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ABSTRACT
.

Results of a preliminary analysis of the third test performed in the
Semiscale Mod-28 Steam Generator Tube Rupture Series are presented.

Test S-SG-5 simulated a pressurized water reactor accident initiated by a
douDIe-enced offset shear of five hot side steam generator tubes. The
transient included an initial 80-second period during which only automatic
plant. protection sfstem response to the initiating event occurred. This

. period was followed by an operator-induced recovery procedure to establish

an early steam ano feeo conoition in both the unaffecteo and affecteo loop
~

steam. generators., The early secondary cooldown terminated at 600 s and was

followed by use of Si ono pressurizer heaters to maintain system inventory
and recover primary system pressure control in the pressurizer. The test

results prov1oed a measured evaluation of the effectiveness of an early
secondary steam ano feed on reducing primary system pressure, the effect of
nign pressure injection system operation cn1 recovering primary system
inventory and pressure control, and the effectiveness of pressurizer
heaters in controlling primary system pressure. The test showed that the
prescribed limited' operator response was adequate to recover the Semiscale
system from a simulated five-tube rupture. *
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SUMMARY

This repurt presents a preliminary analysis uf tne Semiscale M0v-28
Steam Generator Tube Rupture Series (SG) Test S-SG-5. S-SG-5 is the thiro
test of tne SG series to be conuucteo. The test series is designeo to
stuoy tne effect of the number of tubes ruptured (break size), the location
of the rupture (hot side or colo sioe of the steam generator) ano the
effect of limited operator responses to the accident following an initial
10-minu e simulated toentification period.

Test S-SG-5 simulated a pressurized water reactor transient initiated
.

by a ocuble-enoed offset shear of five hot sioe steam generator tuoes.
Data from this experiment will be examined to evaluate event signatures,
event severities in Semiscale and recovery procedures, with the principal
objective of providing data to validate computer code capacility.

Test S-SG-5 was oesigned in three parts: (a) an initial 80 s perico
in which only automatically functioning plant protection systems were
assumed to operate, (b)' an early steam.ano feed in both steam generator -

secondaries for 520 s, followed by (c) an operator controlleo recovery
perioo'incluoing an unaffected loop steam generator steam ano feec,
pressurizer heater operation, and termination of safety injection (SI).

The signature of this five-tube rupture was characterizeo by a
relatively rapid oecrease of the primary coolant system pressure to
saturated conoitions in the hot legs as primary coolant system fluid flowed
through a simulated five-tube break into the affected loop steam generator,

secondary. Automatic protective actions that influenced the pressure
response during this early period were core scram and main steam isolation

I

valve (MSIV) closure. Both were initiated by a low pressurizer pressure
j

trip at 13.1 MPa (1900 psia). Main coolant pump trip, feedwater
termination, auxiliary feedwater start, and safety injection start were all
initiated on a safety injection signal at a pressurizer pressure of
12.5 MPa (1814 psia). Part of the pressure response curing this early

-

perioo was a rapid increase in secondary pressure in botn loops as
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pri.Tary-to-secondary heat transfer raised the pressure of the secondaries
after MSIV closure. Accompanying this secondary pressure increase was a
lif ting of the atmospheric uums valve ( AUV) in both the affected and
unarrectea steam generators. The five-tube break flow was surticient to
leave the vessel upper heaa collapsed liquid level near the hot legs at the
eno of 600 s. Following the attainment of saturation conaitions in the hot
legs, the primary and secondary system pressures remained fairly constant
as safety injection (SI) fluio entered the primary and break flow lef t the
primary system to the affected loop steam generator secondary. Decay heat
was removec by natural circulation.

_

An early steam and feed condition was established at SCRAM + 60 s in
both the affected and unaffected loop steam generator seconaaries. This
represented an attempt to cool the primary system before significant flow
into the affecteo loop steam generator occurred. .

Tne recovery procedure in $-SG-5 was initiatec at 500 s to simulate a

perica for operators to icentify the tube rupture. Operator response at -

~

b00 s incluceo operating the unaffected loop ADV in an attempt to

depressurize the unaffectea loop seconcary and thus increase the loop heat
sink. 51 was turneo off af ter establisning acceptable levels in tne vessel

'

ano pressurizer to control primary pressure ano terminate atmospheric
release from the affected loop generator. Pressurizer heaters were used to
control system pressure within a specifiea banc, after which the test was
terminated.

.

'

Overall system response to the combined recovery methods, incluaing
unaffected loop steam and feed, Si cycling, anc pressurizer heater,

operation, was to slowly fill the affected loop secondary, the vessel, anc
,

+

the pressurizer with S1. After establishing level, compression from 51
caused the primary and the affected loop secondary pressures to rise above
the ADV setpoint. SI was then cycled as necessary to control system

pressure below the affected loop ADV setpoint, until the pressurizer high
level trip was reacheo. Pressurizer heaters were finally used to control,

,

pressure in a specified bano below the affected loop ADV setpoint.
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A comparison of tne system pressure response for the colo sice ano het

sioe five-tube rupture experiments (5-SG-2 and S-SG-5, resoectively) shows
similar responses except for the timing of events. A slightly higher creak
flow in the colo side rupture, oue to higher cenrity in the cold leg,
prooucec early pressurizer emptying. No phenomenological oifferences were
noteo.

Comparisons between the pretest best-estimate RELAPS calculation anc

test data are presented in this report. The calculateo and measured
initial conditions agreed well. For most of the transient, Comparisons of
the calculated and measured responses show good qualitative agreement.
Uncerprediction of the break flow did.however cause the primary pressure to.

be'overpreoicteo ano tne filling of the affecteo loop steam generator to
occur later than observed in the test. The calculatec anc measurec primary
pressure response to the operation of the pressurizer internal heaters was
significantly offferent. Operation of the pressurizer internal neaters was -

able to control the primary pressure curing the recovery phase of the
transient in the calculation, but was unable to i-n the test prior to
restarting S1. The reason for this oifference in pressure response is-

~

believed to be due to differences in calculated and test pressurizer fluic', ' -

conditions. J.
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1. INTRODUCTION

Tnis report occuments preliminary results from Semiscale Mod-28
test S-SG-5, the third experiment performed in the Semiscale Steam
Generator Tube Rupture (SG) Test Series. The test series incluoes
experiments designed to investigate both tube, rupture initiated transients
and transients otherwise inouced but concurrent with tube , rupture. Data
from these experiments will be examined to evaluate event signatures, event
severities in Semiscale, anc recovery procedures, with the objective Of
proviaing cata to assess computer coce capability. Although innerent

_

scaling distortions ano facility limitations precluoe interpreting tne
results of the SG Test Series as precise replications of pressurizec water
reactor response, tne experiments are oesigned to provide thermal-nyoraulic
behavior that will be representative of PWR benavior. Suosequent

references in this accument on simulation of a full-scale PWR adoress the
'

aesign of the experiment ratner than the quantitative results.

Test S-SG-5 simulated a pressurizea water reactor transient initiatec
.

by a double-ended offset shear of five-hot side steam generator tubes. The
test was designed in three parts, an initial 80 s period in which only
automatically functioning plant protection systems were assumea to op'erate,
followed by an operator incuced secondary steam and feed of both steam

generators, and a subsequent operator controlled recovery period, which
included steaming and feeding of the unaffected loop steam generator
secondary, cycling of safety injection (high pressure injection an'd
charging pumps), ano operation of pressurizer heaters to control primary
pressure. Automatic signals started safety injection (SI), closed main

.t- steam isolation valves, turned off main feecwater, started auxiliary
'

feeowater, trippea the main coolant pumps, and shut off pressurizer
heaters. An early secondary cooldown was initiateo at 82 s (SCRAM + 60 s),
and consisted of steaming both the unaffected anu affected loop seconaaries4

through their respective atmospheric dump valves (ADVs) anc feeding with
auxiliary feeowater. This procedure simulated optimum use of the seconoary
heat sinks to depressurize and cool the primary system, when minimum-

contamination of the secondaries haa occurred. Recovery operations were
initiated at 600 s af ter the occurrence of the break. (A time of 600 s is

1

.
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within the range of transient identification and response times that have

occurred, or are expected to occur, in actual plant transients.) The
S-SG-5 recovery includec steaming the unaffected loop secondary system

through the ADV and reecing with auxiliary feeowater. The ADV was cycled
in an attempt to maintain primary pressure at 5.6 0.14 FPa (812 :

,

120 psia). SI was used during recovery to fill the primary pressure vessel,
the affected loop secondary, and the pressurizer to an acceptable level for

. pressurizer heater operation. SI was then cycled to control primary system
pressure. Pressurizer heaters were used to maintain the primary system .

- pressure at 5.6 0.14 PiPa (812 ! 20 psia). The test was terminated
when' primary pressure control had been demonstrated.

A preliminary analysis of test S-SG-5 is presented in the following
sections. Section 2 describes the system configuration and test conduct.
Section 3 presents results frcm test data analysis. Section a presents a
comparison of test cata to the RELAp5 pretest analysis, anc Section 5
summarizes conclusions crawn from the preliminary analysis.
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2. SYSTEM CONFIGURATION AND TEST CONDCT

2.1 System Conficuration

The Semiscale Mod-28 system configuration is illustrated in Figure 1.
The system is scaled from a reference four-loop PWR system baseo on the
core power ratio, 2(MW)/3411(MW).2,3 Component elevations, dynamic

pressure heads, and liquid distribution were maintained as similar as
practical. The two-loop test configuration consisted of the vessel with a
25-roc electr_ically heated core with external oowncomer, tube-ano-snell
steam generators ano associated loop piping with circulation pumps. Tne
affectec loop (the loop in' which the steam generator tube rupture occurs)
is scaled to represent one loop of a four-loop PWR ano the unaffectec loop
represents three loops of a four-loop PWR. The Semiscale 5 team Generator

ITuoe Rupture Experiment Operating Specification gives more cetail about
tne specific components.

Special modifications to the-Semiscale Mod-2B system are incorporated
to properly control and measure bouncary conditions for the steam generator
tube rupture series. These include condensing systems and catch tanks to
accurately measure system effluent from the steam generator secondaries,

special effluent flow controls in the steam generator secondaries to give
properly scaled steam relief flow rates, and a tube-rupture break assemoly
to simulate the primary to secondary flow patn created by the tube rupture.

In both the unaffe'cted and affected loops, a simulated power operated

atmospheric dump valve (ADV) and a staged safety relief valve (SRV) system,

; are situated on the main steam line. They represent scaleo ADV anc SRV
'

flow capacities and operation.3 The SRV orifice is designed to pass a
scaled flow corresponoing to only the first stage of relief.of the SkV in a
PWR (PWR SRV's typically have 5 stages of relief). The ADV orifice is
designeo to pass scaled flow corresponding to ADV operation in a PWR. On a
PWR, the pressure relief setpoint for tne ADV stage is encountereo before

the various multistaged SRV relief setpoints. Figure 2 shows the
orientation useo in Semiscale to simulate this operation in both the

'

affected ano unaffected loops. The parallel flow path arrangement allows

3

'
.
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ADV flow through the ADV block valve and oritice, and stage one SRV flow
through ther comoination of botn block valves and orifices. The block
valves operate'in an open or snut mode only, with the orifices controlling
the flow rates. The ADV block valve opens automatically at the ADV
pressure setpoint. If the pressure continues to rise af ter the ADV opens,
tne SRV olock valve opens automatically at the SRV pressure setpuint. As
the pressure-cecreases, the block valves close automatically, 69 KPa '

'(10 psi) below ~their respective pressure setpoints. In Semiscale, the ADV
. relief setpoint is 5.85 MPa (848 psia) in the affected loop and 6.55 MPa
(949 psia) in the unaffected loop. The first stage SRV relief setpoint is.

5.94 MPa (661 psia) in the affected loop and 6.74 MPa (977 psia) in the
unaffected loop." Figures 3 and 4 show mass flow rate versus pressure
for ADV and SRV operation for the affected and unaffected loops,

respectively. The ADV can also be latched open manually during the
recovery.procecure with the SRV block valve shut.

The. pressurizer PORV pr avides a means of manually relieving primary

system pressure from the tdp of the pressurizer. Semiscale uses a single

valve with a flow control orifice to simulate the two PORV's of a full
scale PWR. A 0.141.cm (0.055 in.) sharp eaged orifice was gizeo to pass
0.03 kg/s (0.069 lb/s) at 16.2 MPa (2350 psia). The scaling criteria are
presented in appenoix A of Reference 1.

Tne tube rupture Dreak assemoly connects the primary coolant system
:with the secencary*sioe in the vicinity of the affected loop steam
generator tube sheet (see. Figure 5). The break assemoly can be connecteo

1- .to either the hot leg or colo leg side of the primary at the broken loop
h steam generator plenum, 57.1 cm (22.5 in) below the top of the tube ' sheet.+

h '

The break assemoly connects to the seconoary at one location, 36.5 cm
7

(14.4 in) above the top of the tube sheet on the cold leg siue of the
:.

iW *

i-

'
1 a. The ADV and SRV relief setpoints were set to different values for the'

two steam generators, and artifically low, to ensure ADV operation during
the transient. The scaling of-these relief ;etpoints is discussed in
detail in Reference 1.-

;
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generator. For test -S-SG-5, the break assembly was on the hot leg side of
the primary. The break assemoly consists of a break orifice and venturi
flow meters to measure single phase break mass flow rate. The break
orifice is an interchangeable symmetric conical flow tube as depicted in
Figure 6. Figure 6 shows the cimensions for a 1 , 5 , and 10-tube break

orifice. Test S-SG-5 used the 5-tube break orifice with a 0.175 cm
(0.0689 in) 10. The flow tube was calibrated in single phase water and can
be useo to monitor break mass flow rate.

Heat loss makeup in the Semiscale system is accomplished by using
external heaters uistributed fairly uniformly throughout the Semiscale
system. These heaters are controlled by six separate power supplies,

including: vessel, hot legs, cold legs, unaffected loop pump suction,
affectea loop pump suction and pressurizer. The total power provided by
these heaters is about 47 kW. An adaitional 20 kW of heat loss makeup was

4

provided by augmenting core power throughout the transient. Control of the
heaters is as follows: If the maximum allowable temperature level (900 K)
is reached on the insiae surface of the pipe insulation, external power to,

that component is recuced by half. If the temperature trip limit continues*

,

*

- to be exceecea, power to that component is terminated. Pressurizer
external heaters were not used in S-SG-5. Power to the vessel upper head
and upper plenum heater banks was terminated when the indicated liquid ~~

,

level fell below 20% of full for the portion of the vessel covered by the
particular heater.,

k

Pressurizer internalJ1 eaters were usea in the following manner during,

the S-SG-5 recovery in an attempt to maintain primary system pressure,

; control in tne pressurizer. Thr'ee types of pressurizer heaters were useo,
l. back-up heaters, variable heaters, and warm-up heaters. The back-upo

'

neaters were operated in an un/off moae only, supplying a total maximum
power of 1170 watts from 2 heater roas. These heaters were controlled..

I automatically to energize when the primary pressure decreased to 15.5 MPa
(2253 psia) and to turn off when pressure returnea to 15.7 MPa

[ (2273 psla). The variable heaters suppliec up to 1185 watts total power
L from 2 heater roas. The controller was set to maintain primary pressure at
( 5.6 0.14 MPa (812 20 psia). These heaters were energized at
!

l
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5.6 MPa (812 psia), and as the primary pressure decreased, the pcwer

increased to a maximum at 5.46 MPa (792 psia). As the pressure rose, power
was recucec until it was terminated at 5.74 MPa (832 psia). Warm-up
heaters were controlled manually ano supplied up to 14 kW total power from
6 rods.

2.2 Test Conduct

The system was filled with demineralized water and vented to ensure a
liquid tuli system. _ Instrumentation was calibrated and zerced as

necessary. The system was heateo to initial conditions using core power
and forceo flow with the primary coolant pumps running. Specified and
measured initial conditions are listed in Table 1.

The test was initiated at t = 0 by opening a block valve in the break
assembly allowing primary fluid to flow into the affected loop secondary.
Table 2 contains a sequence of significant events for S-SG-5. The first
82 s involveo autcmatically occurring events such as core scram, main steam
isolation valve closure, auxiliary feedwater start and main feedwater stop,
main coolant pump trip and HPIS/ charging flow initiation. The initiating ,
events for these actions were a low pressurizer pressure trip (13.1 MPa
(1900 psia)) and SI signal (12.51 MPa (1814 psia)). A time of SCRAM + 60 s
(82 s after tube rupture) was the initiating event for the early cooldown
of both the affected and unaffected loop secondaries. This cooldown
involvec steaming of both secondaries through their respective ADV's and
feeding with auxiliary feedwater. The recovery procedure for S-SG-5
involvec intact loop steam and feed, operation of the pressurizer heaters,
ano cycling of 51. SI included both high pressure injection flow and
charging pump flow as describeo in Reference 1.

The recovery procedure started at 600 s, the simulateo time required
9

for operator icentification of the tube rupture. Unaffected 1000 auxiliary
teeo was centrolleo oy maintaining the secondary water level between

300 anc 1050 cm (315 ano 413 in.). Affected loop auxiliary feeo was
terminated at u00 s in an attempt to isolate the seconaary. The unaffected
loop ADV was cycled to maintain the secondary pressure at the level

12
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TABLE 1. INITIAL CONDITIONS FOR S-SG-5

. Soecified Measurec

Primary Cold Leg Flow Rate (Nominal)
Affected Loop 2.7 t/s (43 gpm) 3.28 1/s (52 gpm).
Unaffecteo Loop 8.1 t/s (12s gpm) 9.65 1/s (153 gpm)

Pressurizer Pressure 15.6 + 0.14 15.47 MPa
.

~

(2250 + 20 psig) (2240 psig)

Pressurizer Liquid Volume 0.0102 + 0.0008 m3 0.0094 m3
3 3

~

(0.36 + 0.028 f t ). (0.33 ft ),

Core Power
-

2.0 + 0.01 MW l.99 MW

Loop to Loop Cold Leg Fluid 2.0 K (3.6*F) 0.2 K (0.36*F)Temperature Differential

Core Fluid Temperature Rise 37 + 1.5 K 38.35 K (c9'F)
(6676 + 3*F)_

c' team Generator PressureS

Affected Loop 5.55 + 0.07 MPa 5.62 MPa
.

(793 7 10 psig) (802 psig) 7.Unaffected Loop 5.55 7 0.07 MPa 5.47 MPa
(793110psig) (780 psig)

'

Steam Generator Secondary Fluio
Massa ,

Affected Loop 100 + 40, - 20 kg '94.3 kgb (203 lbm)
(220 + 88, - 44 lbm) 114.6 koc (253 lbm) .

92.2 kgu (203 lbm)
Unaffected Loop 100 + 40. - 20 kg

105.6 kgC ((233 lom)(220 + 88, - 44 lom) 129.4 kg 285 lem)
106.4 kg (235 lbm)

'

Primary Leakage at t = O <0.006 kg/s 0.003 kg/s
(<0.0132 lbm/s) (0.006 lbm/s)

These values were determined from data acquisition system levels followinga.

main steam isolation valve closure. Initial conditions were establisheo using
process indicated levels which have a high uncertainty in a steaming condition;
however the specified process levels where achieved prior to test initiation,

b. Measured with LIS 1117 + 51 for unaffected loop or LBS 1117 + 51 for
affected loop.

| c. Measured with LIS 1117 + 836 for unaffected loop or LBS 1117 + 836 for
! affected loop,

d. Measured with LIS 1117 + 825 for unaffecteo loop or LBS 1117 + 825 for-affected loop.

13
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. TABLE 2. SEQUENCE OF EVENTS FOR TEST S-SG-S

Soecified Criteria Actual Tihe (s) Event *

0s O Break flow initiated.

Cs 1 Pressurizer internal heaters
off

Ppgz = 13.1 MPa (1888 psig) 18 SCRAM

SCRAM 20 Core power shut off
,

'

SCRAM 20 MSIV closure
~

PPRZ = 12.5 hPa (1803 psig) 22 SIS

SIS 22 Main feedwater secured

SIS 22 Auxiliary feecwater,

initisted

SIS 22 SI turned on

SIS 24.5 Pumps off
-

SCRAM + 60 s 82* Unaffected loop--ADV
latched open

SCRAM + 60 s 82 Affected loop--ADV latched
open

600 s 600 Unaffected loop--ADV cyclec
to maintain Ps = 3.25

0.14 MPa

600 s 600 Affected loop--ADV closed
- Affected loop--Auxiliary

feed secured
| 4700 Affected 1000 secondary
! tilled, ADV cycling

initiated
I

i M 6300 SI terminateo: LLPRZ-; ADV " S1
t

changing very slowly

(M ). A ected*
ADV SI

1000 ADV cycling'

terminateo

| 14
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TABLE 2. (continued)

Specified Criteria Actuai Time (s) Event

75 < LLprz < 382 cm 7300-7500 SI cyclec to control
pressure

8400-8500 51 cyclea to control
pressure snut off on

LL rz high levelp

P = 5.6 0.14 MPa 7200-8800 Pressuzier internal heaters*

( back-up, variable)--On
-

8800-9000 Pressurizer warmup heaters
energized 914 kW

9000-end Pressurizer heaters cycling
to control pressure

*
The early secondary steam and feed was an operator inoucec action. The

2 second delay to 82 s was caused by.the difference between process and
data system measurements, and operator response time.
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established by the early coolcown, 3.3 MPa (482 psia). Safety injection
flow aas filling the primary vessel, the affected loco steam generator
secondary through the creak, and the pressurizer. The vessel and the

afrected Icop secondary were filled at 4700 s, and the pressurizer liquid
level was rising, compressing the steam space. This compression causec a

primary pressure rise that exceeded the affected loop ADV setpoint and
resulted in ADV cycling. Concurrently, the unaffected loop ADV was

operated in an attempt to cool the primary system and reduce the primary
pressure to 5.6 MPa (812 psia).

Safety injection was terminated at 6300 s, after pressurizer and
vessel level requirements.were satisfied, to reduce primary pressure and
stop the atmospheric release. The primary pressure dropped below the
affected loop relief setpoint, ana ADV cycling was terminated. Vessel and
pressurizer levels remained stable while the primary pressure drooped to
the initiation point for pressurizer heater operation. The pressurizer.
back-up and varlaole heaters were energized at 7200 s to control primary

,

,

pressure. The pressure continueo to crop and S1 was operated between-

7300 ano 7500 s to reestablish primary system pressure. Once again the
pressurizer heaters were unable to maintain primary system pressure within
the specified band. 51 was started again at 8400 s and terminated on

.

pressurizer high level criteria at 8500 s, without having reestablished
primary pressure. 51 was not operated again. The primary pressure dropped
slowly while the effect of back-up and variable heaters was examined. At
8800 s the back-uo and variable heaters were shutoff, and the warm-up

heaters were energized at a maximum power of 14 kW. By 9000 s, primary
pressure had oeen established in the specifiec band and the warm-up heaters
were shut off. The back-up and variable heaters were then used
successfully to maintain primary pressure. The test was terminated after
stabilizing pressure with pressurizer heaters for 15 min.
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3. RESULTS

This section discusses the overall thermal-hyoraulic response of the
Semiscale system during Test 5-SG-5. Test S-SG-5 was a simulation of a
double-ended offset-snear of five steam generator-tuces on the hot sice of
the steam generator near the tube sheet. The discussion is organized into,

four areas: tne initial response to automatically occurring events (0 to

~

82 s), the early seconaary steam and feed (82 to 600 s), the recovery
period involving operator actions (600 to 9900 s) ana a coraparison of tne
response for a_ 5-tuce cold sioe (Test S-SG-2) and 5-tube hot side-

(Test S-56-5) break experiment.

3.1 System Behavior--Tube Ruoture Sicnature,

Early in Time (0 to 82 s)

The occurrence of a 5-tube rupture event curing normal operation in a
PWR has a very distinctive signature response, as shown in th,e comparison

,

of primary and secondary pressure in Figure 7. The tube rupture (occurring
in the affected loop steam generator) initiated the transient at 0 s.
Primary fluid originally at 15.47 MPa (2243 psia) flowed through the

4

conical flow tube' break orifice into the affected loop steam generator
Originally at 5.6 MPa (803 psia). The loss of mass from the primary loop

.

caused a fairly steady primary depressurization until about 12.5 s, at
which time a marked increase in the cepressurization rate occurred. This
increase in depressurization rate is thought to bt! aue to a reduction in
the free surface area of the fluia in the pressurizer. The resulting
reduction in flashing leo to a more rapid depressurization (see.;

-| Reference 4, Appendix A for cetails). The primary oepressurization
'f, following this point was fairly steaay until the low pressurizer pressure
j setpoint of 13.1 MPa (1900 psia) was achieveo at about 20 s.

1-
,

'i

: Prior to achieving the low pressurizer pressure trip, both the
affected and unaffected loop steam generator pressures remained fairly

constant as core power was removed via normal seconoary steaming conditions

17
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with the primary loop pumps running (see Figure 8). The energy aadition to
the affected loop secondary from break flow hao a negligible effect on
secondary pressure during this period.

At the low pressurizer pressure trip point, two prominent events
occurred whi,ch greatly affected the depressurization rate: the core power
was scrammed to the ANS decay power curve ano the main steam isolation

valves were closed on the steam generators. Upon M51V closure, the heat
transfer to both the affected ana unaffected loop steam generator
secondaries causea a rapid pressurization of the secondaries as shown in
Figure 8. The secondary pressure in the unaffected loop steam generator
achieved the ADV setpoint of 6.55 MPa (950 psia) cycling the ADV once. The
affected loop secondary pressure achieved the ADV setpoint of 5.85 MPa

(848 psia) and cycled twice during this early perica.

Following the core scram at 13.1 MPa (1900 psia), the system pressure
showed an increased depressurization rate as the system liould snrunk cue

to primary to secondary heat transfer (see Figure 7). The safety injection
.

signal was achieved at 12.51 MPa (1814 psia) and initiated:
(a) terminating power to the primary.coola'nt ' umps, (b) starting SI flow,p '

and (c) terminating main feedwater and starting auxiliary feedwater to the ,

secondaries. No major change in primary depressurization rate occurred
from these events as their effects were overshadowed by the effect of core
scram.

Following pump trip and coastoown, the loop flow reduced to typical
natural circulation values as shown on Figure 9. The termination of. .

pump flow and subsequent transition to natural circulation resultea in
,

reducea heat transfer from primary to seconaary. This was illustrateo by a
decrease in seconaary pressure in both loops. Eventually, the primary
system depressurization was sufficient for the hot leg fluid to reach a -

saturation condition at about 40 s (Figure 10). Flashing in the system
then caused a major reduction in the depressurization rate. Tne primary,

pressure made a slight recovery between 55 and 75 s. This repressurization

19
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was likely caused oy superneatea steam in tne pressurizer (Figure 10),
flashing in the reactor vessel, and reduced heat transfer to the
secondaries.

Primary pressure remainea above both secondary system pressures for
the entire 82 s period, causing a primary-to-affected loop secondary mass
flow as shown on Figure 11. As long as break flow exceeded total 51 flow,
primary system mass inventory depleted. Figure 12 shows the pressurizer,

; collapsed liquid level essentially depleted after the initial 50 s.
_

3.2 Early Coolcown Response

An early cooldown of both the affectec and unaffecteo steam generator
secondaries was initiated at SCRAN + 60 s, which occurrec 82 s after tne
tube rupture. This coolaown consisted of steaming tnrough both seconcary
ADVs and feeding with auxiliary feeawater for approximately 520 s. Early
coolaown was emphasized auring the ciagnostic period, using the seconcary
neat sinks when they would be least contaminated. ADV operation procuced
an immediate p.ressure crop in the secondaries'of both loops. The

unaffectea 1,oop secondary pressure dropped quickly, increasing tne heat
sink anc hastening the primary depressurization. The affectea loop
pressure dropped less rapidly due to the mass addition ano energy injectea
by the break flew (see Figure 13). The primary system pressure dropped

!

very slowly for the first 100 s of the cooldown and then aropped rapidly as
the vessel liquid level dropped below the upper head, causing the vessel

,

;. upper head and upper plenum external heaters to turn off.

j Steaming in the unaffected loop caused a levela decrease in the
{ seconaary as the ADV mass flow rate exceeded that of auxiliary feeawater
j flow rate (see Figure 14). The liquid level' in the affected loop
.

..! - *

t~

The indicatea level in the secondaries during steaming was influenceca.
by frictional pressure crops, boiling effects, and velocity effects on the

;. differential pressure measurement. Tnerefore the indicatea level is'

incorrect until the secondaries were isolated after o00 s.
i

23
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remained fairly constant curing the cooldown with ADV flow being equaled by
the ccmbinec auxiliary feedwater flow and break flow, as shown in Figure 15.

Safety injection flow was maintained throughout the early cooldown in
an attempt to maintain system inventory. However, the pressurizer level
did not recover (see Figure 12), and the vessel level fell to about the
level of the hot leg as shown in Figure 16. Primary to secondary break
flow persisted throughout the early cooldown, depleting the system
inventory, until 550 s, wnen the $1 flow exceeded the break flow
(Figure 17).

.

5Two-phase natural circulation was first observeo at about 250 s,
wnen a sharp increase was notea in cold leg flow (see Figure 18).
Figure 19 snows consioerable voic;ng in the cold leg from 250 to about
1200 s, when the flow rates return to single-phase natural circulation
levels.

At the enc of the early coolcown perica (600 s), the primary ano
seconaary pressures were well below the affected loop relief setpoint. The

,

pressurizer had emptied and the vessel liouid level was about 95 cm
(37.4 in.) above the top of the core. Primary-to-secondary break flow was
small ano 51 was operating tc fil.1 the system. From this conoition,
recovery operations were initiated.

3.3 Recovery Phase Sionature
-

.

The system recovery in Test 5-SG-5 involveo unaffected loop seconcary
steam and feed, safety injection operation, and pressurizer heater

l operation. Recovery In this case meant the termination of break flow, the
establishment of acceptable levels in the vessel and pressurizer, and the
maintenance of primary pressure below the affected loop relief setpoint for

! 15 minutes, using pressurizer heaters.
.

Recovery operation commenced at 600 s by terminating the affected loop
- auxiliary feedwater and closing the ADV. The unaffected loop was placed in
a controlled steam ano feed mode to maintain the secondary pressure

28
.
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achievec at 600 s, therecy provicing an enhancea heat sink to nasten
'

primary aepressurization. Safety injection was used to fill the voids in
'

the primary system. Pressurizar variable anc back-up heaters were usea as

neecea to maintain primary pressure at 5.6 : 0.14 MPa (812 : ?0 psia).
Warm-up heaters were used to re-establish pressure only after SI was no
longer available and back-up and variable heaters were shown to be
ineffective. The test was terminated when the primary pressure had been
stabilized by pressurizer heaters for 15 min in the specified band.

'

3.3.1 E ffect of Sl on System Recovery
_

At 600 s the vessel was highly voided, the pressurizer had drained,
ana the affected loop seconaary still had a large steam space. Sl
operation maintained the primary system pressure slightly above the

.

seconcaries, resulting in break flow filling the affected loop seconaary.
51 anc break flow were essentially identical while the seconaary was
filling, as shown in Figure 20. Vessel anc pressurizer levels did not
increase until the affected loop secondary haa been fillea to the point of
compressing a small steam space, raising the seconaary pressure (Figure 21)
ano forcing Si to fill the primary system. Vessel ana pressurizer levels
are shown in Figure 22, illustrating their simultaneous filling. The
pressurizer filled much slcwer than the vessel due to the supernest in the
steam space resisting compression as the pressurizer level rose.

The vessel and affected loop secondary became essentially liquid solic
at 4300 s, as exhibited by the close coupling of the two system pressures
shown in Figure 23. This coupling was lost when the affected loop ADV
cycled, reoucing pressure, but redeveloped as soon as ADV cycling was<

'

terminatea. This illustrates that the pressures are coupled when
cepressurization moves slowly, as with SI filling and heat loss
aepressurization. However, coupling is lost in a rapid transient sucn as
ACV cycling. Therefore, the rate of change cictates the degree of coupling.

Si pressurizea the system to a point exceeding the affected loop,

relief setpoint, resulting in ADV cycling, initiated at 4200 s (see
Figure 21). At this point a quasi-steady state concition existea between

3a,

'

.
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._ _. - _ .
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SI and break flow as snown in Figure 24, with primary pressure steady at
5.9 MPa (860 psia). The pressurizer liquid level rise slowed at 4700 s as
SI was pumping against the compressed steam space, Figure 25.,

This quasi-steady state condition was not encouraging recovery of the
system, as the atmospheric discharge had been reestaolished, anc primary
pressure remained above the affected loop relief setpoint (Figure 23).
Since level had been regained in the pressurizer, SI was terminated at
6300 s. Immediately the primary pressure fell below the affected loop
relief setpoint, terminating ADV flow and recoupling tne primary and
secondary pressures. Primary pressure continueo to f all, hastenea by tne
unaffected loop heat sink. The unaffected steam generator had been
operated in a steam ano feeo mode in an attempt to bring primary pressure
to 5.6 MPa (812 psia), as shown in Figure 26.

,

Levels in the vessel anc the pressurizer remainec stable after SI
termination. however, after cycling 51 at 7300 s and 8400 s, pressurizer
level rose to the high level SI trip point as shown in Figure 27, while the
vessel remained full. 51 had been cycled to bring the primary pressure
within' the specified' band, and had succeeded in doiing so until the hign
level trip was reached. Figure 28 shows the effect of SI cycling on -

primary pressure late in the transient, with a nearly liquid solid system.

3.3.2 Effect of Pressurizer Heaters on System Recovery

.

Pressurizer heater operation was specified to maintain primary
pressure at 5.6 0.14 MPa (812 20 psia). The intent was to regain,

primary system pressure control in the pressurizer below the affecteo loop
relief setpoint, so that a controlled cooldown and cepressurization coulo
then proceed. Figure 29 shows the timing of pressurizer heater operation

j late in the transient. Figure 28 illustrates the effect on primary
pressure. Pressurizer back-up and variable heaters were energizeo with
2300 W at 7200 s. Heater operation was unable to maintain system pressure:

anc SI was cycled twice to return the pressure to the specified band. 51.;

could not be used after the last cycle due to a high level in the
pressurizer ano primary pressure continued to fall. Warm-up heaters,

39,
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energizea at~14 kW, were then used to return pressure to the desired band.
Af ter the warm-up heaters were turned off back-up and variable heaters were
usea successfully to control system pressure. Cycling of the variable
heaters is inaicated in Figure 29 af ter 9000 s, and their effect on primary
pressure is evident in Figure 28.

4

Back-up ana variable heaters were ineffective when initially used, but,

were effective after the warm-up heaters had warmea the fluid. Throughout
the transient subcooled water had been injected into the pressurizer, as

-

shown in Figure 30. Back-up and variable heaters supplying 2355 W were
making up environmental heat loss and heating the succooled water, but were
unable to produce flashing. However, when the warm-up heaters were usea,
enough energy was applied to heat all the liquid to a saturated canaition.
The back-up and variable heaters were then able to make up heat loss and
flash the liquid to control pressure.

3.4 Comoarison of System Response for a 5-Tube Cold Side and

5-Tube Hot Side Tube Ruoture Exceriment

'

This section compares- the early-in-time response (0-82 s) of system
pressures and mass inventories for the cold side (S-SG-2) ano hot side
-(5-SG-5) five-tube rupture experiments. Operator actions after 600 s were

' - significantly different in the two tests, precluding further comparison.
Initial conditions in the two tests wire nearly identical and automatic
actio'ns curing this time were exactly the same. Figure 31 shows that the
primary system pressure was very close for both tests. Break flow was
somewhat higner in the cold side break (5-SG-2) aue to the higher censity
-in tne colo leg (see Figure 32). The higher break flow resulted in the,

pressurizer emptying more quickly, and is illustrated by the occurrence of>

an elbow in the pressurizer collapsed ligula level at 12.5 s in S-SG-2 anda

.i.
14.5 s in S-SG-5, Figure 33.

-

1

An early steam and feed of both secondaries was initiated at 82 s in

S-SG-5, while both . secondaries were essentially isolated for the first
600 s of S-SG-2. Figure 34 compares primary pressure for the first 700 s

>
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-of-the two tests. The effectiveness of early steam and feeo in reducing
primary pressure is evident. Primary pressure in S-SG-5 drops well below

- tnat in S-SG-2 and below the affected loop ADV setpoint.

In general the early system response was very similar between the two
tests, the slight difference in break flow being the predominant

.

af fference. ' Early steam and feed was very effective in reducing primary
pressure.
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- 4. COMPARISON OF PRETEST CALCULATION TO TEST DATA

This section compares the S-SG-5 test results to the best-estimate
. calculation occumented in the S-SG-5 Pretest Analysis Document. ,a
Because the recovery procedures followed in the test and the calculation

divergeo at the point that SI flow was restarted in the test at 7300 s,
comparisons are only presented up to this point. In the RELAPS calculation.

the SI was not restarted after being turned off initially. The effect of
oifferences between calculated and actual SI operation on subsequent

transient. response was considered significant enough as to preclude any
meaningful direct comparisons witn test cata beyono 7300 s.

-

Discussion of the calculated and test results comparisons are

presented in the following three sections: Operator Diagnostic period
(Section 4.1), Plant Recovery (Section 4.2), and Conclusions and

Recommendations (Section 4.3). Table 3 compares the actual and calculated
sequence of events.

.

- 4.1 Operator Diagnostic Period

Discussed in this section are calculated and test results comparisons
for the period starting at time zero through 600 s. Table 4 presents the

actual and calculated initial conditions. All of the calculated and actual
initial conoitions agreed well enough that the subsequent transient
responses were no: infl,uenced by any differences, witn the exception of the
pressurirer liquic volume. Although the initial pressurizer liquio volume. ,

was within specifieo tolerances, the influence of the difference between

calculated and actual initial pressurizer liquid volume was to delay the,

pressurizer emptying time relative to that observed. Consequently, due to
the influence of pressurizer emptying on primary coolant system pressure,at

the calculated time to SCRAM and SIS was delayed relative to actual.
.c..

The best-estimate calculation presented in the S-SG-5 Pretest Analysisa.
Document utilized an adiabatic boundary on the inner pressurizer wall.
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TABLE 3.
COMPARISON OF ACTUAL AND CALCULATED SEQUENCE OF EVENTS

Time (s)
Event Actual Calculated

Break flow initiated 0 .0

Pressurizer internal heaters off I N/A
SCRAM

20 28.8
MSIV closure 20 28.3
SIS - 22 32.8

Main feeawater securea 22 32.8
Auxiliary feedwater initiated 22 32.8

,

HPIS turneo on 22 32.8
Pumps tripped

55 62

IL--ADV latched open 82 88.8
BL--ADV latched open 82 88.8
IL--ADV cycled to maintain 600
P = 3.25 t 0.14 MP a

. --

IL--ADV cycled to maintain
-- --

Ps = 2.44 MPa ! 0.138 MPa

BL--ADV closeo 600 600.0

BL--Auxiliary feed secured 600.0--

BLSG filled, ADV cycling initiated 4700 5050

HPIS terminated: LL rz changing very 6300 8450p

slowly (hh0V * NPIS). BLSG ADV
*

cycling terminated.
-

Pressurizer internal heaters initially 7200 8900* -

used to control P 9 5.6 MPap
,

End of comparison 7800 10000
.
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TA5_E 4 COMPARISON OF ACTUAL AND CALCULATED INITIAL CONDITIONS

Parameter Actual Calculated

Pressurizer pressure 15.47 MPa (2243 psia) 15.50 KP a
(2248.1 psia)

Core temperature differential 38.35K (69'F) 36.0K (64.8'F )
, .

Core inlet temperature 556.6K (542.2*F) 559.2K (546.9'F).

Cold leg fluio temperature' O.2K (0.36*r') 1.46K (2.63*F )
loop-to-loop oifference

~

Primary flow rates
Intact loop cola leg 9.65 t/s (153 gpm) 9.60 t/s (152.2 3pmi
Broken loop. cold leg 3.28 t/s (52 gpm) 3.47 t/s (55 gpm)

Initial core power 1.988 MW 2.0 MW,

Pressurizer liquid volume 0.0094 m (0.33 ft ) 0.0102 m3 (0.36 ft3)

Pressurizer steam volume .03021 m3 (1.067 ft ) 0.02941 m" (1.0386 f t")
3 ' '

SG secondary pressure
.Intact Loop 5.47 MPa (793 psia) 5.55 MPa (805 psia)

Broken Loop 5.62 MPa (815 psia) 5.54 MPa (804 psia)

SG seconcary water mass
Intact loop 100.4 kg (221 lbm) 103.0 kg (227.1 lbm)
Broken loop 113.8 kg (251 lbm) 100.8 kg (222.2 lbm)

Primary coolant system 0.003 kg/s 0.0053 kg/s
leakage (0.006 lbm/s) (0.0117 lbm/s)

.

6

.
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Figure 35 compares the calculated and actual pressurizer pressure.
During the first 50 s, the test cata showed that the primary depressurizeo
more rapicly than in tne calculation, ano in general the pres'surizer
pressure was uncerprecictea curing the entire diagnostic period. The
RELAP5 calculation usea an adiabatic bouncary on the inner wall of the

pressurizer, thereby eliminating heat transfer from the pressurizer wall to
the fluid. The effect of not moceling this heat transfer is probably the
principal reason for underprediction of the pressurizer pressure. The
influence of modeling pressurizer wall-to-fluid heat transfer will be
quantified in posttest analyses.,

_

The calculated and actual steam generator secondary pressures for both
the unaffected and affected loops are presented in Figures 36 and 37.
Major trends of the test data were predicted (e.g., peak pressure in both
steam generators). The depressurization rate was overpredicted however in
both loops. The calculatec an'd measured integrated ADV flow rates
(Figures 38 and 39) were in good agreement.

4.2 Plant Recovery Phase*

.

Discussed in this section are the results of calculated ano test
results comparisons for the plant recovery phase of the transient. The,

test cata presentea in this section for comparison with the RELAPS

calculated results extend from 600 to 7300 s. At 7300 s in the test SI was
restarted. !ne RdLAPS calculated results presentea extend from 600 to
10000 s.. .

Figure 40 compares the measured and calculated pressurizer pressures.;

Gooo agreement was achieved during the period from 600 to 2000 s. However,
.

frcm 2000 s to the point that the affected steam generator fills withi

liquid, the calculated results overpredicted the data. The overprediction

~

of the pressurizer pressure is due to an underpredicticn of the break flow
(Figure 4i presents tne ir.tegrated break mass flow rate) during this
perioc. Therefore, less primary coolant system voicing and a less
effective steam generator heat sink was calculatea for the affected loop.
Tne relative effectiveness of tne calculatec anc measured affectec loop
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steam generator heat sink is indicated by the pressure responses
(Figure 42). The measured affected steam generator pressure (ana the.

-

associatec fluid temperature which is near saturation) was lower than that,

calculated, and is an indication that the heat sink is more effective than
5

that calculated. The unaffected steam generator pressure (Figure 43) was
underprecictea during this same period. This was a result of the
calculatec and measured unaffected steam generator pressures being

~

controlled ~at the value reached at 600 s.
.

The affected steam generator filled with liquid at 4700 s; filling was
calculated to' occur at 5300 s. The reason for this difference is the
higner break mass flow in the test relative to that calculated. Af ter the
affectea steam generator filled and pressurizea to the ADV relief setpoint

.

(Figure 42) the calculatea and measured pressurizer pressure rose to the
-

maximum pressure reacheo curing the recovery phase (approximately 6.0 MPa
(870 psi)).

In the test 51 was turned off wnen the affectea steam generator ADV1

flow equalleo the SI ficw., In tne calculation SI was turned off when the
.

pressurizer level reached 381 cm (150 in). The primary pressure, both
calculated anc measured, then decreasea below the affectea steam generator
ADV relief'setpoint. At this point (7200 s) in the test control of the
pressurizer pressure at 5.6 MPa (812 psia) was unsuccesfully attemptea by
operating the pressurizer internal heaters, in the calculaticn at 8900 s
the pressurizer internal heaters were operated and successfully controlled
the pressurizer pressure at 5.6 Mpa (812 psia).

.j Oifferences between'the calculated and measured pressurizer pressure
. i resconse to the operation of the internal heaters is probably aue to

cifferences between the respective pressurizer fluid temperatures. This is
inoicatea by the fact that the net energy input to the pressurizer-

| . (environmental heat loss minus pressurizer internal heater power) is
.

apprcximately equal to that calculated. The reasons associated with the,

difference in pressbrizer pressure response to operation of the internal4
.

heaters will be investigated further in posttest analyses.
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4.3 Summary anc Recommendations
.

In general, the calculated transient signature compared reasonably
well with the test data. The major differences are the underprediction of
the break flow which affected the magnitude and timing of -the primary and
seconaary pressure response. The accuracy of the break flow calculation
may be improved by benchmarking the model to test data. The best-estimate

RELAP5 pretest calculation utilizea an adiabatic bouncary on the inner wall
of the pressurizer. Although it is believed that this moceling approacn.

. dio not signif1cantly compromise agreement between calculated and measurec
,

test responses, it is recommended that a mechanistic pressurizer bouncary
-

be acaec to the model. This model should then be usea in conjunction with
the current best-estimate modeling approach during posttest analyses to
quantify the differences between the responses calculated using the two
modeling approaches.
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5. CONCLUSIONS

The following conclusions have been drawn based on a preliminary
analysis of S-SG-5, and a brief comparison of cold sice (S-SG-2) and hot
sice (S-SG-5) five tube rupture experiments.

i., The combined effect of early secondary cooldown, unaffected loop

steam and feed, SI operation, and pressurizer heater operation
~

was sufficient to recover the Semiscale system from a steam
generator, five-tube not side rupture.

. Recovery included the establishment of specified levels in
the vessel and pressurizer, termination of atmospheric
release, and maintenance of primary pressure at
5.6 e 0.14 Mpa (812 e 20 psia) using pressurizer heaters.

2. The early seconoary steam and feed, initiatec in both steam

generator secondaries, was effective in cooling the system.

The' primary and secondary pressures at the end of steam ano

feed were well below the affected loop ADV setpoint, thereby
terminating release. Comparison of S-SG-2 and 5-56-5 showed

greatly reduced primary pressure airectly resulting from the
secondary steam and feed.

.

2. Safety injection was successful in re-establishing liquid levels
ano controlling primary system pressure.

SI filled the vessel, affected loop seconaary, and the.;

3 pressurizer to specifica levels. S1 operation effectively
maintained primary system pressure, and early termination of

.$ S1 was essential to eliminating atmospheric release through
'

the affected loop ADV.
?

l -

,

68

. -
,

#

s w.

, , _ , , , , . - - - * + ~"



- -
, . . _ ...

.-.2- T- _ - - . . . - . - -.,-

.

6

4. Pressurizer heaters were ultimately successful in controlling
primary system pressure, and recovering pressurizer pressure
control.

Warm-up heater operation was requirea to warm the flu 1o in

the pressurizer before the back-up and variable heaters were
effective.

5. Location of the rupture on the hot sice rather than the colc siae

affected timing of some events, however no phenomenological
differences were noted.

Higher fluid density in the cold leg produced slightly
higher break flows resulting in a faster pressurizer drain
and cepressurization.

6. The RELAP5 pretest calculation agreed qualitatively with test
data for most of the transient.

Differences in calculated and measured break flow inoicate
that the model should be benchmarkea to test data. In
accition, differences between the calculated and measurea
primary pressure response to operation of the pressurizer
internal heaters indicate the need for aooitional stuoy of
the controlling phenomena ano a subsequent assessment of the

pressurizer mocel's capability to calculate this phenomenon.
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