rate of fill of the down flow side of the is limited; therefore, PORV operations were per-
suction corresponds within 10% to the core steam formed during tube rupture simulations in the well-
mass generation rate, suggesting complete upflow instrumented Semiscale facility to examine overall
or downflow side condensation. Sufficient data are system response.
not available to determine the exact mechanism.
The original decrease in level in the steam generator During a single-tube rupture transient in
side of the pump suction occurring at feed and Semiscale, PORV operation (latched open)in con-
steam initiation (Figure 39 at t = 600 s) is junction with SI was effective in reducing primary
attributed to a combination of entrained liquid (as system pressure below ADV setpoints without core

,

flashed steam rushed to the condensation site in the uncos ery. Even though the core was not uncovered
cold side of the tubes) and liquid that is pulled during the PORV operation, there was a significant
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Figure 40. Primary system pressure response during PORV operation for the GINNA steam generator tube rupture
I transient.
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system mass inventory redistribution and net overall volume associated with the pressurizer level increase
system mass inventory reduction. Figure 41 presents between 800 and 1100 s was about 0.014 m3

3an overlay of the primary system pressure with the (0.494 ft ); since the vessel level depletion only
3 3pressurizer collapsed liquid level during a PORV ' ccounted for about 0.0046 m (0.162 ft ), again,a

*
operation. At t = 600 s, the pressurizer was full of fluid in the loop piping and S1 flow account for the
steam, and opening the PORV caused a rapid deficit '.n pressurizer fill.
primary system depressurization (similar to the
GINNA response) as steam rushed out of the The PORV flow rate out of the system depended-

primary system through the PORV. The local low on the pressurizer level. The PORV flow varied from
pressure created by the steam leaving the pressurizer single-phase steam to a two-phase steam / water mix
via the PORV caused a flow of primary system fluid to single-phase water. Figure 45 compares the PORV
toward the pressurizer and eventual filling. flow rate to the pressurizer liquid level. As long as
Figure 42 shows that the differential pressure there was a steam space, the measured mass flow rate
between the pressurizer and vessel upper head out of the PORV corresponded to that expected

8increased when the PORV opened, which was the from single-phase steam calculations [0.0116 kg/s
driving potential for the liquid mass transport from (0.0255 lbm/s)].a As the liquid level in the
the primary system into the pressurizer. Following pressurizer increased (1100 to 1600 s), the mass flow
the PORV opening, most of the liquid entering the out of the PORV changed from single-phase steam
pressurizer came from the vessel. Figure 43 com- to a two-phase mixture. Between 1600 and 2100 s,
pares the pressurizer collapsed liquid level and the the PORV flow corresponded to the single-phase

3

vessel ug)per head level. Approximately 0.0148 m
liquid calculation [@.057 kg/s (0.125 lbm/s)].

(0.52 ft of collapsed fluid left the vessel upper When the PORV mass flow increased due to the
head between 600 and 800 s after the transient change from single-phase steam to a two-phase mix-
initiation and the increase in pressurizer collapsed ture, the ov'erall system mass inventory decreased
level during this period corresponded to approx- significantly. Figure 46 compares the combined tube

3 3imately 0.020 m (0.706 ft ). The remaining mass.

that filled the pressurizer came from loop piping
and S1 flow. As shown in Figure 44, the vessellevel a. The mass flow rate was calculated tased on rii = YAC P. ape

depleted to just above the core heated length as the [.''orine 0e$" - i aIpr ssbe y oh
"

op e -,

pressurizer continued to fill beyond 800 s. The steam.
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Figure 41. Primary system pressure and pressurizer collapsed liquid level during PORV operation for a single-tube rup-

ture transient.
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tube rupture transient.
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Figure 46. Combined break flow and PORV flow with Si flow during PORV operation for a one-tube rupture transient.

.

rupture break mass flow added to the PORV mass to reduce primary system pressure and the effect
flow (outflow) and the Si flow (inflow). Shortly of spray initiation on system mass distribution.
after 1100 s, the combined outflow exceeds the
combined inflow, resulting in the decrease in loop In the Semiscale experiments, auxiliary pres- *

inventory shown in Figure 47. surizer spray was effective in reducing primary
system pressure only if the pressurizer liquid level

Once the pressurizer filled at about i100 s, the was below the top of the pressurizer. Experiments
open PORV had only a small effect on ' primary involving auxiliary spray were performed with dif-
system pressure (Figure 41). The vessel upper head ferent liquid levels in the pressurizer. One such
remained voided of liquid, and the pressurizer experiment allowed the pressurizer to fill com-
remained full of liquid. With two-phase flow and pletely. For this case, a comparison of pressure
single-phase liquid flow out the PORV, there was response and pressurizer liquid level shows that
only a small reduction in primary system volume primary system depressurization is dependent on
compared to a large primary fluid volume reduc- pressurizer liquid level. Figure 48 shows that as the
tion when the PORV flow was pure steam; there- pressurizer collapsed liquid level increased (steam
fore, there was a much slower depressurization once space decreased) the depressurization rate due to
the pressurizer filled. Even though the depressuriza- spray decreased. A spray of fluid [about 300 K
tion rate decreased, the combined primary feed and (80*F)]a entered the pressurizer from the top,
bleed using PORV and SI was able to bring the resultin'g in dropwise condensation of pressurizer
primary system pressure below the affected loop steam. As the steam space diminished, mote liquid
ADV setpoint without uncovering the core. entered the pressurizer pool without condensing

steam. The above experiment was a one-tube rup- *

The Effectiveness of Pressurizer Auxiliary Spray ture with a nearly full vessel upper head and
for Controlling Primary System Pressure. If nor-
mal pressurizer spray is unavailable (main coolant .

pumps are off) or the PORV cannot be used dur- a. Although normal PWR pressurizer auxiliary spray
ing a tube rupture, pressurizer auxiliary spray can temperature varies between 422 and $33 K (300 to 500*F). the

Semiscale spray rate and temperature were chosen to give a
be used to reduce primary system pressure.4 Th.is desired primary system depressurization rate [0.0068 MPa/s
section discusses the effectiveness of auxiliary spray (i psia /s)). This was determined by a separate effects test.
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Figure 47. System mass inventory during PORV operation for a one-tube rupture transient.
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included unaffected loop feed and steam. The feed result is steam production that has a pressurization
and steam operation had only a minor effect on effect in the primary system. Figure 50 shows the
primary system depressurization for the one-tube axial fluid temperature gradient in the pressurizer;
case, and most of the depressurization was due to note the change from superheated to saturated fluid

,

condensation from the spray operation. A more condition (top to bottom). By 660 s, all of the fluid
complete discussion of the phenomena involved in the pressurizer is saturated, at which time the
during spray follows for a case where the collapsed primary system pressure starts decreasing
liquid level was only allowed to fill about 50% of (Figure 49). The decrease in pressure starting at *

the pressurizer and unaffected loop secondary feed 660 s is attributed to condensation of saturated
and steam were not used. steam in the pressurizer. Figures 49 and 50 confirm

Introduction of cold [300 K (80'F)] pressurizer that the pressurizer was essentially filled with

spray imtially caused a primary system pressuriza- saturated steam at 650 s; so the pressure decrease..

is due to the dropwise condensaticn of saturatedtion which was attributed to a change from super-
heated fluid and wall conditions to saturated con- steam tempered by the evaporation of liquid as,

ditions. Figure 49 compares the primary pressure spray comes in contact with the superheated
pressurizer walls. Figure 51 shows the axialresponse and pressurizer level and shows a slight

pressurization upon introduct:on of cold spray. This pressurizer wall temperature gradient (on the OD

pressunzation is attributed to the superheated steam of the pressurizer). The superheated walls were not,

and superheated walls changmg the subcooled spray
entirely quenched (to saturated conditions) until

to saturation, then evaporating the liquid.a The net about 900 s. The quench pattern followed a top
down quench.

a. Theincreaseinprimarypressure-wum'-, to spray initiation . . .

was more enhanced for the single-tube rupture case shown on A sigmficant port. ion of the pasurizer h. quid
Figure 49 [about 0.9 MPa (131 psia) rise for the single-tube rup- level increase shown on Figure 48 is atnibnted to
ture case and 0.1 MPa (14.5 psia) rise for the ten-tube rupture case]. pressurizer spray. Figure 52 compares the integrard

em at the or$ct o pIy. iEmIe vo$ the ystem pressurizer fill mass flow rate to theintegrated aux-
*

the ten-tube rupture case, evaporation of the liquid (steam genera- iliary spray mass flow rate and shows that the spray
tion) caused compression of a larger steam space than for the single. contributed about half of the total pressurizer fluid
tube rupture case. Compression of a larger steam space caus:s a
smaller pressurization, because pnmary pressure is approximately mass during the imtial spray operation. The other

.. .

-

inversely proportional to volume (perfect gas). half of the mass came from other parts of the

I
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,

system as the condensation process created a low- one-tube rupture and spray, there was a depression
pressure region in the pressurizer. The rapid of the vessel upper head level due to the fluid flow-
increase in mass in the pressurizer at about 760 s ing to the condensation site in the pressurizer; -

corresponds approxims tely to the rapid decrease in however, the vessel collapsed level remained above
liquid levelin the unaffeded loop pump suction on the cold leg during the spray operation.
the steam generator side (Figure 53). There was
essentially no change in vessel level during this spray The Effectiveness of Pressurizer Internal
period, as the collapsed level remained near the top Heaters for Controlling Primary System
of the core. In addition, liquid levels in other parts Pressure. During PWR operations, pressurizer

! of the loop remained about the same during the internal heaters are used to pressurize the primary
spray period. The most probable mechanism for the system and thus subcool the loop fluid. This is
mass transport from the steam generator side of the accomplished by creating a steam bubble in the top
pump suction is flashing of liquid and the resulting of the pressurizer by boiling pressurizer liquid with
mass redistribution. The flashing caused a net mass the heaters. This steam bubble pushes against
transport out of the steam generator side of the system liquid, thus pressurizing the system.' During
pump suction. Flashed steam with some entrained a tube rupture transient, depending on pressurizer
water rose toward the steam generator and to the liquid level, the internal heaters can be used to
condensation site in the pressurizei. Some of the increase subcooling in the loop. This section
water went to replenish liquid that had flashed in examines the effectiveness of using pressurizer inter-

the pump side of the suction, since the pump side nal heaters to pressurize the system during a tube
remained nearly full ofliquid throughout the spray rupture. -

period.
The capability of the pressurizer heaters to

The preceding discussion was for a ten-tube rup- increase primary system pressure and thus increase ,

ture when the system was in a considerably voided loop subcooling is dependent upon the relationship
,

state at the start of spray. (Steam generator tubes, of break flow, Si flow, and the amount of steam'

hot leg, pressurizer, and vessel upper head were all generation in the pressurizer due to heater opera-
voided.) During another experiment involving a tion. When the primary system is intact (no break),

|
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Figure 53. Collapsed liquid levelin the unaffected loop pump suction and vessel during pressurizer auxiliary spray
*

for a ten-tube rupture transient.

expansion of the steam bubble automatical:y results tion. Operational procedures caused the cycling in.

in a primary system pressure increase due to steam pressure as SI was alternatively turned on and off,
pushing against a solid system. With a break in the depending on the pressurizer level shown on

~

system, however, creation of steam by the pres- Figure 55. When SI was on, the steam space in the
surizer heaters has the tendency to push liquid out top of the pressurizer was compressed due to the
the break. W. tether or not the steam generation in SI flow and the pressure increased; conversely,
the pressurizer causes primary system pressurization when SI was terminated, the pressure decreased.
is dependent on the relationship of break flow, SI The reason the pressure did not increase with the
flow, and system voids, application of internal heater power during this

period was because steam created in the pressurizer
aWith the approximately correct heater capacity by internal heater power pushed fluid out the break,

in Semiscale, pressurizer internal heater operation Figure 56 compares break flow and flow out of the
was unable to cause pressurization of the primary surge line. When SI was terminated, fluid drairied
system during a single-tube rupture. Figure 54 com- out of the pressurizer as break flow remained high.
pares primary pressure and internal heater power Expansion of the steam bubble in the pressurizer
during recovery from a single-tube rupture tran- from boiling simply cat, sed an outflow of fluid
sient. There is no net increase in primary pressure toward the break with no net compression of
throughout the time period of internal heater opera- primary fluid. It the primary system and affected

loop secondary system were completely coupled.

hydraulically (i.e., the affected loop secondary was
a. In the Semisca.e experiments, the pressurizer total heater full with no break flow), it is conceivable that
capacity is 2.35 kW, which is overscaled by a factor of 2.35 on pressurizer internal heater power could pressuri?e
a total system volume basis. However. pressurizer heat loss is*

estimated to be about I kW, which diminishes the effect of the the primary system without St.
overscaled heater capacity. Considering heat loss, the net
overscaling is only about a factor of 1.42, which is exactly the - In summary, in the presence of a tube rupture,
amount the pressurizer volume is overscaled; therefore, the heater

, gggg g
capacity is approximately correct considering heat loss and

,

mcreasmg the Sem, scale primary system pressure.
,

ivolume,
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Figure 54. Pressurizer pressure and heater power during a cold-side, one-tube rupture transient.
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Figure 55. Pressurizer collapsed liquid level during pressurizer internal heater operation for a one-tube rupture transient.'
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Figure 56. Break flow and pressurizer surge line flow during pressurizer internal heater operation for a cold-side,
one-tube rupture transient.,

When SI was off, bubble formation in the pressur- ' tube rupture the system mass inventory was such
( izer due to heater operation could not offset the that at recovely initiation (600 s) the pressurizer was

'

fluid volume lost in the break flow, resulting in no steam-filled and the vessel upper head was partially
net primary system pressurization. voided [ collapsed level 75 cm (29.5 in.) below the

top). Feed and steam supported an increase in sub-
The Effectiveness of Safety injection for Con- cooling by cooling'the loop fluid (see Figure 58);
trolling Primary System Pressure. As part oi' the however, the primary pressure also increased dur-
PWR emergency operating procedures, SI can be ing the period of unaffected loop feed and steam,
terminated to control primary system pressure as shown in Figure 59. This increase in primary
depending on loop subcooling and pressurizer pressure, which also increased the subcooling, was
level.4 During the GINNA transient,7 SI was ter- caused by void compression in the presiurizer and
minated, resulting in rapid primary system vessel upper head as SI flow was greater than break
depressurization (as shown in Figuie 57). In a flow (Figure 60). With a higher Si flow than break
similar manner, the Semiscale experiments used Si flow, both the vessel and pressurizer collapsed levels
termination to reduce primary system pressure. This increased (Figure 61), thus compressing the steam
section discusses the system response upon SI ter- space in both regions. When SI was terminated at
mination during a single-tube rupture experiment 3000 s, the combined rate of mass flow out of the
in Semiscale. pressurizer and vessel about equaled the break flow

(Figure 60), allowing an increase in steam space in
During recovery from a single-tube rupture, ter- the pressurizer and vessel. Upon termination of SI,+

mination of SI in conjunction with unaffected loop the primary pressure dropped as the voids expanded
feed and steam was effective in first terminating an in _ the pressurizer and vessel (Figure 59). This
increase in primary system pressure and then caus- primary depressurization was accomplished without,

ing primary system depressurization. This termina- the complications of flashing as the hot leg
tion of Si and resulting primary depressurization remained subcooled (Figure 58). Figure 59 indicates
was accomplished without core uncovery or core that the expansion of the voids upon Si termma-
rod heatup. As discussed earlier, during a single- tion followed a perfect gas assumption within 10%.
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The depressurization continued until the primary in summary, use of Si in a nearly full system (one
pressure reached the affected loop steam generator tube break) resulted in primary system pressuriza-

*

secondary pressure, effectively stopping break flow, tion and an increase in hot leg subcooling. This
With break flow stopped, the vessel liquid level increase in pressure and subcooling was due to com-
remained above the cold leg elevation; therefore, pression of steam space in the pressurizer and vessel
the pressure reduction was accomplished without upper head while unaffected loop feed and steam
core uncovery or core heatup. Even though the aided in the subcooling ofloop fluid. Once S1 was
pressure reduction was accomplished without core terminated, the break mass flow rate about equaled

; uncovery, the pressurizer was nearly empty of the combined drain mass flow rate of the vessel
'

liquid, implying a lack of primary pressure control upper head plus pressurizer, resulting in an expan-

( via pressurizer interval heaters. Pr sure control can sion of steam space and a lowering of pressure. The
be accomplished, however, by cycling SI with con- pressure decrease was accomplished while maintain-
tinued feed and steam of the unaffected loop ing sufficient vessel liquid inventory to preclude core
generator, uncovery and core rod heatup.
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CONCLUSIONS
.

'

. The following conclusions have been formulated,
. _ based on an analysis of the results of the Semiscale .

and hydraulic conditions were essentially
_

~ he same.+ t
Mod-2B steam generator tube rupture test series.

3. The effectiveness of primary system
pressure control during recovery from a

' l. Th6 system signature respo.nse for a steam - tube rupture through use of unaffected.
t ' generator tube rupture is very distinctive loop secondary feed and steam is strongly

for a wide range of tubes rupturad and for dependent on the hydraulic state of the
different rupture locations. The signature loop. If the loop is highly voided (in two-

: response as characterized by primary and phase or reflux natural circulation), feed,

' secondary system pressures, flow, liquid and steam induces condensation in the pri-,

! levels, and temperatures is s milar for tube . mary tubes of the unaffected loop which'

ruptures on both the hot and cold sides'of greatly reduces primary pressure; however,
the steam generator and for a break spec- if the loop is nearly full of liquid (single-

_

trum including one, five, and ten tubes rup- phase natural circulation), the effect of.
j' tured in addition, the signature response feed and steam on primary pressure is .
. for a main steam line break followed by a minimal. In this highly flooded situation,-

steam generator tube rupture is similar to .the feed and steam causes only a slight
j the signature response when the tube rup- pressure reduction due to shrinkage of fluid

ture is the singular event. During a 600-s caused by' the increase in primary-to-
operator identification period, a tube rup- secondary heat transfer..

ture caused a rapid reduction in primary,

sy' stem pressure to saturation conditions, 4. During recovery from a tube rupture,-

followed by a slow saturated blowdown as PORV opcration was effectiveir reducing1- .

! primary system fluid flowed to the affected primary system pressure; however, the
loop secondary system through the tube effectiveness of the PORV operation is -

. rupture. Automatically occurring events dependent on the pressurizer liquid level.'*
that transpire during the 600 s period that When the level is low (below half-full), the.

affect the depressurization curve include: flow out the PORV is mostly steam; this
core scram, main steam isolation. valve affords a large primary volume removal in

,

closure, safety injection initiation, feed. a short time, thus causing a large primary
water termination and auxiliary feedwater pressure reduction. When the pressurizer,

initiation, and main coolant pump trip. is nearly full, the outflow is mostly liquid,
'

resulting in a small volume reduction and,
*2. The pressurizer initial level at the time of4

| tube rupture initiation has a large effect on 5. During recovery from a tube rupture, pres-
the primary system depressurization and surizer auxiliary spray:is effective for
thus the timing of certain events. During reducing primary system pressure; how -

*

the initial depressurization, flashing in the . ' ever, the effectiveness is strongly dependent
pressurizer retards primary system depres- on pressurizer wall and team superheat

, . surization by steam formation. As long as removal. The introduction oNold auxiliary
'i there is an interfacial liquid level in the spray water into the pressurizer changes the

. pressurizer, the ilashing effect is enhanced; ' fluid and wall temperatures from super-
but, when the level drops to the surge line ~ heated to saturated. This removal of super- -

'

(a large area reduction), the flashing effect . i hea.t causes a slight primary pressurization '; .-

is diminished, resulting in an increase in due to evaporation of auxiliary spray. Once
depressurization. A higher initial pres-. the superheat is removed, continued spray'

.
? surizer level thus leads to a slower primary causes a pressure reduction due to conden-

system depressurization to the low pressure sation. The . effectiveness of the spray
trip points. Even through the timing of cer . ' operation for pressure reduction depends
tain trip points was different for different . on pressurizer liquid level.' The spray is .

' initial pressurizer levels, after a few hun- only effective if the liquid level is below the
dred seconds the system mass inventory: top of the pressurizer.
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6. Pressurizer internal heaters are ineffective 7. During recovery from a tube rupture, con-
for increasing primary system pressure dur- trol of Si can be used to either increase
ing a tube rupture. Bubble formation in the primary system pressure and loop subcool-
pressurizer due to heater operation could ing or reduce primary pressure. Use of SI

,

not offset the fluid volume lost due to tube in a nearly full system causes a compres-
rupture break flow. As a result, there was sion of steam spaces and a primary system
no compression of primary fluid and thus pressurization. The primary pressurization

*
no net rise in primary pressure. In order for due to Si increases the subcooling in the hot
pressurizer heaters. to be effective for leg. Termination of Si can cause a lower-
increasing primary pressure, tube rupture ing of primary pressure because of expan-
break flow would have to be zero, sion of voids in the loop caused by

continued tube rupture break flow.
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APPENDIX A.

THE EFFECT OF SCALE ON SEMISCALE STEAM GENERATOR
TUBE RUPTURE RESULTS.

The Semiscale Mod-2B facility was designed to plant ADV setpoint is 7.22 MPa (1048 psia). To
produce thermal-hydraulic responses similar to achieve a lifting condition of the Semiscale ADV+

those expected in large scale PWRs. Certain scal- valves during MSIV closure and core scram, two
ing distortions, however, preclude the Semiscale changes were specified: the initial operating secon-
simulations from being precise replications of PWR dary system pressure was increased, and the ADV
transients. This section discusses the effect of some relief valve setpoints were lowered.
of these scaling distortions on the steam generator
tube rupture results. Even though the scaling distor- The initial steady-state secondary system pressure
tions may preclude the use of Semiscale results as was increased from a nominal value of 5.34 MPa
demonstration, the primary purpose of the (775 psia) (representative of many PWR's) to a
Semiscale data base is for computer code assessment higher value. Since several Westinghouse units
and verification. (Salem Units 1 and 2, for example) operate at

5.55 MPa (805 psia), the Semiscale secondaries
Basically, the 1:1 elevation scaling for steam were operated at this value.

generators, vessel, and pump suctions allows the
correct geometry for natural circulation phenomena
to occur. Elevation is one of the most important The ADV relief valve setpoints were lowered in

scaling factors, because natural circulation is driven the Semiscale system to provide a more represen-

by gravity head differences in the loop. Because the tative lifting of secondary system relief valves upon

main coolant pump is tripped during tube rupture MSIV closure. Previous Semiscale data indicate,

transients, natural circulation is the heat transfer nly a 1.2 and 0.5 MPa (174 and 72.5 psia) second-

mechanism for core decay heat removal. Correct ary system pressurization upon MSIV closure for

scaling of the steam generators and heat loss are also the unaffected and affected loop respectively;
involved in correct natural circulation phenomena. therefore, the relief valves would never be chal-*

lenged unless the setpoints were lowered. To ensure

The metal-mass-to-liquid-volume ratios for both that the relief valves would be challenged during the

unaffected and affected loop steam generators are steam generator test series, the ADV setpoints were

both about a factor of 8.9 overscaled. This scaling I wered to no more than 1.20 MPa (174 psia) above

distortion is an unavoidable consequence of the the initial pressure of 5.55 MPa (805 psia) in the

small scale /high pressure system. The Semiscale unaffected Imp and 0.5 MPa (72.5 psia) a.bove the

piping requires a large metal mass to withstand the initial value in the affected loop. To allow for some

pressure but also requires a small liquid volume to margin in the conditions, a 0.2-MPa (29 psia)
maintain volume scaling. The PWR metal-mass-to- allowance was used, thus making the unaffected

liquid-volume ratio at pretransient hot conditions INp setpoint 6.55 MPa (950 psia) and the affected

is about 4.7. The Semiscale unaffected loop metal. INp setpoint 5.85 MPa (848 psia). The desired
mass-to liquid-volume ratio is 42.5, and the affected scaled flow through these valves was obtained by

loop ratio is 45.5. This scaling distortion is not taking the desired PWR flow and dividing by the

thought to affect natural circulation-type behavior PWR/Semiscale thermal power ratio (1705.5). The

because of the long-term nature of the natural cir- flow of saturated steam in the unaffected loop at

culation flow condition (on the order of hours). 6.55 MPa (950 psia) was 0.21 kg/s (10.46 lbm/s),

This time frame allows equalization of metal and and flow in the affected loop at 5.85 MPa (848 psia)

fluid temperatures. However, distortions do exist was 0.07 kg/s (0.154 lbm/s).*

in the short transients, such as during MSIV closure
at low pressurizer pressure trip. Previous experi- Another scaling distortion which affected loop
ments have shown that the oversized metal mass in secondary system performance was the amount of|

=

| the Semiscale steam generators causes a lower initial liquid in the affected loop steam generator
! pressurization upon MSIV closure and core scram, which can distort the secondary fill time during a

The metal mass represents a large heat sink and thus tube rupture. Table A-1 summarizes the PWR
reduces the pressurization. The referenced PWR volume, -l correctly scaled volume, and actual
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Table A-1. Initial steam generator secondary system volumes of a PWR and Semiscale-

Liquid Volume Steam Volume
3 33 3 *

(m /ft )(m /ft )System

PWR (Zion) 85.0/3000 81.0/286.0
.

Correctly scaled Semiscale

Unaffected loop 0.149/5.26 0.14/4.94
Affected loop 0.049/1.73 0.047/1.66

Semiscale

Unaffected loop 0.13/4.59 0.21/7.41
Affected loop 0.13/4.59 0.13/4.59

Semiscale values. The unaffected loop is approx- secondary can result in water flow through the ADV
imately correct in scale on water volume and only valve, thus increasing the amount of radioactive
about 1.5 overscaled on steam volume. The affected release from a PWR. For that reason, the Semiscale
loop, however, is about 2.65 overscaled on both results cannot be considered conservative; assuming
water and steam. The water volume overscaling was the break flow is correct, the filling time should be
intentional to reduce steam volume distortion and longer in Senuscale than in a PWR. The affected loop

3 3still be able to operate in a stable manner. As a steam volume is about 0.13 m (4.59 ft ) in Semi- .

. result of these scaling considerations, filling of the scale, and the correctly scaled value should be
3 3affected loop secondary system due to tube rupture 0.047 m (1.65 ft ). Therefore, the Senuscale break

break flow should take longer in Semiscale than in flow should take about 2.7 times as long as a cor-
,

a PWR. This is important because filling of the rectly scaled system to fill the affected loop generator.

REFERENCE

A-1. Zion Nuclear Generating Station System Description, Chapter 21.
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APPENDIX B
STEAM GENERATOR TUBE RUPTURE SIGNATURE RESPONSE

USING ABNORMAL TRANSIENT OPERATION GUIDELINES (ATOG),

As part of an accident signature response, steam S-SG-8, F/S was delayed while F/B was com-
generator tube ruptme can be characterized on plots menced following a 600-s operator diagnostic.

of primary system pressure versus hot leg fluid period. The F/B operation reduced primary
temperature. During both normal and abnormal pressure, causing flashing in the hot leg; and the
operation, it is desirable to maintain a fluid sub- F/S operation, once started, was unable to promote
cooling margin in the hot leg of a PWR [usually subcooling of fluid in the hot leg.
22 to 28 K (40 to 50*F)]. This appendix presents
" Abnormal Transient Operating. Guidelines" The usefulness of these ATOG plots can be seen
(ATOG) plots of primary pressure versus hot leg by reviewing the chronology of events for Test
fluid temperature. Superimposed on these plots are S-SG-5, as shown in Figure B-5. Starting from sub-

the saturation line and a 22 K (40*F) subcooled line. cooled primary system fluid conditions (approx-
The pressure / temperature data to the right of the imately 22 K (40 F)], the tube rupture event
saturation line imply superheated steam, and the occurred, resulting in a rapid depressurization to
data to the left of the line imply subccoled liquid. saturation conditions. For this experiment, it was
The desirable operating conditions in a PWR are assumed that the operator identified that a tube rup-
to stay on the subcooled line or to the left of the ture had occurred early (about the time the sydem
subcooled line. Figures B-1 through B-9 present fluid achieved saturation conditions). Following
ATOG-type plots for the steam generator test series, normal emergency procedures, feed and steam of
Tests S-SG-1 through S-SG-9 respectively. Signifi- the unaffected loop steam gcnerator was initiated
cant operator actions during recovery are indicated while Si and tube rupture break flow continued.,

on these plott, such as unaffected loop feed and Eventually, Si flow was greater than break flow,
steam (F/S), primary feed and bleed (F/B), safety allowing a net positive influx of system mass which
injection (SI), and pressurizer auxiliary spray. The caused a compression of voids in the system. The

*
effect of these actions on increasing or decreasing operator would observe this on an ATOG plot as
subcooling is obvious in these figures. an increase in loop subcooling, as the void compres-

sion increased loop pressure but not temperature.
All the tube rupture experiments were initiated Since the primary system loop and affected loop

from a subcooled condition. In the flow of primary secondary were hydraulically coupled via the break
fluid to the secondary due to the tube rupture, the and, further, since Si had increased primary system
hot leg fluid eventually became saturated pressure, the affected loop ADV cycled several
(Figures B-1 through B-8). In Experiment S-SG-9 times, maintaining primary pressure at the affected
(Figure B-9), the initiating event was a main steam loop ADV setpoint. Meanwhile, continued feed and
line break (MSLB) followed by a tube rupture. The steam in the intact loop increased primary fluid sub-
MSLB did not adversely affect loop subcooling; cooling. To eliminate excessive affected loop ADV
however, the steam generator tube rupture (SGTR) cycling and potential atmospheric release of secon-
caused the change from subcooled to saturated con- dary fluid, SI was terminated, thus removing the
dition. Recovery techniques generally increased hot compressing effects on system voids. The primary
leg subcooling; however, in several experiments this system pressure then dropped, decreasing primary
was not possible because of compounding failures. fluid subcooling, which remained above 22 K
in experiments S-SG-6 and S-SG-7 (Figures B-6 and (40*F). Since primary sycem pressure was below
B-7 respectively), the hot leg fluid remained the affected loop ADV setpoint, potential affected
saturated despite recovery efforts. During S-SG-6, loop secondary fluid release to atmosphere was no*

the compounding failure was a stuck open affected longer a problem. An operator could plot progress
loop atmospheric dump valve; in S-SG-7, a com- during a transient on similar ATOG plots and
plete onsite and offsite power loss was assumed, immediately ascertain its effect on primary systema

precluding the use of Si during recovery. During pressure control and primary fluid subcooling.
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Figure B-l. ATOG plot for Semiscale Experiment S-SG-1 (one-tube rupture with feed and steam).
.

9

20 -
, , , , ,

'

Uncertainty 0.06 MPe (9 pois)
* 5 K (9' F)

SGTR
/

2250
15 -

j,

/
T / o q
1 /p/ g

h'
- 1500 g2 10 - / o

3 / o
to / O

E / e
,/ /

1 F/S A
Ninitleted

5 - 22 K (40' F) ' \ F/8 Initiated
subcooled ,-

.-
Saturation Une

' ' ' ' '0 ,

450 475 500 525 550 575 600
Temperature (K)

, , , , , , , , ,

Figure B-2. ATOG plot for Semiscale Experiment S-SG-2 (five-tube rupture with feed and steam and feed and bleed)

|

58

i

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



, _ _______ _ - _______

20 i i i i i

Uncertainty * 0.06 MPs (9 poia)
5 K (9' F)

* SGTR
,

'- 2250
15 -

/
/,

2 / o 9
a. / o 'G
E / 0o5 / o - 1500 e

10 - ,' o y-

& / w
- .

Pump Operation ,/ Pres urirer
,,

- ' Spray
/n_ initiated

- - 750
' '

F/S Cycled;f bc o ed ,p' Pressurizer Auxiliary

~ ' '
- Spray Cyc!ed

Saturation Line SI Cycled

' ' ' ' '0
450 475 500 525 550 575 600

Temperature (K)
, , , , , , ,

Figure B-3. ATOG plot for Semiscale Exreriment S-SG-3 (ten-tube rupture with combined recovery).
.

9

20 e i i i i

Uncertainty 0.06 MPs (9 pele)
* 5 K (9' F)

SGTRg ,

_ /- 2250

/
$ F/S Initiated: / %
0. Pressurizer Auxillery /, 3g Spray Started f 3
2 10 - / - 1500 g
a / 3
m e

E$ 0

a /- t
o

/

\ - 7505 - 22 K (40' F) /- $1 Cycled

#'p'-subcooled Pressurizer Heatore Cycled#
F/S Cycled

~ , ,
'

Saturation Line

' ' ' ' '*
O

450 475 500 525 550 575 600
Temperature (K)

, , , , , , , ,

Figure B-4. ATOG plot for Semiscale Experiment S-SG-4 (one-tube rupture with delayed pump trip).
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Figure B-5. ATOG plot for Semiscale Experiment S-SG-5 (five-tube rupture with early feed and steam).
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Figure B-6. ATOG plot for Semiscale Experiment S-SG-6 (five-tube rupture with stuck open affected loop ADV).
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Figure B-7. ATOG plot for Semiscale Experirrent S-SG-7 (five-tube rupture with power loss).
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Figure B-8. ATOG plot for Semiscale Experiment S-SG-8 (one-tube rupture with feed and bleed and feed and steam).
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Figure B-9. ATOG plot for Semiscale Experiment S-SG-9 (main steam line break with concurrent one-tube rupture,;
' including feed and steam, feed and bleed, and SI).
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