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TRAC CALCULATIONS OF OVERCOOLING TRANSIENTS IN PWRS

FOR PRESS!JRIZEDTHERMAL SHOCK ANALYSIS*

J. R. Irelmd and B. E. Boyack

Energy Divieion
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

ABSTRACT

This paper brief!.ydescribes the overall pressurized thermal
#hock (PTS) pregram at Los Alamoe with emphasio on TRAC-PF1
colculationo of oevere overcoolin8 traneiento in presauriz~d water
reactors ;PWRS). Ovarcooling transient. for both the Oconee-1 ●nd
Calvert Cllffo-1 nuclear plants have been performed. A summary of
results for several calculations ●re presnnted for the Oconee-1
PWR slong with detailed discussions of two of the most aeverc
overcooking transients pradicted [main staam-line break and
turbine-bypass valve (TBV) failurec]. The calculations performed
were plant specific in that detaile of both tho primory ●nd
●econdary #idea were modeled in ●ddition to ● detailed model of
tha plant integrated control oystem (ICS). For tho Oconee-1 maim
steam-line bveak transient, ● uinimum downcomer fluid temperature
of 405 K was predicted. For the tranaient involvin8 the failura
of one bank of TBVm to close ●fter initially opening followirq
reactor ●nd turbine trips, ●n ●xtrapolated downcomer fluid
temperature of -365 K warn estimated, The latter temperature iti●t
the nil-ductility temperature (NDT) limit (-365 K) for Oconee-1.

r.,———.
*Worlt performed under tha ●uspiceu of the US Nuclear Regulatory
Commiamion.
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1 Pressurized thermal shock (PTS) in pressurized watex reactors
~(PWRa) has been identified by the Nuclear Regulatory Cornlcsion
(NRC) az an unresolved safety issue. Because of this, the NRC haa
la major program distributed among several organization to help
resolve the PTS issue. The goal of this project is to determine
the potential risk of older reactor vessels to severe overcooking
transients that rapidly cool the primary system. The concern over
PTS arises because ‘he veo%el wall material properties change
after many years of neutron irradiation.1 The vessel wall becomes
~embrittled ●nd the nil-ductility temperature (NDT) increaaes. If
during a severe overcooking traneient, cold high-pressure
injection (HPI) liquid cools the vessel wall below the NDT, the
poaaibility exiate that flaw. in the vessel welds could be
transformed into larger cracks that could lead to a vessel
rupture.

I The Los Alamoo contribution to this project im to use the
multidlmenaional, two-fluid, non-equilibriumnumerical simulation
code, TRAC-PF12, to provide ●ccurate thermal-hydraulic condition~
during postulated PTS ●ccidents. TRAC-PF1 has bean used to
~predictthe thermal-hydraulicresponsa of both the Oconee-1 ●nd
the Calvert Cliffs-1 PWRS to selected overcooking scenarloo.
Oconee-1 is ● Babcock & Wilcox (B6W) designed plant with once-
~through steam generators, and Calvert Cliffs-l is # Combustion
Engineering (u%) PWR. Becauoe the risk of initia:ina or
propagating flaws in the vessel wall depends on the coupi~l% of
~thethermal stresses produced by overcoollng with the mechanical
stresses from repreesurization~ detailed rnyttem mcwlels are
Irequired. Modeling both the primary ●nd secondary systems of the
~reactor plant is necesoary to properly ●nalyze tha PTS phenomena.
l’Fhesteam generator (SC) secondary-sideinlet conditions directly
‘affect primary temperature, presrnure, ●nd th~ ●mergency core-
coolant injection. Secondary-nida inlet coflditionm ●rm hi~hly
dependent on main-feed pump ●nd SC control valve operation ●nd an
the termination of the extracted steam eupply to the feedwater
heaters, Other important cystema wdeled in the TRAC-PF1 input
decks include ❑odels of the Inte8rat*d Control Syctem (ICS) used
in the planta. The ICS monitorn tho primery flows ●nd
temperatures to determine the feedwater damand. ‘h* ICS regulates
the-main and ●tartuF flow-control val~em, the m~in-foedwater (MFW)
pumps, ●nd the turbine-bypatovalves (TBVS).

Several overcooking transient havs hen identified by Oak
Rid8e National Laboratory (ORNL),9 ●nd ●dditional transient mey
be specified ●fter these initial rooulto ●m ●valuated. The
initial transients include ● ●ain steam-lfne breek (I14SLB)with a
delay in ieoleting the ●ffected SC, ● small-break LOCA [full-open
failure of the power-operated relief valve (PORV)] with failure of
the ICS to throttle HFW flow ●nd trip the reactor coolant pumpc
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and TBV transients with SG overfeed. An actual plant

tran. ent (Ocenee-3 turbine trip) was also simulated by TRAC-PF1
to co Ierewith actual plant data to verify the code models of the
rimar< side. In addition, several small hot-leg breaks were

analyzed to investigate the effects of accumulator and low-
ressure injection flows on downcomer fluid temperatures.

1
Although a number of transients have been calculate! for both

types of PwRs, only two transients for the Oconee-1 plant are
presented in detail. All Oconee-1 calculations showed significant
primary-system repressurization followed by repressurization
epending whether or not the HPI was throttled. Also, the syotern
repressurization was dependent on the break size for the small
et-leg break cases. Some overcooking wag obtained in all

calculations as evidenced by highly subcooled liquid temperatures
in the downcomer.

As an example of severe overcooking PTS transients, the MSLB
transient and one of the TBV transients for Oconee-1 will be
discussed. These transients resulted in the lowest downcoater
fluid temperatures for any of the transients calculated because of
the severity of the ORNL-specified boundary conditions and assumed
operator actions. For further information, detailed descriptions
of all the Oconee-1 PTS transients calculated by TRAC-PF1 can be
found in Ref. 4.

IINPUT MODEL DESCRIPTION
I

1
The TRAC-PFl input models for the Oconse-1 plant primary ●nd

sscondary systems are shown in Figs. 1 and 2, respectively. The
primary-side model of the Oconee-1 plant includes ● threc-
imsnsional representation of the reaccot-pressure vessel which

proved to be important for the MSLB ●nd TBV transients because of
symmetry considerations. The three-dimensional vessel noding
●llows che calculation of asymmetrical loop flowm and fluid
conditions during some of the overcooking trmsients such ●m the
SLB. These important effucto cannot be calculated in a one-
imensional vessel model in which the fluid la ●lw~ys completely
ixed.

1
Two prtmary-system loops ars modeled, with one hot leg, ono

G and two cold legs per loop. A detailed model of the SGu
Include$ the ●spirated feedwater flow, sternm-exit●nnulus, ●nd a
ort for injection of emergency feedwater. The HPI flow in
●pendent on primary pressure with sliuhtly differant flcws for
●ch loop ●e in the actual plant. Accumulator flow is modeled ●nd
is re~ulated by static-check valvee.

J _l
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Fig. 1. Oconce-1 plant model - primary ●ide.

Mb&l! *2
m

?ia. 2, Oconee-1 plant ●odel - ●aco~dlry ●ldel
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Om the secondary side, the main-steam lines from each SG to

:he tu~bine stop valves (TSVS) are modeled. The turbine-bypass
lines lead to the condenser through the TBVS. The hotwell and
:ondensate-boosterpumps deliver the condensate to the feedwater
\eaterso These heaters are modeled as pipes with three heat-
:onductionnodes in the pipe wall. The first node models the
netal walls of the heat exchanger tubes, and the outer two nodes
oodel the volume of saturated water on the shell side of the
leaters. A volumetric heat source is included in the third node
:0 account for the extracted steam supply until the turbine is
tripped.

A portion of the B&W ICS used at the Oconee-1 plant is
includedin the TRAC model. The portion of the ICS modeled
monitors the prir-.ry flows and temperatures to determine the
:eedwaterdemand. The ICS regulates the main and startup flow-
:ontrolvalves and the MFW pumps.

4SLB TRANSIENT RESULTS

The steam-line break is modeled in the SG A steam-line shown
in Fig. 2 (component 68). The TSV (component 42) is fixed open,
md all steam from SG A passes through the TSV to atmospheric
>ressure. In the unaffected steam-line (SG B) the TSV is closed
md the TBV system operates as designed. The significant,
Features, assumptions, and Initial conditions for the FISLB1
:ransientare: I

1.
2.
3.
4*
5.

6.
7.
8.

Key
rable 1.
>pen ●nd

Full reactor power.
Nominal temperatures and r=escures in primary/secondary.
!Jecayheat - 1.0 timee ANS standard.
Reactor and turbine trips coincident with MSLB.
Operator fails to isolate feedwater to both SGS until
600 s.
Operator restores unaffected SG (SG B) at 900 s.
RCPS restarted after 42 K subcoolin~ reached.
HPI throttled to matntain 42 & 12.5 K Subcnoling.

events calculated during tna transient ●re presented in
The tranaietitwas initiated by fixing the TSV in loop A

modeling the break in the utearn-linedownstream from the
rsv. The turbine end reactor were then tripped followed by a
Feedwater- heater flow/drain trip. HPI initiation occnrred at
-21 s ●fter the primary system pressure had decreased to
10.44 MPa. At -29 s the ICS detected a low-level limit in SG A,
rnnd the emergency-feedwater(EFW) pump was started At -47 s the
4FW pumps tripped on low-auction prmssura. At -51 s, the RCPS
Oers tripped (30 s ●fter HPI initiation). The 42 K liquid
~ubcoolingmargin in ●ll primary rystem loopII was reached at
-526 S, ●nd HPI was throttled, Also, RCPS Al ●nd B1 were
restarted●t this time. P~r the transient specificatfonsa, the SG

——

(-)k
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Table 1. Event Sequence for MSLB Transient

Event

1.
2.

3.
4.
5.

6.
7.

8.

9.
.0,

il.

12.

13.

14.
15*

16.
17.

18.

,9.

!0.

MSLB - loop A steam line
Turbine and reactor trip; TSV
loop B closes
TFV loop B opens (setpoint 7.063 MPa)
HPI initiation (setpoint 10.44 MPa)
SG A low level limit reached; EFW
pump starts; loop A SG EFW flow
initiated
TBV loop B closes
MFW pump trip on low
suction pressure
SG B low-level limit reached;
loop B EFW flow initiated
RCPS trip (30 s after HPI initiation)
Condensate booster pump trip (low
suction pressure)
SG B level at 50%; loop B
EFW valve closed
RCPS (Al, Bl) restart (42 K subcooling
reached); HP1 throttled
Loop A, B accumulator setpoints
reached (setpoint 4.17 MPa)
Loop A, B accumulators off
SG A, B lSOhited; EFW pump ●nd
hotwell pump tripped off
SG B reetored
PORV eetpoint reached (setpoi,~t
16.9 MPa) - PO!:Jopens ●nd
closes for reaainder of calculation
TBV loop B opens (setpoint
7.063 MPa) - TBV opens and
closes for remainder of calculation
to maintain setpoint pressure
SG B level drops below 50%
operating range; EFW initiated -=
EFW pump on/off for remainder of
calculation te maintain level at 50%
Calculation terminated

lecondury sides were isolated at 600 s.
‘e@toredto ●now the EFW ●nd TBV systems to

W!QQ
0.0
0.5

5*O
21.2
2944

39.9
47.8

48.7

51.2
53.9

346.7

526.0

530● 9

537● 9
600.0

900.0
4678-7200.0

5462-7200s0

6121-7200.0

7200.0

At 900 n, SG B was
opera~a if needed.

it -4678 s, the PORV setpoint was r~ached (16.9-MPa), ●nd the PORV
:ycledopened and cloued for the remaindar of the tranoient to
mintain the setpoint pressure. The calculation was terminated ●t
’200s, ●nd the primary system waa full of liquid. At thin time,

—

Q
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maffected steam generator (SG B).

The pressurizer pressure history Is shon in F18. 3.
tnitially, the prtmary-oyaitempressure decreased rapidly because
>f the rapid secondary-sideblowdown in SG A following the MSLB.
the repressurization was terminated by -1OO s when natural-
:irculationflows were established followaag pump coastdown and
{CP trip ●t -51 s. The primary system then began to repressurize
Blightlyuntil the RCPS were restarted at -526 S. The enhanced
~eat transfer through the SGS, condensation of the steam in the
loop B candy cane. and throttling of the HPI after the RCPS were
restarted caused the primary-system pressure to decrease to the
minimumvalue for the transient (-3.5 MPa). After the SGS were
[solated at 600 s, the primary system repressurized to the POR\
~etpo%nt (16.9 MPa) at 4678 e.

Downcomer liq~id temperatures are presented in Fig. 4 at the
top axial downcomer level just below the cold-leg inlet nozzles.
Because of the severe overcooking in the affected loop (loop A),
~symmetrical liquid temperatures are calculated in the ves~el
iowncomer. The fluid temperatures in the downcomer cellc
associated with the 100D A cold legs were calculated to be *~0 ~

than the cells on ~he loop B ~ide (Fig. 4). The minimul
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Fig. 4. Downcomer liquid temperatures at vessel axial
level 6 (all azimuthal sectors).

owncomer fluid temperature calculated was -405 K at -526
he RCPB were restarted.

Figures 5 and 6 show the hot-leg mme flows and cant
old fractions respectively. The natural-circulation
alculated in loop A were significantly larger than in loop
uch of the transient (-150-525 s) because of the MSLB In
nd the resulting enhanced heat transfer in the affected SC,
low in loop B stagnated at -150 s because the candy-cane j
oop reached saturation and voided (Fig. 6). The
emperatures in loop B were much warmer than in loop A bec~
ncomplete fluid mixing in the vessel (three-dimensional
odel). After the RCPS were restarted ●nd the HPI thl
-526 s), the void in the loop B candy cane condensed ●:
wept out (Fig. 6). The subcooling margin never decreasec
2 K for the remainder of .he transient, thus the HPI was
urned back on nor wete the RCPO tripped again.

Detailed reeults of key system parameters in the ●ffe(
SG A) are shown in Figs. 7 through 9. Figure 7 shol
econdary-midewater maas in SC A, and Fig. 8 shows the secf
ide pressure history. The secondary ●ide depressuri~
asentially ●tmospheric preocure by -85 ., ●nd thil
orreaponded to the minimum water-mace inventory. Aft{
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Fig. 5. Hot-leg maso flows.
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Fig. 60 Candy-cane void fractions.



econdary side had repressurized sufficiently (-100 s), the EFW
enetration increased, and the water inventory began increasin~
Fig. 7) as a smaller amount of EFW was bypassed out the broken
team line.

Flguze 9 presents some detailed plots to explain the EFW
enetration phenomena. The top plot in Fig. 9 compares the TRAC-
alculated vapor velocity at the EFW injection point to the
omplete flooding curve predicted by the Wallis-Kutateladze
orrelatton (K = 3.2) for various pressures in the SG A secondary
ide. This plot shows that EFW penetration will not accur until
he vapor velocity is less than -#3m/s, and this velocity was not
cached Sn the TRAC-PF1 calculation until the secondary side had
epressurlzed to -0.5 MPa. The bottom plot in Fig. 9 gives the
RAC-PF1 liquid-vapor velocity correlation at the EFW injection
oint location. This plot shows that EFW penetration as
alculated by ~C-PFl did not occur mtil the vapor velocity
ecreased to -7.5 m/s, which closely agrees with the Wallis-
utateladze correlation.

In summary, the overcooking of the primary system of the
conee-l plant caused by a full double-ended steam-line break in
ne of the steam lines was simulated with TRAC-PF1. The minimum
owncomer fluid temperature calculated was -405 K which is close
o the NDT limit (-365 K) for Oconee-1. In the next section,

Fig. 7. SG A secondary-sidewater inventory,
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overcookingof the primary system caused by TBV failures
discussed.

TBV TRANSIENT RESULTS

The class of overcooking transients discussed in this sec
results from a depressurlzationof the Oconee-1 secondnry SY
through TBVS that have failed to reseat after initially oper
Although a number of TBV transients were calculated, only one
be presented in detail. The relative severity of the rema~
TBV transients examined will be briefiy discussed
completeness.

A total of six ca~es were calculated; two base cases and
pa(ar:t,:trjcstudies for each base case. The base cases difi

, or.Lv J the number of TBV failures. An identical set

Iati ::.+imal failures were specified for the two base c~
.lddi~-:tinalconditions assumed were failure of the EFW 1
ontrol system to maintain the setpoint level in the affected
ai~ure of the operator to restart the RCPS, and failure oi
perator to throttle the HPI system. The parametric c
xamined the system response as the :-her o: additlmal fail
ad reduced. The base case selected for discussion
haracterized by one bank of TBVS (two valves on oue steam 1
a41ing to reseat following trips of both the reactor and turl
IRNL is currently estimating that the probabilityl~f the base
ran~ient Gccu~ring is extremely low (2.1 x 10- /year corn]
‘ith9.0 x 10- ;year for main oteam-lir? break).

The calculated event times for the tranaient are shot
‘able2. Following reactor and turbine trip, the TBVS closed,
econdary pressure rose, and the TBVS in “wth steam lines ol
or the first time at -4 s. The secondary pressure peaked
hen decreased permitting the loop B TBV to reseat at -45 e.
00SJA TBV failed to reseat and remained open for the rest of
ranaient.

The pressurizer prcssui’eis presented In Fig. 10. The
~penedat -1037 s when its pteeaure setpoimt was exceeded.

‘ORV then cycled for the remainder of the calculured transiel
~aintain the primary system pressure at or below the
Ietpoint. The priuary system pressure will remain near the
letpointuntil the core decay heat can be removed through
Mfected steam generator.

.-
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Fig. 8. SC A secondary-sidepressure.
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Fig. 9. CCFL phenomena in ●ffected ●team generator (SG A).
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Table 2. Event Sequence for TBV Transient

1.
2.
3.
6.
5.
6.
7.
8.
9.
0.
1.
2.
3*
4.
5*

Event
Turbine ●nd reactor trip
Turbine stop valves close
Loop A TBV opene (fafls to
Loop B TBV opene for first
NFW pump trip on high SGA
EPI started following trip

I!!di
0.5
0.5

reseat thereafter) 4.1
time 4.3
liquid level 60.7
on low pressure 153.1

RCPS trip on 30 ● delay ●ftar HPI ●ctuation
Feedwater realig-ent trip
Main flow-controlvalvea overridin8 trips
Low FfPUdischarge pressure cignel
Eaergency feedwater pump on
Loop B EFU valve shut on high SG liquid level
PORV opens
Calculation terminated
Calculation extrapolated

183.0
183.0
183.0
208.9
209.1
460.8
1036.7
1500.0
7200.0

Fi~* 10. Pressurizer pressure.
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Ihown in Fis. 11. The temperature trace consists of two segments;

I calculated tranaient to 1500 s and ●n ●xtrapolated trmeient
‘rem 1500 s to 720@ ● . At the cnd of the calculated traieimt
1500 s) the minim- temperature 1. 458 K. The maximtm ●xigutha]
temperature varistion ●round the downcomer periphery ia -d K. Thc
Extrapolated cooldown rete from 1500 s was reduced ●t 2S00 s tc
Lccount for depletion of the ●ur8e-twtk inventory. TIM
extrapolated downcomer liquid temperature at 7200 s ii
465 t 30 K. The most limitins caee calculated (defined ct
‘eeulting in the lowest downcomer liquid temperature) wee tht
‘emaini~ beee case calculation for which both benke of TWO (fous
~elves; two on each ●team line) failed to resut. As in the baa~
,ase detailed in this paper, all tho ●dditional failurei
trevlously described wera included, ●nd ● miniuum downcomer liquid
emperatura of 442 K ●t 1500 s was predicted. The ●xtrapolate
Iowncomer liquid temperature ●t 7200 s waa -35G x 30 K.

(did) w
(ddt) PARAHIC

Fig. 11. Minimum downcomer liquid temperature. following
failure of ● @ingl@ TBV train to reoeat.
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The Los Alamos contribution to the overall PTS program is to
rovide detailed thermal-hydrauliccondition. for input to ORNL
tress-analysis calculating. Using TRAC-PF1, sevaral severe
vercooling transients for both the Oconee-1 ●nd Calvert cliffs-l
uclear plants have been perfomed. These calculations ●re being
sed to resolve this important NRCsafety question.

Aa ●n example of one of the meet severe overcooking
ransients calculated by TRAC-PF1, the overcooking of the primary
ide of the Oconee-1 plant caused by ● full double-ended ●team-
ine break in one of the steam lines was simulated. The ❑ain
orcing function for the overcooking was the delay by the operator
n isolating the ●ffected steam generator coupled with ● delay in
hrottling the HPI flow. The came ●nalyzed had till plant
rotection ●nd control ●ystems operate ●s designed. The minimum
owncomer fluid temperature calculated was 405 K, very close to
he NDT limit (-365 K) fo: Oconee-1. Repressurization of the
rimary syetem to the PORV ●etpoint was calculated following ●n
nitial depreaaurizatfon to -3.5 MPa.

Aa ●nether example of ●n overcoolin8 tranaient havin~ a very
ow probability of occurrence because of no operator intervention,
he failure of one bank of TBVS to clo8e after initially openin8
●n inveatj,gated.An extrapolated downcomer fluid temperature of
.365K was estimated for thin traneient which Ic ●t the NDT limit
or Oconee-1.

These calculation. hopefully have provided some fnsi8ht into
he primary eystem thermal-hydraulic behavior during postulated
evere overcooking tranaienta. Theoe thermal-hydraulic
●lculaticnm coupled with otrese-analyoio calculation will form
he basis iar ●aoessing PTS risk at Oconee-1 ●nd Calvert Cliffs-1.
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