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ABSTRACT

This report describes the results of several TRAC-PFl
calculations of overcooling transients in a Babcock & Wilcox
lovered-locp pressurized-water reactor (Oconee-l). The
purpose of this study 1is to provide detailed thermal-
hydraulic {aput to Oak Ridge National Laboratory for
pressurized thermal-shock analyses. The trang - ~ot
calculations performed were plant specific in that details
of the primary system, the secondary system, and the plant
integrated control system of Oconee~l were included in the
TRAC input mcdel. The results of the calculations indicate
that the turbine-bypass valve failure transient was the most
severe in terms of resulting in relatively cold 1liquid
temperatures in the downcomer region of the vessel. The
power-operated relief-valve LOCA transient was the least
severe in terms of downcomer liquid temperatures because of
vent=-valve flvid mixing and near saturated cunditions in the
primary system. It is recommended that future calculations
consider a w:ider range »f operator actions to cover the
spectra of overcooling traasient sequences more completely.

*Work performed under the auspices of the United States Nuclear Regulatory
Commission. .



@S
I. INTRODUCTION AND SUMMARY

Pressurized thazrzal shock (PTS) in pressurized water reactors (PWRs) has
been identified by the Nuclear Regulatory Commission (NRC) as an unresolved
safety issue (USI A-49). Because of this, the NRC has a major preo_ram
distributed among several organizations to help resolve the PTS issue. The gcal
of this project is to determine the potential risk of older reactor vessels to
severe overcooling transients that rapidly cool the primary system.

The Los Alamos contribution to this project is to use the multi-
dimensional two-fluid, non-equilibrium numerical simulation code, TRAC-PFl!, to
provide accurate thermal-hydraulic cornditions during postulated PTS accidents in
selected PWRs. This report presents the results of several TRAC-PFl thermal-
hydraulic calculatiorns performed for the Oconee-l PWR. The Oconee-l PWR is
operated by Duke Power Company, and the nuclear steam-supply system was designed
by the Babcock & Wil:cox (B&W) Company. The main purpose of these calculations
was to determine which of the overcooling transients specified by Oak Ridge
National Laboratory (ORNL) was the most severe 1in terms of cold 1liquid
temperatures in the downcomer region of the reactor vessel. Thes: ORNL~-
specified transients are listed in Table I.

The concern ove. PTS arises becaus: the material properties of the vessel
wall change after .everal years of irradiation.? The vessel wall becomes
embrittled and 1its nil-ductility temperatuze (NDT) increases. If during an
accident, overcooling of the primary-system liquid cools the vessel wall below
the NDT (the NDT for Oconee~l {s ~365 K) and the system subsequently
repressurizes, “he possibility exists that defects could be initiated or
propagated in the vessel wall. Such overcooling of the primary-system liquid
may result from the high-pressure injection (HPI) system or rapid cooling by the
secondary system.

Because the risk of initiating or propagating flaws in the vessel wall
depends on t e coupling of the thermal stresses produced by overcooling with the
mechanical stresses from repressurization, detailed system models are required.
Modeling both the primary and secondary systems of the reactor plant |{s
necessary to properly analyze the PTS phenomena. The steam-generator (SG)
secondary-side iniet conditions directly affect primery temperature, pressure,
and the emergency core-cooclant injection. Secondary-side inlet conditions are
highly dependent on main-feed pump and SG control-valve operations as well as
the termination of the extracted steam supply to the feedwater heaters. Other
impu.tant systems modeled in the TRAC input deck include a model of the B&W
Integrated Control System (ICS) used at the Oconee-l plart. The ICS monitors
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TABLE I

LOS ALAMOS OLONEE-1 PTS OVERCOOLING TRANSIENT CALCULATIONS

Trareient Description
1. Oconee-3 turbine trip Simulate actual plant transient

that occurred on March 14, 1980.

2. Main-steam line break 34" sgteam~line break; all systems
operate as designed; steam generators
isolatad at 10 min., unaffected
steam generator refilled at 15 min.

3. Swall-break LOCA (PORV Pressurizer relief valve sticks open;
stuck open) ICS fails to run back main feedwater;
primary coolant puap trip.
4. Turbine-bypass valve One bank of TBVs fail to
failure (one bank of two valves) reseat after opening.

a. SG level control fails
b. 3G level control does not fail
¢« RCP restart; HPI throttled

5. Turbine-bypass valve Two banks of TBVs fail
failure (two banks of two valves) to reseat after opening.
a. SG level control fails
b. SG level control does not fail
¢+ RCP restart; HPI throttled

6. Small-break LOCA Two-inch diameter hole in
(2 in. hot-leg break) pressurizer surge line; RCP trip;
all systems operate as designed.
7. Small-break LOCA Four-inch diameter hole in
(4 in. hot-leg break) pressurizer surge line;

RCP trip; all systems operate
as designed.

8. Rancho-Seco type Initial loss of feedwater
transient followed by run-away-emergency
feedwater to both steam generators

the primary flows ad temperatures to determine the feedwater demand. It also
regulates the main- and startup flow-control valves, the main-feedwater (MFW)
pumps, and the turbine-bypass valves (TBVs). Details of the ICS are presented
in Appendix /.

Several overcooling transients have been identified by ORNL,? and
additional tiansients may be specified after these initial results are
evaluated. The initial transients include a mair steam-line break (MSLB) with a
delay in isolating the affected steam generator, a small-break LOCA [full-open
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fallure of the power-operated relief valve (PORV)] with failure of the ICS to
throttle main-feedwater flow and trip the reactor coolant pumps (RCPs), and
turbine bypass-valve transients with steam-generator overfeed. An actual plant
transient (Oconee-3 turbine trip) was also simulated by TRAC to compare with
actual plant data to verify the code models of the primary side. In addition,
two small hot-leg-break loss-of-coolant accidents (LOCAs) were analyzed to
investigate the effects of vent-valve flows on downcomer fluid mixing.

Except for the small hot-leg-break cases, all calculations showed
significant primary-system depressurization followed by repressurization if the
HPI was not throttled. System repressurization did not occur for the small-
break LOCA cases because the break sizes were too large. Some overcooling was
obtained in all calculations as evidenced by highly subcooled 1liquid
temperatures in the downcomer. The most severe transient in terms of
overcooling was the TBV transient in which both banks of TBVs were assumed to
fail opeu, and the least severe was the PORV-LOCA transient. Table II
summarizes the key results calculated for these overcooling transients. Not all
the transients were run to 7200 s because of computer-time limitations. Once
the primary system had stabilized, the calculations were terminated, sometimes
as early as ~1500 s. For these cases, the results were extrapolated to 7200 s
using engineering judgment. The results of these extrapolations are presented
in Appendix B. An assessment of the {nfluence of uncertainties 1in the
calculations is included in Appendix C.

It is recommended that other calculations be performed to fully address
the Oconee~l PTS 4issue. Specifically, other operator actions should be
considered to fully cover all possible overcooling scenarios. Also, in the case
of the small-break LOCAs, other break sizes and locations should be
investigated.

II. TRAC INPUT MODEL DESCRIPTION AND STEADY-STATE RESULTS

At the time of these calculations, the Oconee~l model developed for the
PTS study represented the most comprehensive modeling of any nuclear-power plant
assembled for use with the TRAC code. The model contains & primary side, a
secondary side, and a complex coatrcl systex consisting of boeth trips and
controllers. This model operates at steady state over a pressure range from
~0.01 MPa (~1.5 psia) in the condenser of the secondary side to ~15.2 MPFa (~2200

psi) in the primary side and over a temperature range from ~300-590 K (~80-600
r).
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TABLE II

TRAC OCONEE-1 TRANSIENT RESULTS

Minimum
Downcomer
Temp.
Transient SKE
MSLB
a. RCP re-tngt; HPI 475
throttled
b. No RCP restart; 450
HPI throttled
c. Same as (l.a.) 405
with EFW
SBLOCA (PORV LOCA 528
with RCP trip)
TBV failure® (One
Bank)
a. SG level control 365
fails

b. SG level control 440
does not fail

¢. RCP restart; HPI 430
throttled

TBV failure® (Two

Banks)

a. SG level control 350
fails

b. SG level control 465
does not fail

¢. RCP restart; HPI 350
throttled

SBLOCAS (2 in. hot=-leg) 425

SBLOCAS (4 in. hot-leg) 3209

Rancho-Seco type 452
transient®

Pressure®

(MPa)

6.5
8.5
3.5

11.5

17.0
17.0

4.0

i7.0
17.0

4.0

1.0

0.5

14.0

Minimum
Cold-leg
Temp.

e

A-Loop 475
B-Loop 400
A~Loop 435
B-Loop 445
A-Loop 402
B-Loop 422

A-Loop 518
B~Loop 325

A-Loop 448
B-Loop 375
A-Loop 477
B~Loop 430
A-Loop 491
B~Loop 491

A-Loop 441
B-Loop 446
A-Loop 463
B-Loo) 465
A-Loop 465
B-Loop 465

A=Loop 370
B-Loop 410

A-Loop 430
B~Loop 425

A-Loop 450
B-Loop 450

System
Repressuri-

_ization?

Yes
Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

8This is the system pressure at the time of minimum downcomer temperature.

errors in the ICS and trip logic.
€These calculations were extrapolated to 7200 s and the temperatures, pressures
shown represent estimated values.
SFor this calculation, the minimum temperature corresponded to temperature
"spiking” as a result of accumulator injection.

or these MSLB calculations, the EFW system did not actuate because of input



A. Primary Side
The primary side of the Oconee~l model is similar to other TRAC models
that have been used (Fig. 1). It consists of the three-dimensional vessel, two

hot legs, two once-through steam generstcrs, four cold legs, and some parts of
the emergency core-cooling system (the low-pressure injection system was not
modeled).

The volumes, elevations, and pipe lengths from the Oconee~l plant are
closely matched in the wmodel. The wall areas and thicknesses of the primary
piping avre also modeled so that the therwmal response of the piping is predicted.
Heat transfer from the pipe walls to the environment is also allowed.

l. Vessel. The three-dimensional vessel is made up of 56 cells. These
cells are arranged such that the vessel is divided into eight axial levels, two
radial rings, and six azimuthal segments. The lower plenum is made up of one
level; the core four levels; the upper plenum, two levels; and the upper head
region contains one level. The two radial rings are divided so that the core
region ie bounded by the inner ring, and the downcomer annulus is modeled in the
outer ring.

The vessel metal structures and wall masses are modeled by assi [ng a
representative thickness and area of a heat slab to each three-dimensional cell.
Using these heat slabs, the stored energy of the vessel structure is
approximated. The thermal conductivity for each heat slab 1is calculated by
assigning five nodes across each slab thickness. These nodes are spaced so that
they are closer together on the fluid sfje of the slab. There is no heat
transfer through heat slabs between cells, that is, each cell“s heat slab is
isolated from any other cell”s heat slab except through the fluid-dynamic
coupling.

The six azimuthal divisions were chosen to allow for the angle and
separation of the penetration of the hot and cold legs. Also, the accumulator
injection ports were modeled closs to their exact positions (both a..ally and
azimuthally) in the vessel downcomer region.

With only one radial division for the ionsr portion of the vessel modeled,
the circulation of hot water rising up from the core into the upper head, then
back down and out the hot legs is lost. Without finer noding of the vessel, the
upper head 1s effectively 4{solated from the rest of the vessel in many
circumstances. To alleviate this problem, a connection is made between the
upper head and the hot legs so that about ome third of the normal steady-state
flow passes through the upper head. This connection is called the upper-head
tee.



Fig. 1.
Primary-side model for Oconee~l.



The vessel includes vent valves that are modeled to allow flow from the
upper plenum directly to the downcomer. This flow path is only available when
the upper plenum piressure is higher than the downcomer pressure. A composite
vent valve made up of one-sixth the total vent-valve area is modeled in each
azimuthal cell of the inner radius of axial level 7. Figure 2 shows the vent-
valve model used for these calculations. The vent valves are fully open when
the pressure drop between the upper plenum and downcomer exceeds 0.12 psi.

2. Hot Legs. The loop~A and loor-B hot legs are modeled symmetrically
except for the surge-lire connection to the locp~A candy cane. The candy canes
represent the highest elevation in the system. The surge line includes a
"small-break”, which is activated for the small hot-leg break transients.

The pressurizer is modeled with a very small cell at the bottom and two
small cells at the top. This was necessary to allow correct fluid conditions to
either enter or leave the pressurizer.

Pressure relief for the primary system is provided by a single PORV at the
top of the pressurizer. This valve supplies adequate relief for the cases where
secondary cooling is provided and the reactor has tripped (all cases in this
study).

VENT VALVE MODEL
CLOSED

By

LOSS COEFFICIENT

006 02
AP(INSIDE-QUTSIDE) (PSI)

Fixed closed value allows leakage for AP<008
Fixed open value for AP>0.12

Closed value based on design leakage (W. Jensen, NRC)
Open value based on BAW- 628 table

,’.'o 2.
Vent-valve model.
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3. Steam Generators. A complete wmodel for Bé&w once-through steanm

generators was developed for this study. The primary side of the steam
generator 1is made up of 12 cells whereas the secondary side uses 26. Heat
transfer from the primary occurs through the steam-generator tubes to the
secondary coolant. Cells 2-11 (Fig. 1) represent a composite of the volume
inside and wall area of all tubes, and {- is in these c¢lls that heat transfer
from the coolant to the walls of the tubes occurs. Ceils 1 and 12 model the
upper and lower plenums. The wall area and thickness of the plenums are modeled
so that the heat capacitance and heat transfer of the external wall can be
calculated.

The secondary of the steam generator {is divided inte four components
(Fig. 3), two model the tube-bundle region, one models the downcomer, and the
final one models the stram-outlet annulus. The tube-bundle region is made up of
10 cells (SG components :2-1 and 12-2, for loop A and 2-1 and 2-2 for loop B in
Fig. 3). These cells mudel the total volume nd the tube wall area for the
region between all the steam-generator tubes, but model the heat-transfer
characteristics of a un‘t cell of tubes. The top 4 of these 10 ceils comprise
the superheated-steam region of the model during normal full-power operation.
The connection at the t.p cell of the tube-bundle region is for the emergency-
feedwater (EFW) flow aad the realigned main-feedwater flow. This connection
closely models the correct plant geometry so that eny flow from the “upper
header”™ 1s correctly inj-.rzed into the tube bundle.

The steam-generator downcomer consists of seven cells (SC Components 12-3
and 2-3 of Fig. 3), pluc one cell for the main~feedwater injection and one cell
for the aspirator port. During normal operation, the downcomer condenses enough
superheated steam drawn through the aspirator port to heat the main feedwater to
saturation temperature prior to entry into the tube-bundle region. The final
six steam—-generator secondary cells model the steam—-exit annulus. The outlet
from this annulus 1is near the midpoint of the steam generator, close to the
actual location in the plant.

Because of insufficient information regarding pressure tap locations on
the SG secondary side, the SGC water levels were modeled using a cnllapsed liquid
level calculation. This method is adequate for transients in which relatively
slow changes in the secondary side occur, but may not be accurate for rapid
changes such as in a MSLB transient. However, the response of a pressure
transducer also may not be accurate for a violent secondary-side transient.
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4. Cold Legs. All four cold legs of the plant are modeled. These legs
each consist of a loop seal (lowest primary-loop point), a reactor ccolant pump
(RCP) and the HPI coanection. The HPI nozzles are positioned closely to their
correct height and distance from the vessel entrance. The RCPs are speed
controlled during steady-state operation to obtain the required mass flow, but
their steady-state speed is mainteined fixed while they are running during a
transient. During normal operation, the four cold legs of this model have
symmetric flows.

5. Emergency Core-Cooling System (ECCS). Two major components of the

ECCS were included in this model; the HPI system, and the accumulators (core
flood tanks). If a transient were to be run that caused the primary pressure to
fall below the low-pressure injection system (LPIS) setpoint, then the LPIS
would also have to be added to the model.

The HPl system was modeled as four boundary conditions that can inject
283 K (50 °F) water into the primary through the four side nozzles of the cold
legs. These nozzles are located so that they enter the main cold l-gs from the
side at an elevation somewhat higher than the centerline of the cold/hot legs.
The pressure-dependent flow rate of the two loop~B ports is identical, as is
also the case for loop~A, but the loop-A capacity is greater than that of
loop-B.

There is an accumulator tank for each loop that allows emergency coolant
to flow directly into the downcomer region in axial level 7 of the vessel
(Fig. 1). The accumulator flow is controlled by check valves such that when the
primary pressure falls below the accumulator (ank pressure, the check valves
open. The initial accumulator pressure was ~4.2 MPa (~610 psia) with a coolant
temperature of 305.4 K (90 °F).

B. Secondary Side

All major components of the secondary side are modeled except for the
turbine-generator equipment and various valves that were not necessary for any
transients of immediate interest. With the exception of the vessel, the
secondary side required much more modeling detail than was previously necessary
when only the primary system was modeled.

1. Feedwater Train. In this discussion, the feedwater train describes

the secondary-side modeling from the condenser (component 55 in Pig. 3) to the
tee where the feedwater is divided between the two steam generators (component
38 {n Fig. 3). This section of the modeling takes the fluid discharge from the
turbines and raises it to the temperature and pressure at which 1@ is delivered

to the steam generators.
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The condenser i{s modeled as a large tank with a very large wall area. The
thin walls have a high-thermal conductivity and a constant-temperature heat sink
on the outside surface. This model fully condenses the incoming steam from
either the turbine exheust or the turbine-bypass system.

The hotwell is an even larger tank used for the collection and storage of
the condensate. The lowest system pressure and temperature occur in this
component. Cell 1 of the hotwell actually represents the volume and coolant
inventory of the upper surge tenk. It 13 included to reduce the complexity of
the model while still providing an estimate of the available hotwell inven:ory.
The coclant supplied to the emergency feedwater system is taken from the
hotwell/upper surge tank cownsination.

The hotwell pump (component 51) includes the demineralizer/serator section
of the feedwater train. The model sccounts for the effects of this section by
including additional frictional losses und heat addition to the coolant.

Each feedwater heater is modeled to achieve a feedwater temperature rise
close to the design value for that heater. In addition, the model includes a
time-dependent estimate of the feedwater-heater heat capacitance. The hcaters
are modeled with four hest-conduction nodes (Fig. 4) such that the first two
cross the metal wall and the outer two model the secondary-side steam/water
mixture. The energy input from the extracted turbine steam is modeled by adding
a volumetric heat source to the middle ncde of the steam/water mixture. This
heat source 1is controlled by a trip so that it can be ramped off fecllowing a
turbine trip.

The two parallel MFW pumps of the actual plant are combined intoc a single
pump for this model. This is a variadle speed pump with the speed determined by
the ICS. This pump will also be tripped oft if any of a variety of setpoints
are reached as described in the control section of this report (Sec. II.C).

The coolant flow from the feedwater train splits to provide flow to the
Steam-generator contiol-valve section of each major loop. Because the loop~A
and loop-B flow-control valves are identicai, a discussion of the valves for
only one loop ls necessary. .

2. Steam-Generator Control Valves. A schematic diagram of the control-

valve arrangement is shown in Fig. 5. This schematic can be correlated to the
two continl-valve sections of the secondary-side noding diagram of Fig. 3.
There are 'hree check valves (valves 1, 2, and 3) in this arrangement to stop
reverse coolant flow from the steam generator into any of the feedwater lines.
The emergency-feedwater valve (EFWV) is closed during steady-state operation,
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ENERGY INPUT FROM TURBINE
EXTRACTION STEAM q=

Feedwater Heate
Sunmdnr‘—3~

Steam/Water\ |

Mixture

Fig. 4.
Detail ¢ feedwater-heater model (cross—-section).

i
&
1

it <
SUFCY
STEAM 5
GEINTRATOR
Main Fesdwatler
Food watler . —
: - » T
1: Emergency-Feedwater Check Valve
2: Realignment Check Valve
3: Maio-Feedwater Check Valve
4, 5: Feedwater Realignment Valves
EFWV: Emergency-Feedwater Valve
SUFCV: Startup Flow-Control Valve
MFCV: Main Flow-Control Valve

Fig. S.
Steam-generator control-valve schemsatic.
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but opens and clooc’ as necessary if EFW is demanded. (Refer to Section I1.C.1
for further description of the EFWV.)

The remaining four valves in Fig. 5 provide the major control for the MFW
flow. The valve area of the two flow-control valves is controlled by the ICS.
During steady-state operation, the start-up flow-control valve (SUFCV) is 1002
oper and the main-flow-control valve (MFCV) ie approximately 502 open. The
action of these valves during a transient is geuerally difficult to predict
because of the complexity of the ICS. In general, the MFCV closes following a
reactor trip, and the SUFCV controls any feedwater flows below approximately 152
of the steady-scate flow. The action of the flow-control valves may be
overridden by signals from the trip system (refer to Section II.C.1l).

When one of the two realignment valves, valves 4 and 5, is open, the other
must be closed. During steady-stace operation, or any time before the
feedvater-realignment trip is hit, valve 4 1is closed and valve 5 {is open.
Following the realigmment, valve 4 opens and the MFCV and valve 5 close.

There are several different flow combinations that can occur. During
steady-state operation, the flow splits along the parallel paths through the two
flow-contro] valves, thun rejoins to flow into the MFW header. The flow split
is 85/15 with the larger flow through the MFCV. For flows less than 152 only a
single path is open to the MFW header, and that is through the SUFCV, wvalve 5,
and check-valve 3. If feedwater realignment occurs, the flow 1s from the
feedwater train through the SUFCV, valve 4, check-valve 2, and into the EFW
header. The EFW may also be running so that flows may be entering both SG
headers, or the EFW may mix with the MFW flow before they enter the EFW header.
If the steam generator i3 i{solated, the MFCV, SUFCV, and EFWV are closed so that

no flow can enter the steam generator.

3. Emergency Feedwater. The EFW system is modeled so that it takes water
from the hotwell and delivers it to the EFWivs of both steam generators. The EFW
pump is modeled as a composite of the turbine driven and motor driven pumps in
the actual plant, and therefore has a large capacity. The EFW {s delivered to a
tee (componmeut 152, Fig. 3) that splits the flow between the two steam
generators. I1f both EFWVs are open, the EFW flow is symmetrically split as long
»s the secondary pressure of the two steam gencrators is equal. If only omne
EFWV 1s open, the full flow available is delivered to that stear generator. The
EFW flow stops if the hotwell inventory has been depleted.

4. Steam Lines. The steam line for steam-generator B is longer than the

steam-generacor A steam line. Other than this difference, the steam lines and
their valves are identical. A pressure boundary condition models the steam flow
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exiting the secondary into the turbine inlet. During steady-state operation the
stean-mass flow is modeleu to reenter the secondary as boundary condition inlets
to the condenser and the two heater drains. Following a turbine trip, the
turbine-stop valves (TSVs) close the steam lines. If any pressu.e relief from
the «closed steam lines 1s necessary, steam 1is released through the
turbine-bypass valves into the condenser. For a normal reactor/turbine-trip
transient, the steam relief from the turbine-bypass valves is adequate so that
modeling the main-steam safety valves is not necessary. Following a turbine
trip, the secondary model is a closed loop unless a transient similar to a MSLB
is modeled. For the MSLB, one of the turbine inlet boundary cocnditions is set
to constant containment pressure and the corresponding turbine-stop valve is
fixed open.

C. Control System

The control system for the various components of the TRAC input modal is
provided in two ways; with trips and with control blocks. Trips basically turn
.o;e:hing on cr off depending on certain conditions being mec. In tht's model,
control blocks use mathematical relations between system variablss to adjust
valve areas or pump speeds. The control blocks are used to model te B&W ICS.

l. Trips. Of the more than forty trips used in this model, only five are
simple trips. Simple tiips have only a system variable as {upu:, and their
output is only used to control some component action. A summary . ° the simple
trips is presented in Table III. The TBVs are actually controlle. vy the ICS at
the Oconees-l plant, but because they have a single setpoint for the transients
calculated for this study, simple trip modeling 1s adequate. The only
noticeable difference with this modeling appears in the secondary-side pressure
plots for transients with steam-line pressure relief for extended periods. In
these cases, the plots appear somewhat saw-toothed because of the full opening
or closing of the TBVs, whereas in the plant the ICS maintains a smoother
pressure response by allowing partial valve openings.

The reactor trip system is presented in Fig. 6. As depicted, the signal
output from the reactor trip is input to the TSVs, the condenser feed, the
feedwvater heaters, and the heater drains. Most «f these trips actually occur
following a turbine trip, but in this model the "“urbine and reactor trips occur
together. For all of the transients calculated .or this study, the reactor trip
occurred immediately. If additional transient: were to require the reactc trip
to occur after other criteria had been r:t, this wmodel would have to be
modified. The delays and rates are not inc.uded fn the informatior presented in
Fig. 6, so these parameters will be discu-sed in the following paragraph.
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TABLE III
SIMPLE TRIPS
Description System Variable Setpoint (MPa)/Acticn
TBV control- Stean-line pressure 7.064/0pens
loops A and B 7.014/closes
Accumulator check- Check-valve pressure drop 0.14/opens
valves, both loops 0.05/closes
PORV control Pressurizer pressure 16.99/opens

16.65/closes

The reactor trip is ~0.5 s from the beginuing of the transient. To model
the insertion of control rods into the core, a negative reactivity insertion of
-0.0536 Ak is added ~1.0 s after the trip. The decay heat is calculated using
the American Nuclear Society (ANS) decay-heat constants that are internal to the
code. The turbine-stop valves start closing simultanecusly with the reactor
trip and take ~l1.0 s to fully close {except in the MSLB transient where the
loop-A TSV is fixed open). The condenser feed trip occurs ~1.0 s after the
reactor trip and the feed decays to zero over 5.0 s. The volumetric heat
sources used to model the feedwater heaters and the feedwater added to the train
through the heater drains are tripped ~0.5 s after the reactor trip and also
take 5.0 s to decay to zero.

Each box in Fig. 6 is divided into four sections. These sections are for
the trip identification npumber, the trip description, trip input, and trip
output. The trip output either goes to & component or to another trip as its
input. The component numbers are enclosed in small circles and correspond to
one of the components in Figs. 1 or 3. These trip system figures were deve.oped
as part of the TRAC-PF! modeling work and are presected for clarity in
understanding the interconnection between them. For further explanation of
these figures, please refer to the trip system legend contained in Appendix A.
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Fig. 6.
Reactor trip system.

Figure 7 presents the trip system thact controls the HPI, the Jour RCPs,
and the MFW realigrment valves. HPI initfation occurs if the system pressure
drops below lU.44 MPa, but 1s also cycled un and off to kaep the least cooled
hot leg at 42 * 7 K subcooled (75 = 12.5 °F). For some transients reported, the
HP1 subcooling wonitor was not used. For hose cases in whith a particular trip
is not wanted, it is left in the system but given a setpoint that cannot be
reached. All four RCPs also uge the HPI low-pressure setpoint, but have a
30.0 s delay frop the time the setpoint 1s reached until the pumps trip. The Al
sapd Bl pumps are under separate trip control from the A2 and B2 pumps so that
thes¢ pumps (Al and Bl) can be turned back on if the least cooled hot leg
resches 42 K subcooling. For gsome of these transients, che pump subcooling
monitor is aleo disabled.

Followiug auy RCP crip, the MFW is realigoed to flow into the steanm
generators through the EFW header. This realignment occurs by taking control of
the MFCVs away from the ICS anu ramping them closed at a flow ares fraction
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Fig. 7.
HPI, RCP, and MFW realignment trip system.

closing rate of 25X per s, and by opening or closing the appropriate realignment
valves over a 5.0 s period. Further i{nformation on this valving arrangement is
described in Section II.B.2 of this report.

The trip system for the three pumps of the feedwater train is presented in
Fig. 8. The hotwell pump trips only i{f the hotwell level falls below 0.1524 m.
If this pump trips, then the other two must also trip. The condensate booster
pump trips if the hotwell pump has tripped, or if 1its suction pressure falls
below 0.21 MPa. The MFW pump trips if any of the six trips feeding into 1t are
actuated. These six trips include the two upstream pump trips, either SG level
greats. than 3.27 m, a suctican pressure less than 1.72 MPa, or a dis-harge
pressure greatar than 8.89 MPa.
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The SC {solation trip system for both loops is presented in Fig. 9. This
systenm is designed to ensure that both flow-control valves and the EFW valve
close if steam-generator isolation is required. The two reverse-value trips are
necessary to make the three input values of the MFCV override trips compatible.
1f one of the SGC i{solation trips is turned back off, then EFW can be delivered
to that steam generator if it i{s required, such as in the MSLB transiint.

The controlling trips for the EFW system are presented in Fig. 10. The
trip conditions that demand EFW are at the top of the figure, and the conditions
to throttle EFY are at the bottom. EFW is demanded if the MFW discharge
pressure drops below 5.271 MPa. The EFW demand opens the appropriate EFW valve
at a fractional rate of 332 per s. If either EFW valve starts to open, the EFW
pump comes up to full speed in 4 s. The EFW valves close if the SC water level
goes above 6.2 m, but reopens when the level drops below 6.0 m. The EFW valves

=
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'1‘- 8.
Hotwell, condensate-booster, and main feedwater pumps trip system.
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SG isolation trip system.

also close if the hotwell level 1s less than 0.0254 m. If both EFW valves
close, the EFW pump trips off.

2. Integrated Control System. The B&W ICS matches the feedwater flow
with the power demand and maintains a constant steam~line pressure ¢nd adequate
superheat. The ICS can quickly respond to plant load demands while ma.ataining
smooth plant operating parameters. The block diagram of Fig. 11 depicts how
this control 1s accomplished. The ICS contrnls secondary pressure with the
turbine valves, primary power with the control rods, and primary-to-secondary
heat-transfer characteristics with the SGC valves and MFW pump. Cross limits are
sent back to the Integrated Master so that if some section is not perf cming
adequately, the other parts of the ICS balance the response to prevent any
power, pressure, or feedwater flow mismatches.
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Zmergency feedwater trip system.

The pe.formarce of the ICS must be taken into account for accurate
simulation of most plant transients. In particular, the feedwater flow is under
ICS control and does not huve a simplistic response to wmost transient
conditions.

The reactor is tripped instantly for all transients that were calculated
in this study. This allows a great deal of simplification in modeling the ICS.
As is shown in Fig. 11, the TBV section is modeled with simple trips (refer to
Section 1I.C.1) and only the feedwater-control section needs to have detailed
control-block modeling. If a transient were run with the reactor not tripped,
ICS control of the TBVs would be necessary. Following a reactor/turbine trip,

however, the turbine steam~flow control valves do not have to be modeled.
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Fig. 11.
ICS organization.

The control-rod section of the ICS does not have to be modeled for these
transients because of the early reactor trip nor is it needed for steady-state
aodel ope;ltion because the reactor s at full power. If a transient were run
where the rods were not inserted, this section of the ICS would have to be
modified to allow correct reactor power control. Because of these
simplifications, the only part of the Integrated Master modeled was the neutron-
power cross~limiter.

Figure 12 presents a block diagram of the feedwater-control section of the
ICS as it 1s modeled for this study. The British Thermal Unit (BTU) limiter
monitors some primary and secoundary parameters to determine if enough feedwater
is flowing. This determination is compared against the reactor power to reduce
the feedwater flow if the power is dropping. The requested feedwater flow is
then compared with the actual feedwater flow to get a feedwater-flow error.
This error value will then open or close the MFCV unless the SGC level has
reached either a high- or low-level limit. If limited, the valve action will
then act to bring the level i{nside of the limit. The requested feedwater flow
is also used along with the MFCV pressure drop to determine the MFW pump spee .
Each of these blocks is separately du'cuncd in the following paragraphs. This
discussion is limited to just the information necessary to describe the loop=A
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sodel. The loop-B model is similar except that it uses several of the signals
generated for the loop-A side to avoid duplication of coding. A complete
listiag of the flow diagram and mathematical representation of the TRAC-PFl ICS
model 1s included in Appendix A.

A diagram of the BTU-limiter contrcl blocks is given in Fig. 13. Each of
the blocks represents one signal manipulation. As depicted in Fig. 13, there
are four system parameters input and one signal output. The letters in each
block represent a particular control-block output and {dentifies the
mathematical representation of the cootrol blocks as they appear in Table IV.
Each of the block outputs is in volts and the limits are included with the
equatjons where appropriate. The system parameters input are always in SI
units. The steady-state output voltage for each of the blocks is giver in the
table. A BTU-limiter output value of 8 volts indicates the correct feedvater
flow. For a value less than B8 volts, less flow is needed, and for a value
greater than 8 volts, more flow is requested.

The neutron-power cross-limiter section of the TRAC-PF1 ICS model 1s
presented in Fig. l4. This section has three input asignals and one output
voltage. Table V gives the equations aud steady-state values that correspond to
these control blocks. Blocks Al and Bl set up a 20X-per-minute signal ramp

Neutron Power
8TU Limiter Cross Limiter
Feedwaler MFCV Pressure
Flow Drop
Level MFW Pump
Limiters Speed Control
Feedwater

Valves Control

'1‘- 12 .
Feedwater-control section of the ICS.
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Fig. 13.
BTU~limiter control blocks.

TABLE IV

BTU~LIMITER CONTROL-BLOCK EQUATIONS

Steady-State
Equaticn Output Voltage
A = 0.00204083 * RCFLOWA 18.0
B = =605.4459 + 1.04092 * RCTEMPA , -10.0 < B < 9.080 8.0
C = 82.549 - (1.16958e-05) * SGPRESA , -1.0 < C < 9.080 8.0
D= -11.036 + 0.037260 * FWTEMP , =1.270 < D < 9.080 8.0
E=~160+B+C+D, -10.0 <E < 12.0 8.0
F = 0.55555 + 0.055555 » E 1.0
He<=10.04+4A*PF 8.0

after the reactor has tripped to ensure a feedwater runback of at least this
rate. The control-block tables such as Dl gnd Kl use simple linear
interpolation between points to complete the function values. All output block
signals are in volts except for D1 (K) and J1 (watts). The DELT in block JL is



«2S-

for time-step size. The fipal output from this section results in similar
feedvater control as in the BTU-limiter section.

Figure 15 presents the feedwater-flow control blocks. The BTU~limiter
voltage input comes from block H, and the neutron cross-limiter input from block
S§G. The blocks depict the selection of one limiter signal and the comparison of
that signal with the current feedwater flow. The 2quations that wmake up this
section of the ICS are presented in Table VI. All blocks in this table are
output in volts except for block SL, which is in kg/s. A negative output from
this section tends to close the feedwater-control valves; & positive value opens
them, and a zero value indicates no change is requested.

The steam-generator level-limiter section of the TRAC-PFl ICS model is
presented in Fig. 16. This section passes the feedwater—-flow comparison signal

straight through unless the high-or low-level setpoints are reached. The

Reactor Trip Feedwate®

Reactor Power Time Temperature

Fig. l4.
¥asutron-power cross-limiter control blocks.
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TABLE V

NEUTRON-POWER CROSS~LIMITER CONTROL-BLOCK EQUATIONS

Equation Steady State

Al = TIME - (TIME OF REACTOR TRIP) 0.0
Bl = 1.0 - (0.2/60.0) * A1 , 0.0 < B1 1.0
Cl = 18.0 * Bl 18.0
Pl = £(Cl) : Cl Dl 460.0

0.0 20%.0

0.562 240.0

3.6 320.0

5.4 355.0

§.36 402.0

18.C 460.0

21.42 483.0
El = =460.0 = D1 + 1.8 * PUTEMP 0.2
Fl = 1.0 + 0.0013 * E1 1.0
Gl = Fl1l * C1 18.0
SP = POWER -~ 2568.0e6 0.0

First order lag of power with 4.5-s time constant

JL = JL 4+ ((SP - JL)/4.5) = DELT 0.0
J1 = 2568.0e6 - JL 2568.0x106
Hl = 1.6 + 14.4 * B) 16.0
I1 = =1,0 * (Hl = 6.23053¢-% * J1) , ~10.0 < Il < 10.0 0.0
Kl = £(I1) : 11 Kl 0.0
-10.5 -10.0
- 0.5 0.0
0.5 0.0
10.5 10.0
SGC = =10.0 + K1 + Gl 8.0

high=level 1limit block (Pl) 4s generally a large positive number until its
setpoint is passed. As this setpoint is passed, Pl quickly becomes a large
negative number that closes the feedwater-control valves. There are two
low-level limit setpoints that can be used. The lower value (0.6096 m or
24 in.) 1s for normal operation. If a RCEF trip has occurred, the higher value
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TABLE VI

FEEDWATER-FLOW CONTROL-BLOCK EQUATION:S

Equations Steady-State Value
R = min(SG,R) 8.0
FWB = FWFLOWA - 680.4 0.0

First order lag of feedwater flow with 1.0-s time constant

FSL = FSL + ((FWB - FSL)/1.0) * DELT 0.0
SL = FSL + 680.4 680.4
S§1 = 10.0 + R - 0.026455 * SL 0.0

(6.096 m or 240 in.) is used to enhance natural circulation by maintaining a
higher steam-generator level. When the low-level limit is reached, P2 changes
from a large negative value to a positive value that is passed on to Tl. Tl is
the final feedwater-flow error used by the valve-control section of the ICS.
Table VII gives the equations and steady-state values that correspond to these
control blocks.
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The ICS section that adjusts the flow-control-valve area 1is presented in
Fig. 17. This section delivers a flow area to the two flow-control valves cf
this loop (Components 30 and 36) by using a proportional and integral controller
in which the error signal is integrated and proportioned to determine the flow
area. Two sets of constants are used for this controller depending on whether
the ICS is low-level limited or mot. The equations describing this action are
given in Table VIII. 1If low-level limited, larger values for the controller are
used to speed the opening valve action.

The MFW pump-speed control is determined by signals from both loops. The
resulting voltage obtained from the comparison between the BTU-limiter output
and the neutron cross-limiter outout is used along with the minimum of the two
MFCV pressure drops to obtain a pun) speed. The control block diagram for this
section of the ICS i{s presented in Fig. 18, and the corresponding equations in
Table IX. There is a constraint on the rate of change of pump speed built into

TABLE VII

LEVEL-LIMITER CONTROL-BLOCK EQUATIONS

Equations ~teady-State Value

*operating level scale, 96 to 388 in (level in meters)

HL1 = f(ALEV) : ALEV HL1 -10.0
27138 -10.0
9.855 10.0
Pl = -2.0 » (m.l - 7.0\ 3‘-0
Ql = min(S1,Pl) 0.0

*startup level scale, 0.0 to 250 in

LL1 = £(ALEV) :  ALEV LLl -3.3
0.6 -1000
6.350 10.0

*pumps tripped: 240 in = 6,09 m = 9.2 V

IF(PTRIP .EQ. 1) STP = 9.2

pumps running: 24 in = 0.6l m = -8.08 V

IF(PTRIP .NE. 1) STP = -8.08 -8.08
P2 = =2.0 * (LL1 - ST?) -9.6

Tl = max (P2,Q1) 0.0
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TABLE VIII

FEEDWATER-VALVE ADJUSTMENT CONTROL-BLOCK EQUATIONS

Equat‘on Steady-State Value

®* {f P2 < 0, low ilimit has not been hit

IF(P2 .GE. 0.0) CNST1 = 0.12 0.1125
IF(P2 .LT. 0.0) CNST1 = 0.1125

IF(P2 .GE. 0.0) CNST2 = 2.4 0.9
IF(P2 .LT. 0.0) CNST2 = 0.9

*integrate, Tl {s the last time-step value of signal Tl

Ul = U1 + CNST1 * (T1 + T1,)/2.0 * DELT , ~16.0 < U < 2.0 0.0
X1l = Ul + CNST2 * Tl 0.0
X1l = X11 + 8.0 , -10.0 < X1 < 10.0 8.0
SUA = 64.1164 + 7.44164 * X1 , -10.0 < SUA < 10.0 10.0
SUFVA = 0.1 * SUA , 0.0 < SUFVA < 1.0 1.0
MFA = 0,.5555 * X1 - 4.4444 | -10.0 < MFA < 10.0 0.0
MFCVA = 0.5 + 0.5 * MFA , 0.0 < MFCVA < 1.0 0.5

the TRAC-PFl MFW pump model (27 rad/s/s) so that an additional constraint was
not needed in the ICS model.
D. Steady-State Calculation

The primary-side steady-state operating conditions for the TRAC model are
presented in Table X along with operating specificatione from the Oconee~l plant
for comparison. The twc primary-system loops and all four cold legs had
symmetric flows. The mass flowrates through the reactor pumps were controlled
during the steady state by adjusting the pump speed with control blocks. During
the transient calculations, the calculated pump speeds were held constant as
long as the pumps were running. All steady-state primary-loop values compared
well with available data with only slight discrepancies in the core ani vessel
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pressure drops. In Table X, the coolant velocity and loop-flow lengths are
added to show the relative time it takes coolant to travel through the loop from
vessel exit to inlet.

Table XI presents a selectior of secondary-side steady-state operating
conditions for this model. 1In general, the comparison is very god with
available Oconee~l plant data. The feeiwater flowrates for the two loops were
independently controlled by the ICS through comtrol of the MFW pump speed and
MFCV areas. The steam outlet flowrate was approximately 2% higher than the
feedvater flow so that the steam-generator inventory is slowly depleted with
time. The approximate time it takes coolant to travel from the hotwell to a
steam generator is estimated from the average velocity and pipe length to be
over 11 min.
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TABLE IX

MFW-PUMP-SPEED CONTROL ‘BLOCK EQUATIONS

Equations ' Steady-State Value
DPAB = UELPA - 3.55e5 / 0.0

First-order lag with a 1.0~s time cor.staat
*40 psi limit on both sides

DPAL = DPAL + ((DPAB = DFAL)/1.C) # DELT , =-2.4ES < DPAL 0.0
< 2.4E5
DPA = DPAL + 3.55ES 3 355E5

*the loop-B pressure-drop e uations are the same

FC = min (FA,FB) 0.2975
FD = FC - 0.2975 ' 0.0
FE = 0.2 * FD * ABS("D), -10.0 < FE < 10.0 0,0

*integrate FE  4s last time-step
value of signal }E

FG = FF + FE , -10.0 < FG < 10.0 0.0
FI = 0.5 * (R + BR) - FG 8.0
FP = £(FI) FI FP rad/s 523.6

-7.0 T 370.4

0.0 392.8

6.0 460.0

10.0 586.43
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TABLE X

FRIMAZY-SIDE STEADY-STATE CONDITIONS

Oconee~-1

Parameter TRAC Model Nuclear Station
Powver (MW) 2568.0 2568.0
Coolant flowrate, total (kg/s) 17640.0 17640.0
Hot-leg temperature (K)* 589.56/589.33 589.3
Cold-leg temperature (K) 563.81/563.81/ 563.5

563.61/563.61

Primary pressure (MPa)~
(3 m below top of hot leg) 14.96/14.96 14.96
Core pressure drop (MPa) 0.117 0.11
Vessel pressure drop ' “’a) 0.378 0.41
Pressurizer water level {m) 5.63 5.59
HPI coolant temperature (X) 283.2 305.4
Accumulator coolant t :mperature (K) 305.4 305.4
Hot-leg cooclant velocity (m/s) ~19.5 -
Coolant flow path lengzh (m)
(external to vessel) 63.5 -

*loop A/loop B, or cold-leg Al/A2/B1/B2
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TABLE XI

SECONDARY-SIDT. STEADY-STATE CONDITIONS

Feedvater flow, loop A/loop B (kg/s)
Feedwater temperature (K)

Steam outlet flow, loop A/loop B (kg/s)
Steam outlet superheat (K)

Steam outlet pressure {¥Pa)

Steam pressure at turbine inlet (MPa)
Stean-generator secondavy inventory (kg)
Aspirator steam flow (kg/s)

MFW pump inlet pressure (MPa)
temperature (K)

Condensate booster-pump inlet pressure (MPa)
temperature (K)

Hotwell pressure (MPa)
temperature (K)
inventory (%g)

Upper surge-tank inventor: (kg)

Feedwater train average cooclant
velocity (m/s)

Hotwell to SG flow length (m)

MFCV area fraction (%)
Loop flow fraction (X)

Oconee~-1
TRAC Model Nuclear Station

679.04/678.38 680.4
511.19 511.0
693.8/692.5 680.4
17.7/17.03 33.3
6.37/6.37 6.3
6.2/6.2 6.2
1.711E4/1.715E4 ~1.77E4
95.4/95.3 -
2.77 2.68
461.0 462.0
8.0 6.9
308.3 309.0
0.015 0.01
305.6 305.9
5.31E5 5.31ES
2.69ES5 2.98ES
~1.5 -
1004.3 -
48.60/48.15 50
85/85 85



I1I. TRAC TRANSIENT CALCULATIONS
A. Oconee~3 Turtine Trip

1. Introduction. As a benchmark case for the Oconee-l PTS study the

Oconee~-3 turbine-trip and steam-generator-overfeed transient of March 14, 1980
vas simulated. The actual transient is documented in Ref. 4, and measured data
{s available for the first three minutes of the tranlient.. The data available
include primary- and secondary-system pressures, hot- and cold-leg temperatures,
pressurizer and steam-generator water levels, snd main-feedwater flow rates and
supply temperatures.

In t-i{s transient, the plant was operating at 100X power when the Electro-
Hydraulic Control system caused a turbine trip and subsequent reactor trip.
After the reactor trip, the ICS malfunctioned and caused an overfeed to the
steam generators, resulting in an overcooling of the primary system. The steam~
generator water levels increased above the expected levels until the main-
feedwater pumps tripped on a steam-generator high-water-level signal.

The transient was modeled using the TRAC-PFl code and the basic TRAC model
of the Oconee-l PWR (Fig. 1), with modifications to the iteam lines to add main-
steam safety valves (MSSVs). The TBVs were also modeled. The condensate-heater
feedwater-train modeling and the ICS modeling was not included for this
transient because these systems were not necessary. Instead, the measured main-
feedwater flow rates and feedwater supply temperature given in Ref. 4 were
specified as boundary input in the TRAC calculation.

The TRAC-calculated results compared very well with the Oconee-3 data and
general trends and major peaks and dips in the dats were predicted. The actual
transient had slightly more overcooling than the TRAC calculation. The
calculated primary pressure, hot- and cold-leg temperatures, and pressurizer
water level were slightly higher than the measured data. The major differences
between calculated and measured results were in the steam—generator secondary
pressures and in the steam-generator B water level. Ths calculated secondary
pressures cycled between the TBV open and close setpoints, whereas the measured
secondary pressures dropped and remained below the TBV setpoints for the
transient period modeled.

The measured secondary-side water level of steam generator B was found to
be inconsistent with the measured main-feedwater flow rate. The steam generator
refilled at a much faster rate than could be accounted by just the main-

* Data not shown in this report because it is proprietary.
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feedwater flow, which indicates that auxiliary feedwater wmight have been
inadvertently delivered to steam generacor B during the transient. This
inconsistency was not mentioned in Ref. 4 nor was auxiliary-feedwater flow data
given. '

A more accurate transient might be calculated if additional information
can be obtained about actual auxiliary-feedwater flow rates, TBV setpoints and
operating characteristics, decay power, and HPI flow distribution.

2. Model Description and Assumptions. The basic TRAC wmodel of the
Oconee~l PWR, Fig. 1, was used to model the Oconee-3 transient. The steam lines

were modified to add the steam safety valves as shown in Fig. 19. Neither the
condensate-heater feedwater train nor the ICS was modeled. Instead, the
measured feedwater flow rates, Fig. 20, and the feedwater temperature were
specified as boundary input in the TRAC calculation. The standard ANS decay
power, Fig. 21, was used and is automatically calculated by TRAC. The Oconee-3
measured reactor power is also shown in Fiz. 21. The Oconee-3 power curve was
used in a second TRAC calculation to determine the effect of reduced decay
power, even though it did not include gamma-ray neating.

Table XII presents calculated and measured steady-state coaditions. There
is excellent agreereont in the steady-state values except for a small difference
in primary system pressure. Table XIII gresents the MSSV and TBV setpoints used
in the TRAC calculation. These are Final Safety Analysis Report (FSAR) values,
as actual Oconee-3 setpoints were not available.

Table XIV shows the sequence of events that occurred in the OCconee-3
transient. The primary-coolant pumps did not trip in this transient. No
auxiliary-feedwater flow was assumed in either steam generator. The HPI flow
was assumed to be divided evenly among all four cold legs.

3. Transient Calculation. The TRAC-calculated transient compared very

well with the actual plant transient. The actual transient had slightly more
overcooling than the TRAC calculation. The calculated primary pressure,
pressurizer water level, and hot- and cold-leg temperatures were slightly higher
than the measured values. In general, differences between calculated and
measured values were consistent throughout the transient. '

Figures 22 and 23 compare the calculated and measured primary pressure and
pressurizer water level, respectively. The TRAC calculation showed a decrease
in pressure to a minimum of 1:.97 MPa (1881 psia) whereas the actual transient
decreased to a slightly lower minimum. The calculated pressurizer water level
dropped atout 3.04 m (10 ft).
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TABLE XII

INITIAL STEADY-STATE CONDITIONS

Parameter TRAC ; Oconee-3
Reactor power (100X power) 2568 MW
Cold-leg temperature 563.0 K

(554 °F)
Hot-leg temperature 588.9 K
(600 °F)
Primary-mass flow (each loop) 8820 kg/s
(19445 1b/s)
Primary pressure 15.03 MPa
(2180 psia)
Steam generator (each loop): 6.29 MPa
Secondary Pressure (913 psia)
Main-feedwater flow 680.0 kg/s
(1500 1b/s)
Fesdwater temperatu-e 510.9 K
(460 °F)
TABLE XIII

MAIN-STEAM-SAFETY AND TURBINE~-BYPASS VALVE SETPOINTS

The following setpoints are FSAR values and were thuse used in tue TRAC
calculation. Actual Oconee-3 setpoints were not available.

1. Main-Steam-Safety Valve Setpoints

Pressure (MPa) Pressure (psig)
Open Close Open Close
Bank 1 7.34 6.96 1050 995
Bank 2 7.408 7.029 1060 1505
Bank 3 7.512 7.133 1075 1020
Bank 4 7.615 7.236 1090 1035

2. Turbine Bypass-Valve Setpoints

Pressure (MPa) Pressure (psig)
Open Close Open Close

7.067 6.998 1010 1000
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TABLE XIV
SEQUENCE OF EVENTS

The following times are actual transient times and are the event times
used in the TRAC calculation.

Event Time (s)
1. Turbine trip and reactor trip occurred. 0

2. Operator assumed manual countrol of ICS
to reduce main feedwater. 8

3. HPI pump A started to assist pump B

to maintain pressurizer water level. 30
4. Main feedwvater pumps tripped. 103
5. End of plant data and calculation. 180

Figures 24 and 25 show the hot- and cold-leg temperatures of loop A and
loop B, respectively. Temperatures in loop A were slightly lower than in loop B
because of 2 higher main-feedwater flow rate in the loop A steam generator. The
initial increase in cold-leg temperatures in the first 10 ¢ of the transient
resulted from the sudden reduction in steam-generator heat removal caused by
turbine stop-valve closure. Thereafter, the reduced reactor-thermal power
alloved the cold-leg temperatures to decrease.

Figures 26 and 27 coapare actual and calculated secondary pressures for
loop A and loop B, respectively. The pressure peaks at about 6 s were also
caused by turbine stop-valve closure. TRAC calculated lower peak pressures
because of a modeling error in the location of the turbine-bypass valves. They
were mistakenly located at the end of the tarbine-bypass line rather than at the
beginning. As a result, the calculated pressure peaks were lower because of the
added volume of the turbine~bypass lines. Later in the transient, after about
40 s, the calculated secondary »nressures were higher than the measured
pressures. The calculated pressures cycled between the TBV open and close
setpoints. The actual pressures decreased beiow the TBV setpoints and remained
below the setpoints for the duration of the transient. The reason fc: this
difference is not clear. Possibly the Oconee-3 plant had different TBV
setpoints and rate characteristics from those modeled in the calculation.
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Figures 28 and 29 show the secondary-side water levels for steam
generators A and B, respectively. There was excellent agreement betwecn
calculated and measured water levels in steam-generator A, but considerable
difference in steam-generator B. Subsequently it was found that the measured
wvater level and main-feedwater flow in steam-generator B were inconsistent. The
steam generator was refilling at a much faster rate than could be accounted for
by just the main-feedwater flow. This indicates that auxiliary feedwater may
have been inadveirtently delivered to steam-generater B. This inconsistency was
not mentiuned in Ref. 4 nor was auxiliary-feedwater flow data given.

Table XV compares the calculated and measured minimum pressures,
temperatures, and pressurizer water level reached in the transient. Additic»al
pinimum-value results are presented for another TKAC calculation in which it wase
assumed the measured Gconee-3 thermal power (Fig. 21) to be the decay power.

The Oconee=3 measured thermal power did not include gamma-ray heating.
The results do show the sensitivity of the transient to decay power.

4. Summary. The Oconee-3 turbine-trip and steam-generator-overfeed
transient of March 14, 1980 was modeled using the TRAC-PFl <ode. The
calculational results compared very well with the measured data. Differences
between calculated and measured results were minor and consistent thr.ughout the
transient. The actual transient had slightly more overcooling thin the TRAC
calculation. The calculated pressures, loop temperatures, and pressur-izer water
level were slightly higher than the measured values.

An inconsistency in the measured data given for steam-geuerator B was
found. The steam generator was refilling at a much faster rate than could be
accounted for by just the main-feedwater fliow. This indicates that auxiliary-
feedwater flow may have been inadvertently delivered tu steam-generator B in the
actual transient. If it was assumed in the TRAC :zalculation that auxiliary
feedwater was delivered to steam—-generator B, the calculation would have agreed
better with the data. Other factors that could affect the degree of cvercooling
are decay power, HPI flow, TBV setpoints, and valve-rate characteristics.

B. Main Steam-Line Break

1. Introduction and Summary. For this transient, the overcocling of the

primary side of the plant is caused by a severe depressurization of the
secondary side. The secondary-side depressurization is caused by a full
double-ended steam-line break in one of the steam generators (SG A). The
accident sequence begins with the break of a 34-in. steam line coincident <ith
reactor and turbine trip from full reactor power. The main forcing function for
the overcouling of the primary side is the delay by the operator in isolating
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TABLE XV
COMPARISON OF TRAC AND OCONEE-3 RESULTS

1. With ANS Decay Power in TRAC Calculation

TRAC Oconee~-3

Minimum primary pressure 12.97 MPa

(1881 psia)
Minimum pressurizer water level 2.75 m

(9.02 fr)
Minimum hot-leg temperature (Loop A) 561.5 K

(551 °F)
Minimum cold-leg temperature (Loop A) 560.6°;

{S%:3 “F)

2. With Reduced Decay Power in TRAC Calculation
A TRAC calculation was performed using the Oconee-3 measured reactor
power as a decay-power curve input to TRAC. The Oconee-3 reactor-power curve
did not include gamma-ray heating. These results are presented to show the
sensitivity of the transient to decay power.

Minimum primary pressure 12.50 MPa
(1813 psia)
Mirimum pressurizer water level 2.12 m
(6.96 ft)
Minimum hot-leg temperature (Loop a) 557.8 K
(544 °F)
Minimum cold-leg temperature (Loop A) 558.0 K
(545 °F)

the MFW and EFW to the affected steam generator, coupled with a delay in
throttling the HPI flow and restarting one RCP in each loop following attainment
of adequate fluid subcooling in the primary system.

The base case analyzed (Case 1) had all of the ICS, protection, and
emergency systems operate as designed. In Case 1, the operator is assumed to
isolate all feedwater to both steam generators 600 s into the transient and then
restores the unaffected steam generator at 900 s. Also, the operator restarts
one RCP in each loop after actaining 42 K subcooling, and throttles the HPI to
maintain 42 £ 12.5 K fluid subcooling. '
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Three parametric cases were analyzed in addition to the base case. Case 2
was identical to the basz case except the EFW system did not actuate as designed
because of a modeling error in the input deck. In Case 3, in addition to the
EFW system failing "o actuate as designed, the RCPs never restarted after the
subcooling margin was reached because of input deck errors. In Case 4, the MFW
pump was tripped at 0.5 s and the subcooling monitor for restarting the RCPs was
moved from the hot leg to the top of the core. Although these parametric cases
were not specified by ORNL, they are still useful calculations because they give
other possible scenarios that possibly could occur during a MSLB transient.

In terms of downcomer fluid temperatures and primary system
repressurization considerations, the MSLB base case was one of the most severe
of all the specified ORNL transients. A relatively cold downcomer 1liquid
temperature of ~405 K and hence 2 small margin against the NDT limit was
calculated for the base-case MSLB transient. Repressurization of the primary
system to the PORV secpoint (~16.9 MPa) was also calculated for the base case.

2. Model Description. The TRAC-PFl input model for the Oconee~l plant is
described in Section II of this report, and the primary and secondary noding

diagrams are shown in Figs. 1 and 3 respectively. For the MSLB calculations,
ths steam-line break was modeled in the SG A steam-line shown in Fig. 3
(component 68). The TSV (component 42) was fixed cpen, and all of the steam
from SG A passed through the TSV to atmospheric pressure. In the unaffected
steam~line (SC B) the TSV was closed, and the TBV system operated as designed.
All of the other systems also operated as designed except for the parametric
cases. The significant features and initial conditions for the MSLB
calculations were:

1. Full reactor power.

2. Nominal temperatures and pressures in primary/secondary.

3. Decay heat - 1.0 times ANS standard.

4. Reactor and turbine trips coincident with MSLR.

5. Operator fails to isolate feedwater to both SGs until 600 s.

6. Operator restores unaffected 5G (SG B) at 900 s.

7. RCPs restarted after 42 K subcooling reached.

8. HPI throttled to maintain 42 * 12.5 K subcooling.
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3. Results.

a. Base Case (Case 1). Key events calculated during the transient for

Case 1 are presented in Table XVI. The calculation was run long enough (7200 s)
to determine whether or not the operators could recover the plant following the
steam~-line break. Figures 30 through 66 show plote of key system parameters
calculated for the transient. Both short (0-900 s) and 1lomg (0-7200C s)
time-scale plots are presented to give a complete description of the system
thermal~hydraulics.

The transient was initiated by fixing the TSV in loop A open and modeling
# break in the steam line downstream from the TSV (component 68 - Fig. 3). The
TSV in loop B was closed at transient initiation and terminated ccndenser feed
from the turbine. The turbine and reactor were then tripped followed by a
feedwater - heater flow/drain trip. At ~5 s the TBV in loop B opened after the
TBV setpoint (7.06 MPa) was reached. The TBV in loop B continued to open and
close until ~40 g, after which time the TBV remained closed until late in the
transient (~5462 s). HPI initiation occurred at ~21 s after the primary system
pressure had decreased to 10.44 MPa. At ~29 s the ICS detected 1 low-level
limit in SG A and the EFW pump was started. The EFW valve to SG A was opened,
and EFW flow was initiated. At ~47 8 the MFW pump tripped on low-suction
pressure. The ICS detected a low water level in SG B at ~48 s, and EFW flow was
initiated after the EFW valve in loop B opened. At ~51 s, the RCPs werz tripped
(30 s after HPI initiation), and the feedwater realigmment trip occurred (all
feedwater directed through the EFW header). At ~53 s, the condensate-booster
pump tripped on low-suction pressure. The SG B water level reached 502X
(operating range) at ~346 s, and the EFW valve to SG B was shut. All of the EFW
flow was then directed to SG A. The 42 K 'iquid subcooling margin in all
primary system loops was reached at ~526 s, and HPI was throttled. Also, RCPs
Al and Bl were restarted at this time because t%e subcooling margin was
sufficient. At ~530 s the primary system had depressurized to the accumulator
tank setpoint (4.17 MPa), and the check valves downstream from the accumulators
opened. At ~538 g the accumulator check valves closed. Per the transient
specifications3, the steam-generator secondary sides were ‘solated at 600 s.
Because of reverse heat tiansfer in SG B (heat transfer from secoudary to
primary side), condensation caused the water level to increase to the high-level
limit (90% operating range) at ~655 s. At 900 s, SGC B was restored to allow the
EFW and TBV systems to operate if needed. However, because the SG B level was
at the 902 limit and the secondary pressure was low, these systems did not
actuate until much later in the transient. Following isolation of the steam



TABLE XVI

SEQUENCE OF EVENTS

L1 3 TIME(s)

MSLB - loop A steam line
Turbine and reactor trip; TSV
loop B closes
TBV loop B opens (setpoint 7.063 MPa)
HPI {nitiation (setpoint 10.44 MPa)
SC A low level limit reached; EFW
pump starts; loop A SGC EFW flow
initiated
TBV loop B closes
MFW pump trip on low
suction pressure
SC B low-level limit reached;
loop B EFW flow initiated
RCPs trip (30 s after HPI initiation)
Condensate booster pump trip (low
suction prassure)
SC B ievel at 50%; loop B
EFW Valve closed
RCPs (Al, Bl) restart (42 K subcocling 526.0
reached); HPI throttled
Loop A, B accumulator setpoints 530.9
reached (setpoint 4.17 MPa)
Loop A, B accumulators off 537.9
SG A, B lsolated; EFW pump and 600.0
hotwell nunn tripped off
SG B restored 900.0
PORV setpoint reached (setpoint 4678-7200.0
16.9 MPa) -~ PORV opens and
closes for remainder of calculaticn
TBV loop B opens (setpoint 5462-7200.0
7.063 MPa) - TBV opens and
closes for remainder of calculation
to maintain setpoint pressure
SC B level drops below 502 6121-7200.0
operating range; EFW initiated -
EFW pump oz/off for remainder of
calculation to maintain level at 502
20. Calculation terminatad 7200.0

generators, the primary system began to repressurize. At ~4678 s, the PORV
setpoint was reached (16.9 MPa), and the PORV cycled cpened and closed for the
remainder of the transient. The secondary side of SG B repressurized to the TBV
setpoint (7.06 MPa) ut ~5462 s, and the TBV opened and closed for the remainder

of the transient to maintain the setpoint pressure. At ~6121 g, the SC B vater

level dropped below 50X (oparating range), and the EFW system was activated to




maintain the level at 50%. The calculation wvas terminated at 7200 s, and the
primary system was full of liquid. At this time, the decay power produced in
the core was being removed through the unaffected steam generator (SG B).

The pressurizer pressure history is shown in Figs. 30 and 31. Initially,
the primary-system pressure decreased rapidly because of the rapid
secondary-side blowdown in SC :; following the MSLB. The depressurization was
terminated by ~l00 s when natural circulation flows were established following
pump coastdown and RCP trip at ~51 s. The primary system then began to
repressurize slightly until the RCPs were restarted at ~526 s. The enhanced
heat transfer through the stecam generators, condensation of the steam in the
loop B candy cane, and throttling of the HPI after the RCPs wvere restarted
caused the primary-system pressure to decrease to the minimum value for the
transient (~3.5 MPa). After the steam generators were isolated at 600 s, the
primary system repressuriz-- to the PORV setpoint (16.9 MPa) at ~4678 s. The
PORV then cycled for tle remainder of the transient to maintain the
pginary-oysteu pressure at or below the PORV setpoint.

The pressurizer water level is shown in Figs. 32 and 33. The pressurizer
completely emptied by ~40 - because of liquid ccntraction resulting from the
severe overcooling of the primary system. Aftz: the HPI had been on for some
time, the pressurizer began to slowly refill until the RCPs were restarted, and
the BEPI was throttled at ~526 s. Again, the resulting overcooling of the
primary system caused the liquid to contract further, thus the pressurizer again
emptied. After the steam generators were isolated at 600 s, the primary ~ystem
liquid expanded because of fluid heat-up and the pressurizer slowly refilled.

Downcomer liquid temperatures for the base case are presented in Figs. 34
and 35 at the top axial downcomer level just below the cold-leg inlet nozzles.
Because of the severe overcooling in the affected loop (loop A), asymmetrical
liquid temperatures are calculated in the vessel downcomer. The fluid
temperatures in the downcomer cells associated with the loop-A cold legs were
calculated to be ~20 K colder than the cells on the loop-3 side (Fig. 34). The
oinimum downcomer fluid temperature calculated was ~405 K at ~526 s when the
RCPs were restarted. While the RCrs were tripped off, the downcomer fluid
temperatures were affected by the vent-valve flow shown in Fig. 36. The warmer
upper-plenum fluid mixed with the colder downcomer fluid during the time the
RCPs wer: .ripped. During the time the RCPs were operating, the vent-valves did
not open because the pressure gradient was reversed.
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The hot-leg liquid subcooling in each hot leg is shown In Figs. 37 and 38.
Figures 39 and 40 show the hot-leg mass flows and Fig. 41 shows the candy-cane
void fractions. The subcooling wmargin calculated in loop A is significantly
larger than in loop B for much of the transient because of the MSLB in loop A
and the resulting enhanced heat transfer in the affected steam generator. The
enhanced heat transfer caused higher natural-circulation flows in loop A
compared to loop B (Figs. 39 and 40) from ~150 s to the time the RCPs (Al and
Bl) were restarted (~526 s). The 42-K subcooling margin was reached in loop A
at 275 s, but the RCPs could not be restarted until *his margin was reached in
all loops. The flow in loop B stagnated at ~150 s because the candy-cane in
this loop reached saturation and voided (Fig. 41). Tne subcooling margin in
loop B was not reached until ~526 8 at which time the RCPs were restarted.
After the RCPs were restarted, the void in the loop~B candy cane condensed and
was swept out (Fig. 41) and the subcooling margin in both loops equalized. It
should be noted that at the time the subcoolin; margin was reached in all loops
(~526 8) and the RCPs were restarted, the HPI was also throttled. The
subcooling margin never decreased below 42 K for the remainder of the transient,
tﬁus the API was never turned back on nor were the RCPs rripped again.

As discussed in the preceding paragraph, the loop-B candy cane voided at
~150 s (Fig. 41) and the void was swept out after the RCPs were restarted. Even
though the candy cane in loop B voided, which is the highest point in the
primary system, the vessel did not void as shown in Fig. 42. Figure 42 shows
‘he volume fraction of the upper-plenum liquid, which is the region above the
reactor core. From Fig. 42 it is seen that the vessel remained completely full
of liquid for the entire transient.

Figures 43 through 46 show mass flows and liquid temperatures in the cold
legs. Figures 43 and 45 show the cold-leg mass flows for loop A and loop B
respectively. As discussed previously, before the RCPs were restarted
significant natural-circulation flows were calculated in loop A because of
enhanced heat transfer in the affected steam generator. The loop-B flows prior
to RCP restart were essentially stagnant as shown in Fig. 45 because the loop-B
candy cane voided. When the RCPs (Al, Bl) were restarted at ~526 s, essentially
steady-state flows were calculated in cold legs Al and Bl, but the flows in cold
legs A2 and B2 reversed (flow out from vessel) as shown in Figs. 43 and 45. For
the remainder of the transient, the ecnld-leg flow directions and magnitudes
remained essentially the same as shown in Figs. 43 and 45 after ~526 s. The
cold-leg fluid temperatures are shown in Figs. 44 and 46 for loops A and B
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respectively. It is seen that the loop-A fluid temperatures were significeatly
colder than loop B during the time the RCPs were tripped (~50-526 s).

Detailed results of key system parameters in the steam generator are shown
in Figs. 47 through 54. Figures 47 through 50 show de’'ails for the affected
steam generator (SG A), and Figs. 51 through 54 show det ''s for the unaffected
steanm generator (SG B). Figure 47 shows the secondary-si.e water mass in SG A,
and Fig. 48 shows the secondary-side pressure history. The secondary side
depressurized to essentially atmospheric pressure by -85 s, and this time
corresponded to the minimum water mass inventory. Figure 49 shows the resulting
flow out the broken steam line during the ccurse of the transient. After the
secondary side of SGC A had depressurized sufficiently (~100 s), the EFW
penetration increased, and the water inventory began increasing (Fig. 47) as
less EFW was bypassed out the broken steam line.

Figure 50 presents some detailed plots to help explain the EFW penetration
phenomena. The top plot in Fig. 50 compares the TRAC-calculated vapor velocity
at the EFW injection point to the complete flooding curve predicted by the
Wallis-Kutateladze correlation (K = 3.2) for various pressures inm the SG A
secondary side. This plot shows that EFW peretrstion will not occur until the
vapor velocity is less than ~8 m/s, and this velocity 1s not reached in the TRAC
calculation until the secondary side had depressurized to ~0.5 MPa. The bottom
plot in Fig. 50 gives the TRAC calculated 1liquid-vapor velocity correlation at
the EFW injection point location. This ploi. shows that EFW penetration as
calculated by TRAC did not occur until the vapor velocity decreased to ~7.5 u/s,
which closely agrees with the Wallis-Kutateladze correlation.

Figure 47 sghows that the secondary-side water inventory remained
relatively constant (~1000 kg) after EFW penmetration occurred at ~85 s and did
not change significantly until ~350 s. As will be discussed later, the reason
for the increasing inventory after ~350 s was because the EFW to SC B was
terminated and all EFW was directed to SG A. The inventory decreased following
RCP restart at ~526 s because of the enhanced heat transfer from forced
convection on the primary side. Then, at 600 s the steam generators were
isolated, and EFW was terminated. The water inventory in SG A then dec.eased to
zero and remained empty for the remainder of the transient.

Figures 51 through 54 show some key parameter plots for SG B. Figures 51
and 52 show the secondary-side water inventory calculated for SC B. At ~48 s,
the low-level limit was reached following TBV operation in SG B, and EFW was
initiated. The water level continued to increas= to the 50% operating range at
which time the EFW valve to loop B was shut (~350 s). The SG B level remained
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essentially constant at the 50X level until the RCPs were restarted at ~526 s.
After the RCPs were restarted, the SG B primary-side 1liquid temperatures
decreased below the secondary-side temperatures and secondary-to-primary heat
transfer occurred. The steam in the top regions of the secondary side began to
condense on the SG tubes, and the liquid level began to rise (Fig. 51). The
level rose until the SGs were isolated at 600 s. The secondary-side liquid
level then remained at approximately 90X of the operating range until SG B was
restored at 900 g. After 900 s, the water inventory slowly decreased (Fig. 52)
because all of the primary-system energy removal occurred through SG B after
this time (no EFW to SG A after 600 s). At ~6121 s the 56 B secondary-side
level decreased to 50 of the operating range, and EFW was initiated. For the
remainder of the transient, the EFW was controlled to wmaintain the 502
cperating-range level.

The SG B secondary-side pressure history is shown in Figs. 53 and 54.
Initially the pressure was controlled at the TBV setpoint (7.063 MPa) following
closure of the TSV in the loop-B steam Iine. The pressure then began to
decrease after EFW was initiated following the low-level limit trip at ~50 s.
The pressure continued to decrease because of coudensation from the cold EFW
until the 50% operating-range level was reached at ~350 8 and EFW was
terminated. The pressure remained essentially constant at ~3.5 MPa until the
RCPs were restarted at ~526 s. After this time, as discussed previously,
condensation of the steam in the secondary side on the SG tubes because of
secondary-to-primary heat trausfer csused the pressure to decrease further to
~l.5 MPa. The pressure remained at ~1.5 MPa until ~900 s. After SC B was
restored at 900 s, the secondary-side pressure {ncreased slowly (Fig. 54) until
the TBV setpoint was reached at ~5462 s. The TBV system maintained the TBV
setpoint pressure for the remainder of the transient.

Figures 55 through 61 show some details in other important components in
the secondary side. The MFW pump speed is shown in Fig. 55 and the MFW liquid
temperatures are shown in Fig. 51. The MFW pump tripped on low-suction pressure
at ~48 s. The loop~A MFW liquid temperature (Fig. 56) essentially followed the
saturation temrerature corresponding to the 5C A secondary-side pressure; thus
this temperature was much cooler thao for 5G B. Figure 57 shows the MFW mass
flows intn each SG. It is seen that the MFW flow to SG A was much higher than
to SG B because of the lower back pressure in SG A. The EFW flows to each SG
are shown in Fig. 58. EFW was started at ~30 s to SG A and at ~50 s to SG B.
Again, because of the low secoidary pressure in SG A, more EFW flow was directed
to that stear generator. At ~350 s, the EFW valve to SGC B was shat (502 level
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in SG B reached), and all of the EFV was directed to SC A. At 600 s the SCs
were isolated, and the EFW pump was tripped off. Figure 59 shows that at
~6121 8, EFW was initiated again to SC B after the level had dropped below 502
of the operating range. The EFW temperature at the pump discharge s shown in
Fig. 60, and the EFW temperatures at each injection point are shown in Fig. 6l.

Other key system parameters are shown in Figs 62 through 66. The HPI
flows are shown in Figs. 62 and 63 for loops A and B respectively. HPI was
initiated at ~21 & and was terminated at ~526 s after the subcooling margin in
the primary system was reached. Figures 64 and 65 show the accumulator water
levels and fluid volumes discharged into the primary system. The accumulator
pressure setpoint of 4.17 MPa was reached at ~530 s and the accumulators
operated for ~8 s. Approximately 2 m? of sccumulator liquid was discharged into
the primary system. Figure 66 shows the PORV mass-flow history. The PORV
setpoint of 16.9 MPa was not reached until ~4678 s, and the PORV then cycled for
the remainder of the transient to maintain the primary-system pressure at or
below the setpoint.

b. Parametric case - Case 2. This case was identical to the base cise

(Case 1) except the EFW system did not actuate as intended because of input
modeling errors. All of the other systems functioned as designed in Case 2
including the subcooling-monitoring system. The sequence of events calculated
for Case 2 1s given in Table XVII. The events that occurred during the first
54 s were approximately the same as those calculated for the base case (except
that the EFW system did ot actuate). At ~400 s, the RCPs were restarted after
the 42 K subcooling margin was reached. Also at this time, the HPI was
throttled. At 600 s the SGs were isolated, and at 900 s the calculation was
terminated.

The primary-system pressure is shown in Fig. 67. The pressurizer water
level 1s shown in Fig. 68. The minimum pressure calculated was ~5.0 MPa and
occurred at ~175 s. After natural-circulation flows were established (~150 8,
the primary system began to repressurize (Fig. 68), and the repressurization
continued for the remainder of the transient. The slope of the pressure curve
changed after the RCPs were restarted at ~400 s because of forced circulation
and enhanced heat transfer through the unaffected steam generator (SG B). The
pressurizer completely emptied by ~40 s and began to refill after the primary
system began to heat up because of fluid expansion. After the HPI was throttled
&t ~400 s, the pressurizer water level rise was terminated (Fig. 68). Aftct‘thc
SGs were isolated at 600 s, the pressurizer vitcr level opegan to increase again
because of fluid expansion.
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TABLE XVII

MSLB® (Case 2)
SEQUENCE OF EVENTS

EVENT TIME(s

1-14. Approximately same as base case 0-53.9

15. RCP“s (Al, Bl) restart (42 X 400.6
subcooling reached); HPI throttled

16. SG A, B isolated 600.0

17. Calculation terminated 900.0

SEFW pump never started

Figure 69 shows the downcomer fluid temperatures near the cold-leg
connections in the vessel. The minimun downcomer fluid temperature calculated
vas ~475 K and occurred when the RCPs were restarted at ~400 s. Asymmetrical
fluid tewperatures in the down-umer were cslculated in Czse 2 sizilar to the
base case with the colder tempioratures calculated for the loop~A side of the
downcomer.

Figure 70 shows the hot-leg mass flows for Case 2 and Fig. 71 shows the
candy-cane void fractions. Natural-circulation flows were calculeted after the
RCPs coasted down at ~150 s. The natural=-circulation flow in loop A was much
higher than in loop B because of the enhanced heat transfer through the affected
steam generator. At ~400 ¢ the RCPs (Al, Bl) were restarted and forced
circulation through the primary system was calculated. Figure 71 shows that the
loop=B candy cane voided soon after loss of forced circulation in loop B
(~150 8). The candy cane remained voided until the RCPs were restarted. The
ioop~A candy cane voided for a brief period after the SGs were isolated at
~600 ¢ (Fig. 71).

The cold-leg loop flows for loops A and B are shown in Figs. 72 and 73
respectively. These flows were similar to those calculated for the base case,
except that the loop-A flows were somevhat higher in the base case. The
cold-leg temperatures in each cold leg are shown in Figs. 74 and 75. The
minimum liquid temperature calculated in loop A was 475 K, and the minimua
temperature in loop B was ~400 K. It is interesting to note that in Case 2 the
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Hot-leg mass flows - Case 2.
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1o0p~B cold-leg temperatures were colder than loop A; however this was not true
{n the base case. The reason for this is because the EFW system was operational
{n the base case and caused the loop~A cold-leg temperatures to be less than
loop B.

Details of key steam-generator parameters are shown in Figs. 76 through
80. Figure 76 shows the secondary-side water inventory for €G A. Because the
EFW system did not work and because the MFW pump tripped at -3¢ s, the inventory
in SG A was depleted by ~100 s and never recovered. The associated
secondary-side pressure in SG A is shown in Fig. 77. By ~85s8, SC A had
depressurized to essentially atmospheric pressure. The steam-line flow out the
broken steam line is shown in Fig. 78. Figure 79 shows the SG B secondary-side
wvater inventory, and Fig. 80 shows the secondary-side pressure in SC B. Because
of secondary-to-primary side heat transfer in SG B, condensation of the steanm
caused the SG B wster inventory to increase and the pressure to decrease. The
condensatior effect increased after the RCPs were restarted at ~400 s because
the heat-transfar rate from *he secondary to the primary increased.

Other system parameters are shown in Figs. 81 and 82. The MFVW pump was
tripped at ~50 & ocn low-suction pressure, and the feedweter flow decayed to zero
by ~15J s. Figure 82 shows the RAPI flows into each coid leg. At ~<00 s the WPI
~as throttled af*er adequate subcooling was resched in the loope.

e. Parametric case - Case 3. Parametric Case 3 was {identical rc Tare 2

except that the RCPs 4id not vestart as intended because of input errors.
Another significant difference between Case 3 and Case 2 is that the MFW pump
did not trip until ~330 s in Case ) because of errors in the ICS modeling.
Because the MFW pump did not trip until late in :he transient, this calculation
can be considered as a MSLB with run-away main feedwater. The sequence of
events calculated for Case 3 is giver in Table XVIII. The events that occurred
during the first 54 s were approximately the same as the base case except that
the EFW system did uot actuate, an! the MFW pump did not trip until much later.
At ~330 s, the MFW pump vas tripped because of a high water level in SC B. At
356 s the HPI was throttlad after the 42 K subcooling margin was reached. The
RCPs failed to restart at this time. At ~465 s the HPI was turned back on again
because the 42 K subcooling margin was lost. At 600 s the SCs were isolated,
and at ~693 s the HPI was again throttled. The calculation was terminated at
1260 s.

The primary-system pressure is shown in Fig. 83, and the pressurizer water
level is shown in Fig. 84. The minimum pressure calculated was ~5.5 MPa and
occurred at ~125 s. After natural-circulstion flows were established (~150 8),
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the primary system began to repressurize (Fig. 83), and the repressurization
continued for the remainder of the transient. The slope of the pressure curve
changed dramatically at ~470 s and again at ~700 & because the HPI was turned on
at ~465 s and throttled again at ~633 s (Table XVIII). The primary system
repressurized more than in Case 2 because the RCPs were not restarted, and
natural-circulation flows existed for most of the transient. The pressurizer
completely emptied by ~30 s and began to refill at ~17’5 s after the primary
system began to repressurize. The pressurizer water level decrease at ~350 s
and subsequent {ncrease at ~460 8 can be attributed to HPI throttling
(Table XVIII). The change in slope in pressurizer water level at ~700 s can
also be attributed to RPI throttling.

Figure 85 shows the downcozmer fluid temperatures for Case 3. The minimum
downcomer fluid temperature calculated was ~450 K and occurred at ~650 s. The
downcomer temperatures for Case 3 were colder than for Case 2 because of the
run-away MFW flow. Asymmetrical temperatures were also calculated similar to
the base case. The downcomer fluid temperatures in:zreased after ~650 s because
the steam generators were isolated at 600 s.

Figure 86 shows the hot-leg mass flows fcr Case 3 and Fig. 87 shows the
candy~cane void fractionms. Natural=-circulation flows were calculated in both
loops after the RCPs coasted dowvn at ~150 8. As in Cese 2 and the bdase case,
the natural-circulition flow ia loop A war higher than in loop B. Natural-
circulation flows continued for the rema2inder of the transient because the RCFs
unever restarted. Figure 8 szhows that the candy canes in both loops never
veided. The reasoa the candy canes never veided in Case 3 was becauce the MFW
provided enough cooling to the loop~B SG to prevent any secondary-to-primary
heat transfer as occurred in the base case and Cese 2.

The cold-leg loop flows for loops A and B are shown in Figs. 88 and 89,
respectively. These flows are similar to Case 2 and the base case except that
the RCPs were not restarted in Case 3. Figure 88 shows that the loop-A cold
legs had natural-circulation flows up until the time the SGs were {isolated.
These flows then decayed to approximately zero because of significant loss of
heat transfer through the steam generators. The temperatures in each cold leg
are shown in Figs. 90 and 91. The minimum fluid temperature calculated in loop
A wvas ~435 K, and the minioum fluid temperature in loop B was ~445 K.

Details of important SGC parameters are shown in Figs. 92 through 97. The
pressures, inventories, and steam-line flows for SC A were similar to Case 2 and
will not be discussed further. However, the SGC A secondary-side pressures
(Fig. 93) and steam-line flows (Fig. 94) for Case 3 were higher than Case 2
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before 600 s because of the run-away MFW flow. Figure 95 sghows the
secondary~side water inventory calculated in SGC B, and Fig. 96 shows the SC ¥
secondary-side pressure. The run-away MFW filled SGC B to the 90X operating
range, and then the MFW pump was tripped (Fig. 97). The level then remained
essent{ally constant for the remainder of the transient. The secondary-side
pressure in SC B (Fig. 96) decreased because of condensation from the MFW until
the MFW pump was tripped at ~330 s. After SC B was isolated at 600 s, the
secondary pressure decreased further because of secondary-to-primary side heat
transfer.

d. Parametric case-Case 4.

In parametric Case 4, the base case was recalculated to 2100 s with
boundary condition and wmodeling changes. After the base case was run,
information was provided by Duke Power that resulted in several clarifications
in the location and operation of various instruments. This information rasulted
in the following changes to the model:

1. The MFW pumps automatically trip at 0.5 s instead of 47 s (based on
RELAP-5 calculation Ref. 5). This is bacause of uncertainties {a the
neasurenent of the stesm-generator 1liquié level during transient
conditions (2P versus rollapsed level).

2. Taz EPI throttling is based on subcocling at the exit of the core
:astead of the hot leg when the RCP: are not operating. HPI throctling

fs based on subcoolirg in the lict leg only when vhe RCPs are operating.

w

lae correct dastrumeut locztion for mezasuring subccoling f£or RCP
restact is locetea 2.0 » belus the top of the candy-cane cente-lire
insiead of the horizontal part of the hct leg.

These changes did not dramatically affect the minimum downcomer 1liquid
teuperature; it reached a minimum of ~420 K as opposed to ~405 K in the base
case.

The major events of the transient are presented in Table XIX. The
transient was initisted by a double-ended guillotine break in the loop-A
steamline. Both steam generators blew down momentarily, but the TSV quickly
isolated the loop-B generator. At the same time, the reactor tripped, the MFW
pumps were tripped, and the feedwater-heater drain tank flow was ramped to zero.
Closure of the TSV pressurized the loop~B steam generator and the TBV began
cycling open and close to relieve the pressure. This lasted only ~40 s because
the EFW flow into the steam space at the top of the generator lowered the
pressure in SG . EFW flow begar at ~11.5 s because of low liquid level in
SG A.
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The steamline break initially caused rapid overcooling and depressuri-

zgation of the primary side. At ~22.4 8, lov primary-system pressure actuated
the B®1 system and thirty seconds later, the RCPs tripped. The candy-cane in
loop B voided after loss of forced circulstion; thus, there was no natural
circulation in loop B during the transient. Because the RCPs were tripped,
{nstruments at the core exit were used to determine subcooling for HPI
throttling; condiiions were met at ~302 s. Adequate subcooling for the restart
of che RCPs was never met because the loop~B candy-cane was voided. At ~311 s,
the 1iquid level in SG B reached 50X of the operating range and the EFW flow was
rerouted to SC A,

At 600 s, all feedwater to SG A was terminated as specified by the ORNL
event sequence. At this point, the overcooling transient was essentially over.

The decay heat began to repressurize and heat the primary side. SC A boiled dry

TABLE XVIII

MSLB (CASE &) SEQUENCE OF EVENTS

Time (s)

MSLB=lacp A steanlire c.0
Turbine and reactor 0.5
trip: MFW pump tri:s;

TSV B closure

TBV B cycling

EFW to both SGs

HPI initiated

RCPs trip

Loop=B candy-cane
voided

HPI throttled
EFW B terminated
SG A isolated
SG B restored

Calculation terminated




at about 1875 s. The calculation was terminated at 2100 s because no
significant differences from the base case were obtained including the ainimum
downcomer liquid temperature.

Plots comparing the system pressures and downcomer liquid temperatures for
Case 4 agd the base case are shown in Figs. 98-99., Differences in the systenm
pressure cannot be seen until ~302 s when the HPI was throttled in Case &4; the
systea was no longer refilling in this case.

The repressurization rate was slowver in Case 4 because the RCPs were not
operating. In Case 4, flow stagnated in locp B and remained stagnant, and thus
little energy was deposited from the secondary-side. In the base case, restart
of the RCPs lead to significant secondary-to-primary heat transfer and a faster
repressurization rate. The downcomer 1liquid temperatures differ slightly for
the two cases; the warming effect of terminating HPI flow -225 s earlier in
Case 4 is compensated by the cooling effect of not restarting the RCPz.

Plots 4llustrating key events on the secondary side are shown (in
¥ig. i00~107. The break flow and SG-A pressure history (Figs. 100,101) indicate
the rapid blowdown of SG A; by 80 s, the generator had slmost depressurized to
atmospheric pressure. After blowdown, the break flow leveled »ff at ~250 kg/s
until all feedwater flow was terminated at 600 s. Figure 102 gives the pressure
for the secondary side of SC B. When the TSV closed, there was an initial
pressurizetion, and the TBV cycled to relieve the pressure. EFW began at
~11.5 8 and the cecld LFW caus®d the pressure to decrease as a result of
condensation on the s2condary side of SC B.

The EFW flows to both generators are shown in Fig. 103. When EFW to SG B
wvas term‘nated, flow was rerouted to SGC A. ORNL specified that EFW be
terminated at 600 s; the total feedwater delivered to the generators is shown in
Fig. 104 and 105. Even with the MFW pumps tripped at 0.5 s, MFW was still
delivered by the condensate-booster and hotwell pumps.

The mass inventory in the tube-bundle region 4s shown in Figs. 106 and
107. After SG A blows down, the feedwater flow equaled the break flow untii the
EFW to SG B was terminated. At this point, the mass in SG A increased until
feedwater termination at 600 s; the generator boiled dry at ~1875 s. In SGC B,
the EFW and MFW filled the generator until ~400 s.

On the primary side, Figs. 108-113 depict the mass flows and temperatures
in loops A and B. The RCPs operated for ~52.4 s and then coasted down. The
initial overcooling of loop A increased the mass flow because of enhanced Heat

transfer through SG A. Reverse heat transfer in SC B caused the flow directions

to reverse for ~30 s before the loop~B flow stagnated. In the loop~A cold legs
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high natural-circulation flows kept the fluid mixed and the temperatures
uniform. In the loop~B cold legs there was a small circular flow pattern.
Figure 114 4ndicates the total HPI flow for the transient; the flow was
decreased to zero when adequate subcooling was reached at the core exit.

Figures 115 = 116 show the total vent-valve flow and the average upper-
plenum liquid temperature. The vent valves make a significant contributiocn to
varming the downcome- licuid. The total vent-valve flow for Case 4 is similar
to that calculated for the base case (Fig. 36) except that the vent valves were
alwvays operating in Case 4 (no RCP restart).

In conclusion, Case &4 gives a minimum downcomer liquid temperature of
approximately 420 K and indicates the system will repressurize similar to the
base case. The charges made to the base-case calculation for Case 4 gave a more
accurate prediction of the postulated accident at Oconee-l and still indicate
that this transient could pose a threat of PTS to the reactor vessel. However,
these changes made no significant {mpact with regard to the overall conclusi-ns
stated for the base case, and the minimum downcomer fluid temperature remained
approximately the same (~405 K - base case, ~420 K - Case 4).

4., Conclusions. The overcooling of the primary side of the Ocone:z-l

plant caused by a full duuble-ended steam~line break in one of the steam li.es
was simulated with TRAC-PFl. The main forcing function for the overcooling was
a delay by the operator in isolating the affected steam generator coupled with a
delay in throttling the HPI flow. The base case analyzed had all plant
protection and control systems operate as designed. The minimum downcomer fluid
temperature calculated for the base case was ~405 K. Repressurization of the
primary system to the PORV setpoint was calculated for the base case following
an initial depressurization to ~3.5 MPa.

Three parametric cases were analyzed in addition to the base case. In the
first two parametric cases (Cases 2 and 3), input and modeling errors prevented
the EFW system from operating as designed. Case 3 had an additional input error
that prevented the RCPs from restartirg once adequate subcooling was achiaved.
For these parametric cases, the downcomer fluid temperatures were considerably
higher than the base case (Care 2 - ~475 K; Case 3 = ~450 K); thus greater
margins against PTS wer2 calculated.

In the last parametric case (Case 4) other changes were made to the model
to reflect information provided by Duke Power after the base case was run. In
this case, the subcooling monitor was corrected and the MFW pump was tripped at

0.5 8. 7This case was run to 2100 s, and the minimum downcomer fluid temperature
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was ~420 K. None of the changes incorporated into Case 4 resulted in
significaut differences from the base case.
C. PORV LOCA

1. Introduction and Summary. This section of the report presents the

Oconee=l plant response to a small primary-system break (the failure of the PORV
in the full-open position). The PORV was assumed to open at transient
initiation and remain stuck-open for the remainder of the accident sequence.
This event was followed by the reactor and turbine trips froam full power. 1In
addition to the PORV failure, the ICS failed to run back the main feedwater. As
a result, the steam generators continued to fill until the MFW pumps were
tripped ca a high SG level signai. The PORV failure and the ICS failure were
the only assumed system-related failures. The RCPs tripped 30 s after HPI
initiation, and this was the only specified operator action.

TRAC calculated a minimum vessel downcomer liquid temperature of ~528 °K
between 600 s and 700 s into the transient. The primary system was calculated
to repressurize to ~11.5 MPa after 800 s.

2. Model Description and Assumptions. A compleis description of the
primary-side, secondary-side, and ICS modeling can be found in Section II. The

steady-state operating conditions are also presented in that section.
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TABLE XIX

MSLB? (CASE 3)

SEQUENCE OF EVENTS

Event Time (s
1-14. Approximately same as base case 0-53.9
except no MFW pump trip at 47.8 ¢
15. SG B level at 502 197.0
16. SC B level at 90X; MFW pump 331.0
tripb on high SG B level
17. HPI throttled after 42 K subcooling 356.0
reached; RCPs (Al, Bl) fail to restart
18. HPI on (42 K subcooling margin lost) 465.0
19. SG A, B isolated 600.0
20. HPI off 693.0
21. Calculation terminated 1260.0

8EFW pump never started; RCPs neva- restarted

PBecause of signal-variable errors in the ICS modeling the MfW pump
did not trip until 331.0 s. This pump should have tripped on low-
suction pressure similar to the basz case.

The PORV LOCA specification containing the initial conditions, event
sequence, and assumed failures is presented in Ref. 3. The TRAC transient event
sequence for the PORV LOCA is prescrted in Table XX. To ensure a MFW pump trip
on a high SG level signal, the low-suction and high-discharge pressure trips
that could prematurely trip the MFW pump were overridden. Also, the MFW pump
speed was increased to its rated maximum speed (595.8 rad/s) whereas the loop-A
and -B MFCV flow areas were maintained at their steady-state operating values
until the MFCV overriding trip at ~100 s. At this point, the SUFCVs were opened
by the ICS to continue filling the SGs. The MFW pump mazintained the maximum
speed setting until the trip on high SG l:vel.
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3. Transient Calculation. Figures 117 and 118 presenr "e secondary-side

pressures for loops A and B, respectively. Immediately following the reactor
and turbine trips, the TSV closures produced an increase in secondary~side
pressure. The TBVs for both lcops were repeatedly activated between ~4 8 and
~100 8 to relieve increases in secondary pressure. The differences in the
pressure distributions betweern ~150 and ~250 s can be attributed to differences
{n MFW mass flows to each SG. After the RCPs were tripped, the MFCV override
trip closed the MFCVs, and the MFW was realigned to the upper header of the 5GCs.
The SUFCVs were opened fully by the ICS to continue the feed to the SG upper
headers. The MFW mass flow and liquid temperatures for loops A and B are shown
in Pigs. 119 and 120, respectively. Figures 121 and 122 show the MFW
(realignment) mass flows supplied to the SG upper header of both loops. The
additional mass flow to the loop-A SG produced the lower loop~A secondary-side
pressure by condensing a portion of the steam located in the upper levels of the
SG, and caused the larger loop-A secondary-side inventory. The SG inventories
for loops A and B are presented in Figs. 123 and 124. The EFW pumps were not
activated because the MFW pump was able to attain the high SG level.

TABLE XX

PORV LOCA EVENT SEQUENCE

Event Time (s)
1. PORV cpens 0.0
2. Turbine and Reactor trip 0.5
3. Turbine-stop valves close 0.5
4., Secondary-side heater and heater—-drain trip 1.1
5. Condenser feed from turbine trip 1.6
6. TBV-loop A opens for first time 4.4
7. TBV-loop B opens for first time 4.7
8. Condensate-booster pump trip on low-suction pressure 11.0
9. TBV-loops A and B open/close 16.2
10. HPI actuation on low primary-system pressure 70.3
11. TBV-loops A and B open/close 71.1
12. RCPs trip 30 s after HPI actuation 100.3
13. MFW realigned to SG upper headers 100.3
14. MFCV override trip 100.3
15. MFW pump trip on high SG level (ioop A) 250.3
16. TBV-loop B opens for last time 330.0
17. Minimum primary pressure (~7.2 MPa) attained 550.0
18. Pressurizer water-solid 600.0
19. Maximum primary repressurization (~11.5 MPa) 850.0
20. End of calculation 1000.0
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Pressurizer pressure and water level are shown in Figs. 125 and 126,
respectively. The primary-system pressure fell sharply until the HPI was
activated on low primary-system pressure at ~70 s. The primary system continued
to depressurize und reached a minimum pressure of ~7.2 MPa &t ~550 s. At this
time, the prinmary system began to repressurize, and by ~850 s reached ~11.5 MPa.
As soon as the HPI was initiated, the pressurizer began to refill because the
HPI mass flow was sufficiently larger than the break mass flow. The break
(PORV) mass flow and vapor fraction are shown in Figs. 127 and 128. The
pressurizer remained voided until it refilled at ~500 s. Following this time,
the pressurizer vapor fraction decreased rapidly and correspondingly the PORV
mass flow increased. By ~1000 s the primary-system pressure was in equilibrium.

Mass flow rates and liquid temperatures for the loop~A and =B hot legs are
shown in Figs. 129 and 130, respectively. The primary-system flows decreased
following the RCP trip at ~100 s, and natural-circulation flows were soon
established. TRAC calculated a minimum hot-leg temperature of ~552 K for both
loops (Fig. 130). Loop-A and =B cold-leg mass flows are presented in Figs. 131
and 132. The cold legs exhibited trends similar to the hot legs. The
corresponding cold-leg liquid temperatures are presented in Figs. 133 and 134.
Minimum cold-leg temperatures were calculated to be ~518 K at ~550 s for loops
Al and A2, and ~525 K at ~625 8 for loops Bl and B2.

The void fractions for the loop-A and ~B candy-canes and the upper plenum
{level 8) of the vessel are shown in Figs. 135 and 136, respectively. No
voiding occurred in the candy canes; hovever, the upper plenum voided slightly
between ~400 s and ~650 s.

Figure 137 shows the downcomer liquid temperatures at the top axial level
just below the cold-leg inlet nozzles. TRAC calculated a minimum downcomer
liquid temperature of ~528 K. The system pressuie at this minimum downcomer
liquid temperature was calculated to be ~7.2 MPa.

4. Summary. The Oconee-l plant response to a small primary-system break
(failure of the PORV in the full-open position) was calculated with TRAC-PFl.
In addition to the failure of the PORV, the ICS failed to run-back the MFW,
which resulted in a MFW-pump trip on a high SC level. The only specified
operator actions included a RCP trip 30 s after HPI actuation. TRAC calculated
a4 ninimum downcomer liquid temperature of ~528 K at ~600 s into the transient.
The primary system was calculated to repressurize to ~i1.5 MPa after ~800 s.
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Fig. 137.
Downcormer 1liquid temperatures at vessel axial level 6 (all
azimuthal sectors).

D. Turbine Bypass-Valve Failures
1. One Bank of Two TBVs
a. Introduction and Summary. For this study, the performance of the

Oconee~l plant following a secondary-side depressurization was predicted. The
base case analyzed was the failure of one bank of TBVs to reseat after initially
opening following reactor and turbine trips from full power. Additional
failures assumed for the base case were failure of the level control in the
affected steam generator, failure of the operator to restart the RCPs, and
failure of the operator to throttle the HPI system. The lowest downcomer liquid
temperature (~458 K) and hence the smallest margin against the NDT limit was
calculated for the base case. Repressurization of the primary system to the
PORV setpoint was also predicted for the base case. In additional parametric
cases that examined a reduced number of failures, & greater margin against the
NDT limit was calculated.

b. Model Description. The primary-system model used for the TBV
transients is shown in Fig. 1. On the secondary side, the main-steam lines from

each steam generator to the TSVs are modeled. The turbine bypass lines lead to
the condenser, which i{s input as a pipe with a constant-temperature heat sink.
The condensate collects in the hotwell. The hotwell and condensate-booster
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punps deliver the condensate to the feedwater heaters. The main-feed pumps then
pump the feedwater to the steam generators.

The significant features of the TBV failure transient are (one bank of two
TBVs):

1. Reactor and turbine trips cause the TBVs to open.

2. Failure of one bank of TBVs to close causes a secondary-side
depressurization through the affected loop.

3. Failure of the SG liquid-level control in the affected loop follows
initiation of EFW.

4. The operator does not restart the RCPs.
5. The operator does not throttle the HPI.

Two parametric cases were also calculated. The steam-generator liquid-level
coatrol in the affected loop operates correctly in Case 1. The steam generator
liquid-level control also operates correctly in Case 2. In addition, operator
actions to restart the RCPs and throttle the HPI are permitted if the primary
system subcooling-monitor trip points are exceeded.

¢. Results.

1. Base Case. Table XXI presents the calculated event times for the base

case. Following the reactor and turbine trips, the TSVs closed (0.5 s),
secondary pressures rose, and the TBVs opened for the first time at ~4 s. The
secondary pressure peaked and then decreased permitting the loop~B TBV to reseat
at ~45 s. However, the loop~A TBV failed to reseat causing the secondary to
depressurize at a faster rate than loop B.

The pressurizer pressure is presented in Fig. 138. The PORV opened at
~1037 s when its pressure setpoint of 16.99 MPa was exceeded. The PORV then
cycled for the remainder of the calculated transient to maintain the primary
gystem pressure at or below the PORV setpoint.

The loop-A (affected loop) and loop-B secondary pressures are shown in
Fige. 139 and 140, respectively. The stuck-open TBV in loop A caused that loop
to depressurize both more rapidly than loop A and to a lower level. MFW flows
for both loops A and B are shown in Figs. 141 and 142, respectively. Per the
problem specifications? the ICS failed to run back MFW to the loop-A SG and thus
the flow did not decrease until the MFW trip on high liquid level in the
loop=-A SG occurred at ~61 s. The ICS ran back MFW flow to loop B by shutting
the MCFV and allowing MFW flow only through the SUFCV. The small oscillatory
flow in loop A was related to variations in the loop-A SC seconlary-side liquid
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TABLE XXI

TBV EVENT SEQUENCE

Base Case

Event Time (s
l. Turbine and reactor trip 0.5
2. Turbine-stop valves close 0.5
3. TBV loop A opens (fails to reseat thereafter) 4.1
4. TBV loop B opens 4.3
5. MFW pump trip on high SG A liquid level 60.7
6. HPI started following trip on low pressure 153.1
']. RCPs trip on 30 s delay after HPI actuation 183.0
8. Feedwater realigmnment trip 183.0
9. Main-flow control valves overriding trips 183.0
10. EFW pump on 209.1
11. Loop~3 EFW valve ehut on high SG liquid level 460.8
12. PORV opens 1036.7

level. Loop-A and -B MFW liquid temperatures are presented in Fig. 143 and 144,
respectively. An increase in the loop~B temperature followed the feedwater
realignment trip at ~183 s. The temperature stabilized at the saturation
temperature after the SC secondary was isolated at ~460 s.

EFW flows through loops A and B are shown in FPigs. 145 and 146,
respectively. The loop~B flow decreased sharply at ~460 s when the loop-B EFW
valve shut as the SG-B liquid level exceeded 6.2 m (240 in). A residual flow
continued through the loop~B SUFCV until it shut under ICS action at ~600 s. A
higher flow through loop A was predicted because TBV A was open producing a
larger pressure drop ;;tential for flow through loop A. Loop~A and ~B EFW
liquid temperatures are presented in Figs. 147 and 148, respectively. A rapid
rise in the loop~B fluid temperature followed closure of the EFW-B valve. A
small flow of hotter fluid through the SUFCV produced the temperature rise.

The water inventories in the loop~A and -B SC secondaries are shown in
Figs. 179 and 150; respectively. The {nventory in the loop~A SGC rose before
~60 s because the ICS failed to run back the MFW. The MFW trip occurred at
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Liquid temperatures in the emergency-
feedwater header - loop A.
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~60 s, and the liquid inventory boiled off until the EFW pump actuated at

~210 s. With no liquid~level contreol, the steam-generator secondary continued
to fill and oscillations developed as the liquid leve' reached -12.4 m. The
transient history of the loop~B SG was very different. There was no initial
increase in SC inventory because the ICS reduced flow. Closure of the loop-B
SUFCV by ICS action at ~600 s was evident.

Mass flows through the primary-loop hot legs are shown in Figs. 151 and
152, respectively. Following the RCP trips at ~183 s, the flows coasted down
and natural circulation was established. A higher {low rate was estsblished in
loop A because of the higher SC temperature difference resulting from the
failure of TBV A to reseat. Similar phenomena were observed in the cold legs as
shown in Figs. 153 through 156, respectively. The corresponding cold-leg
temperatures are presented in Figs. 157 through 160, respectively. Vapor
fractions in the loop-A and -B candy-cane sections are shown in Figs. 161 and
162, and it can be seen that no voiding occurred during the transient. The
pressurizer water level is presented in Fig. 163.

Downcomer liquid temperatures for the base case are presented in Fig. 164
at the top axial downcomer level (just below the cold-leg nozzles). At the end
of the calculated transient (1500 s), the minimum temperature was ~458 K.

11. Parametric Case 1. A single specification was changed for this

parametric study. The loop~A SG level control following EFW activation was
assumed to operate to maintain the secondary-liquid level at or below 6.2 m. It
was assumed that the operator does not restart the RCPs and does not throttle
the HPI. The event ecequence for this case is presented in Table XXII. The
event sequeuce was identical to the base case through event 10. At ~290 s the
loop~A EFW valve shut on high SG-A secondary-liquid level. The loop-B EFW valve
shut on high SG-B secondary-liquid level as in the base case. However, the PORV
opened ~60 s early in Case 1 because of reduced heat transfer to SG A.

Results for Case 1 are presented in Figs. 138 through 163 and may be
ccapared directly to the base case. The general trends of Case 1 were similar
to the base case. The major differences appeared in the secondary side of
loop A, and were caused by shutting the loop-A EFW valve on high SG liquid level
at «290 s. The reduced EFW flow affected the primary side also. Compared to
the base case, the pressuvizer pressure increased more rapidly to the PORV
setpoint as shown in Fig. 138. This was caused by reduced primary-to-secondary
heat transfer associated with the reduced loop A steam-generator-secondary water
inventory (Fig. 149). The steam-generator-secondary pressure histories for
loops A and B (Figs. 139 and lfO) vere similar because the level control
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Steam-generator-secondary inventory = loop B.

Hot~leg flow = loop A.
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TABLE XXII

TBV EVENT SEQUENCE
Parametric Case 1

Event Time(s

1-10. Same as base case 0-209.1
11. Loop~A EFW valve shut on high SG liquid level 290.0
12. Loop~B EFW valve shut on high S5C liquid level 460.8
13. PUL/ opens 975.0

operated on both steam generators. Th: closure of the loop A EFW valve limits
the flow through the emergency-feedwater header as shown in Fig. 145. The
remaining flow through the header comes through the loop~A SUFCV. The loop ®
emergency-feedvater header flow (Fig. 146) decreased to zero shortly after
~700 8 with the closure of the SUFCV by ICS action. Downcomer liquid
temperatures for Case | are presented in Fig. 165 at the top axial downcomer
level (just below the cold-leg nozzles). At the end of the calculated transient
(1015 8), the minimum temperature was ~482 K. The base case minimum temperature
at the same time vas ~471 K. The slightly increased downcomer temperature for
Case | was caused by *he reduced heat transfer to the lcop~A steam—generator
secondary with its reduced liquid inventory.

1i14. Parametric Case 2. The specifications for this case differed from

the base case as follows: the SG-A secondary liquid-level control did not fail;
restart of one RCP in each loop was permitted on attainment of 75 F oubcoolingé
and throttling the HPI was permitted on attainment of 75 2 12.5 F subcooling.
The event sequence for this transient is presented in Table XXIII. Events 1-10
were identical to the base case. (ne RCP in each loop was restarted at ~383 s
after a 30 s delay following the subcooled-monitor trip. The HPI was throttled
at ~485 s after a second subcooled-monitor trip at 75 £ 12.5 F subcooling.
Results for Case 2 are presented in Figs. 138 through 163 and may be
compared directly to the base case. Case 2 displayed significant differences
from the base case. A major consequence of throttling the HPI was that primary-
system repressurizotion did mot occur and thus the PORV did not open. The
absence of repressurization is seen in Fig. 135. Restart of the loop-Al and -Bl
RCPs can be observed in Figs. 153 and 155, respectively. Operation of the RCPs
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TABLE XXIII

TBV EVENT SEQUENCE
Parametric Case 2

Event Time(s)

1-10. Same as base case 0-209.1

11. Loop~A EFW valve shuts 290.2

12. Restart RCPs in one loop after subcooling- 383.5
sonitor trip

13. Loop~B EFW valve shuts on high SG liquid level 395.1

14. HPI throttled after subcooling-monitor trip 484.7

induced a reverse flow through the cold legs with non-operating pumps. The
influence of RCP restart on heat transfer to the loop~A steam-generator
secondary can be observed in Fig. 139. The pressure increased with RCP restart
(~383 8) #2d remained higher than the other cases for the remainder of the
calculated transient. The same influence can be seen in the loop~A steam-
generator-secondary water invencccy (Fig. 149) as & marked reduction in the
rate-of-inventory increase caused by increased evapcration of inventory with RCP
operation. A different trend was observed in the loop-B steam-generator-
secondary water {nventory (Fig. 15C) with the Case 2 inventory generally
exceeding the base-case inventory. This suggests decreased emergy transfer to
the loop-B steam generator. The summed heat transfer to the A~ and B-loop steam
generators 1s less than in the base case, and this is evident in the prinary;
system temperature. Downcomer liquid temperatures for Case 2 are presented in
Fig. 166 at the top axial downcomer level (just below the cold-leg nozzles). At
thes end of the calculated transient (1500 s), the minimum temperature was
~491 K. This was ~33 K higher than the base case. At 1015 s the minimum
temperature was ‘459 K, which compared with ~482 K for Case 1 at the same time.

d. Conclusions. The response of the Oconee-l plant to a secondary-system
depressurizaticn transient was simulated using TRAC-PFl. The transient studied
was fallure of one bank of turbine bypass valves (two valves) to closz after
initially opening following reactor and turbine trips. The base-case transient
included additional fallures caused by failure of the level control in the
affected stean generator, no operator restart of the reactor-coolant pumps, and
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no operator throttling of the HPI system. A minimum liquid temperature in the
downcomer of ~458 K at 1500 s was caleculated. If correct operation of the
steam-generator level control, operator restart of the reactor-coolant pumps,
and throttling of the HPI flow were assumed, the priaary system did not
repressurize, and & ninimum downcomer l1iquid temperature of -~491 K was
calculated at 1500 s.

2. Two Banks of Two TBVs

a. Introduction and Summary. This case differs from the previous case
(Sec. 111.D) by assuming two banks of TBVs fail instead of one bank. For thi:
study, the performance of the Oconee~l plant following a secondary-side
depressurization was predicted. Th: base case analyzed was the failure of two
banks of TBVs to reseat after initially opening following rescior and turbine
trips from full power. Additional failures assumed for the base case were
failure of the level control in the affected steam generators, failure of the
operator to restart the RCPs, and failure of the operator to throttle the HPI
system. The lowest downcomer liquid temperature (~445 K) and hence the smallest
margin against the NDT 1limit was again calculated for the base case.

Repressurization of the primary system to the PORV getpoint was also predicted
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Downcomer liquid temperatures (parametric case 2) at vessel
axial level 6 (all azimuthal sectors).
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for the base case. For the parametric cases examined, a reduced number of
failures were taken, and a greater margin against the NDT limit was calculated.

The same model used for the TBV transients described previously
(Sec. 1I1.D) was also used for this study. The significant features of the TBV
failure transient are (two banks of two TBVs):

1. Reactor and turbine trips cause the TBVs to open.

2. Failure of two banks of TBVs to close causes a secondary-side
depressurizatican through both loops.

3. Failure of the SG liquid-level control in the affected loops follows
initiation of EFW.

4. The operator does not restart the RCPs.
5. The operator does not throttle the HPI.

Twvo parametric cases were also calculated. The steam-generator liquid-level
controls in the affected loops operate correctly in Case 1. The steam generator
liquid-level controls also operate correctly in Case 2. In addition, operator
actions to restart the RCPs and throttle the HPI are permitted if the primary
system subcooling-monitor trip points are exceeded.

b. Results.

i. Base Case. Table XXIV presents the calculated event times for the
base case. Following the reactor and turbine trips, the TSVs clnsed (0.5 8),
secondary pressures ros:, aud the TBVs opened for the first time at ~4 g. The
secondary pressure peaked and then decreased, but both banks of TBVs (four
valves; two on each line) failed to reseat. Continued flow through the TBVs
resulted in a secondary-side depressurization.

The pressurizer preassure is presented in Fig. 167. The PORV opened at
~1175 s when its pressure setpoint was exceeded. The PORV then cycled for the
remainder of the calculated transient to maintain the primary-system pressure at
or below the PORV setpoint.

The loop~A and ~B secondary pressures are shown in Figs. 168 and 169
respectively. The depressurization characteristics for the two loops were
nearly identical. MFW flows for both loops are shown in Figs. 170 and 171,
respectively. Per the problem specifications? the ICS failed to run back MFW to
the %7a and thus the flows did not decrease until the MFW tripped on high SG B

1.+.. level at ~91 s. A higher mass flow was predicted for loop B prior to
tripping the MFW pump because the MFCV area under ICS control was ~6X greater



-141~-

d
(poia)

—~ - ~ ~ .
° O 0 00 B0 WOO  WOO W00 WO
™ 3)

Fig. 167.
Pressurizer pressure.

(pak)

'1'. 1630
Steam-generator-secondary pressure - loop A.



MASS FLOW (g A)

~142~

- 200
B
T oo0
o
Lo
&0
-
SO0
- 200
E
. -~ L . v v = . v '
® e LN ez e Lo 8 ‘200 B L
™E @)
Fig. 169.
Steam-geneiator-secondary pressure - loop B.
G 2 —— = a Y v
3 - 00
OO 4
- .'! - 200
B PARAMETRIC 1 E
1 PARAMETRIC 2 [ 00
00 <
- - 800
4
390 - B
-G
moq 1)
Lo T 20
'L 3 LM“H“~ +0
-.& i " — v - . - =300
. o =3 Lo L 00 00 R o
T™™E (3)
Pl‘. 110.

Main-feeavater flow — loop A.

(piad

MASS FLOW (%h)



=143~

TABLE XXIV

TBV EVENT SEQUENCE

Base Case
Event Time (s)
1. Turbine and reactoer :rip 0.5
2. Turbine stop valves close 0.5
3. Loop~A TBV opens (fails to reseat thereafter) 4.1
4. Loop-B TBV opens (fails to reseat thereafter) 4.3
5. HPI begins following trip on low system pressure 87.5
6. MFW pump trip off following high SG B liquid level 91.2
7. RCPs trip on 30 s delay after HPI actuation 117.4
8. Feedwater realignment trip 117.4
9. Main-flow control valves trip 117.4
10. Emergency feedwater pump on 147.0
12. PORV opens 1175.7

thar in loop A. Loop~A and -B MFW temperatures are presented in Fig. 172 and
173, respectively.

EFW flows through loops A and B are shown in Figs. 174 and 175. EFW flows
were initiated at ~150 s. Because the EFW level-control system failed, the EFW
flow continued until the end of the calculated transient. Loop~A and -B EFW
temperatures are presented in Figs. 176 and 177. Before ~150 s stagnant
conditions prevailed, and the 1liquid temperatures were near the {initial
conditions. The EFW flow induced a flow of liquid through the SUFCVs that mixed
with the EFW before entering the SCs. The temperature rise beginning near 200 s
reflects mixing of these two flows.

The water inventories in the loop~A and =B SC secondaries are shown in
Figs. 178 and 179. Although the fill characteristics were similar, SC B filled
more rapidly before the MFW trip because, as previously discussed, the loop-B
MFCV opened to a larger flow area by the ICS. With no liquid level control, the
SG secondaries continued to fill and oscillations developed as the liquid level
reached ~12.4 m (top of the generators).
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Mass flows through the primary-loop hot legs are shown in Figs. 180 and
181. Following the RCP trips at ~117 s, the flows coasted down and natural
circulation flows through both loops were established. Similar phenomena wve'e
observed in the cold legs as shown in Pigs. 182 and 185. The corresponding loop
cold-leg temperatures are presented in Figs. 186 through 189, respectively.
Vapor fractions in the loop~A and ~B candy-cane sections are shown in Figs. 190
and 191, and 1t can be seen that no voiding occurred during the transient. The
pressurizer water level is presented in Fig. 192.

Downcomer liquid temperatures for the base case are presented in Fig. 193
at the top axial downcomer level (just below the cold-leg nozzles). At the end
of the calculated transient (1320 s), the minimum temperat-ire was ~445 K. The
minimsum downcomer temperature for the base-case failure of one bank of two TBVs
was ~465 K at 1320 s. The lower temperature predicted for the base-case failure
of two banks of two TBVs was the result of enhanced heat transfer to tvo, as
compared to one, steam generators.

11. Parametric Case 1. A single specification was changed for this

parametriz study. The loop~A and =B SG level controls following EFW activation
were assumed to operate to maintain the secondary-liquid level at or below
6.2 m. It vas assumed that the operator does not restart the RCPs and does not
throttle the HPI. The event sequence for this case is presented in Table XXV.
The event sequence was identical to the base case through event 9. At ~147 3
the loop-B EFW valve shut on high SG-B secondary-liquid level. The loop-A EFW
valve shut on high SG-A secondary-liquid level at ~373 s. The PORV opened ~13 s
early in the Case 1 because of reduced heat transfer to the two SGs.

TABLE XXV

TBV EVENT SEQUENCE
Pa-ametric Case 1

Event Time(s
1-9. Same as base case 0-117.4
10. Loop~B EFW valve shut on high SG B 1iguid level 147.0
11. Loop-A EFW valve shut on high SG A liquid level 372.6

12. PORV opens 1062.1
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Results for Case 1 are presented in Figs. 167 through 192 and may be
compared directly to the base case. The general trends of Case 1 were similar
to the base case. The major differences appeared in the secondary sides of
loops A and B and were caused by shutting the EFW valves on high SC liquid
levels. The reduced EFW flow affected the primary side also. Compared to the
base case, the pressurizer pressure increased more rapidly to the PORV setpoint
as shown in Fig. 167. This wvas caused by reduced primary-to-secondary heat
transfer associated with reduced loop~A and =B steam—generator secondary
inventories (Figs. 178 and 179).

Downcomer liquid temperatures for Case 1 are presented in Fig. 194 at the
top axial downcomer level (just below the cold-leg nozzles). At the end of thre
calculated transient (1062 s), the minimum temperature was ~465 K. The base
case minioum temperature at the same time war ~453 K.

i111. Parametric Case 2. The specifications for this case differed from

the base case as followe: the SU A and B secondary liquid-level controls did not
fail, restart of one RCP in each loop was permitted on attainment of 75 F
subcooling, and throttling the HPI was permitted on attainment of 75 ¢ 12.5 F
subcooling. The event sequence for this transient is presented in Table XXVI.
Events 1-9 were identical to the base case. The HPI was throttled at ~421 s
after a subcooled-monitor trip at 75 + 12.5 F. One RCP in each loop was
restarted at ~517 s after a 30-3 delay following a second subcoolad-monitor
trip.

Results for Case 2 are presented in Figs. 167 through 192 and wmay be
compared directly to the base case. Case 2 displayed significant differences
from the base case. A major consequence of restarting the RCPs and throttling
the HPI was that primary-system repressurization did not occur, and thus the
PORV did not open. The abeence of repressurization 1is seen in Fig. 167.
Restart of the loop~Al and ~-Bl RCPs can be observed in Figs. 182 and 184,
respectively. Operation of the RCPs induced a reverse flow through the cold
legs with non-operating pumps. The influence of RCP restait on heat transfer to
the loop-A and -B steam-gensrator secondaries can be observed in Figs. 168 and
169, respectively. The pressure increased with RCP restart and continued to
increase to the end of the calculated transient. The increase of the primary
syste= pressure (Fig. 167) was terminated after the HPI was throttled at ~420 s.
The pii:>iry pressure decayed rapfdly to the accumulator setpoint of 4.168 MPa at
~565 s. Water at 305 K was then injected into the primary for ~20 s. The
primary pressure then fncreased until it was turned around by the increased heat
transfer to the secondaries by RCP operation. The accumulators again discharged
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TABLE XXVI

TBV EVENT SEQUENCE
Perametric Case 2

Event ; Time(s)
1-9. Same as base case 0-117.4
10. Loop~B EI'W valve shut on high SG B liquid level 147.0
11. Loop~A EFW valve shut on high SG A liquid level 372.6
12. HPI turned off 421.0
13. Restart CPs Al and Bl after subcooled 517.0
monitor rrip
14, Loop-A accumulat r begins di_charging 565.5
15. VLoop~B accumulator begins discharging 565.5

near the end of the calculated transient, thereby increasing the rate of
downcomer temperature decrease. This was the ocoly TBUY transient that
experi{z2oced accumvliator discharge and it markedly influenced the extrapolated
downcouar temperatures at /200 s.

Downcomer liquid temperatures for Case 2 are prrsented in Fig. 195 at the
top axisl downcomer leveli (Just below the cold-leg nozzles). At the end of the
calculated transient (1500 s), the minimum temperature was ~467 K. At 1062 s
the minimum temperature was ~477 K, which compares with ~465 K for Case 1 and
~453 % for the base case at the same '

c. Corclusions. The respe~-» ! * Gce .ee~l plant to a secondary-system

depressurization transient was . '~ .. - a{ag TRAC-PF.. The transient studied
was failure of twc banks of turuine-bypa¢s valves (four valves; two on each
steam line) to close after initially opening following reactor and turbine
trips. The base-case transient included additic .al failures caused by failure
of the level control in the affected steam generator, no operator restart of the
Teactor-coolant rumps, aad no operator throttling of the Ef7 aystem. A minimum
liquid temperature in the downcomer of ~495 K at 1220 s was calculated. If
correct operation of tiie steam—generator level control, operator restart of the
resctor coolant pusps, ».d throttling of the HPI flow were assumed, the primary
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system did not repressurize, and a minimum downcomer 1liquid temperature of
~472 . was calculated at 1320 s.
E. Hot-Leg Break LOCAs

1. 2 in. Break

a. Introduction and Summary. This report presents the Oconee~l plant

response to a 2-in. break in the surge line midway between the pressurizer and
the riser of the candy cane. Following the initiation of the break, the reactor
#nd turbine trip from full power. Reactor decay heat was specified as 1.0 times
the ANS standard. For this transient calculation, the ICS and all key sy:tem
components were assumed to function correctly. The only specified operator
action was the RCPs trip 30 s after HPI actuation. Two cases involving HPI
throttling to system subcooling were investigated. One calculation investigated
the effects of HPI throttling to 42 ¢ 12.5 K subcooling and the other
investigated the effects of no HPI throttling. The throttled HPI case was not
run because the subcooling margin was never achieved.

TRAC calculated a relative minimum in temperature at approximately 1000 s
into the transient; the pressure at 1000 s was ~6.2 MPa. The temperaiure and
pressure vere both decreasing at the end of the calculation at 3760 s and had
values +f ~450 K and ~2.1 MPa, respectively.
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Because the reactor should not have be~n tripped until the low-pressure
rerctor trip setpoint was reached, and because ihe calculation was not rum to
7200 s, 1t 1is recommended that the RELAPS calculation® be used for the ORNL
study.

b. Model Description and Assumptions. A corplete description of the
primary-side, secondary-side, and ICS modeling can be found in Sectiom II. The
steady-state operating conditions are also presented in that section.

The 2-in. break LOCA specification containing the initial conditions,
event seguence, and assumed failures is presented in Ref. 3. The TRAC transient

event sequence is presented in Table XXVII. Because the ICS and major system
components were specified to function correctly, it was not necessary to make
any overriding assumptions.

c. Transient Calculation. Figures 196 and 197 present the SG secondary

side pressures for loops A and B. Following the initiation of the break, the
reactor and turbine tripped from full power, the TSVs closed causing a temporary
increase in secondary-side pressure. The TBVs for both loops were activated
~4.2 s to relieve the initial secondary-side pressure increase. The initial
relief of secondary-side pressure caused a sudden drop in the SC secondary-side
inventories shown in Figs. 198 and 199. As the SG secondary-side inventories
continued to decrease, the RCPs tripped (30 s after HPI actuation) and the MFW

TABLE XXVII

HOT-LEG BREAK LOCA = 2 IN. BREAK
SEQUENCE OF EVENTS

Event Time (s
1. Break cpens 0.0
2. Reactor and turbine trips 0.5
3. TSVs cluose (both lcops) 0.5
4. TBVs open (both loops) ~4 .2
5. HPI gctuation 43.1
6. TBVs open/close (both loops) 51.0
7. RCPs trip 71.0
8. MFW rcaligmment 73.1
9. TBVs open/clnse (both loops) 75.7
10. Vent valves open ~100
11. 1ICS closes SUFCVs ~350
12. Candy canes remain voided ~500
13. Minimum down omer temperature (~470 K; 6.2 MPa) ~7150
14. Loop rscillations begin ~1200
15. Accumuiator injection begins ~1750

16. End of calculation 3670



-161-

- 80
-

o 500 W00 BOO 200 00 000 300 4000
™™E (s)

Fig. 196.
Steam generator secondary-side pressure - loop A.

- 200

Jh-

i I
- 730
-

- - - - -
° 300 0ot BOO 2000 00 3000 380G 4000

'1'0 197.
Steam generator secondary-side pressure - loop B.



80000 - v -~ - - -
- 180000
-
- %0000
4
- 20000
-
100000
v
- 80000
4
- 80000
- 40000
10000 ’ - ~ ~ - —
0 300 000 00 000 100 3000 3800 4000
™E (s)
Fig. 19¢.

Steam generator secondary-side inventory = loop A.

-

A
g T v v Y T

® %0 W0 B0 2000 200 3000 800 4000
™E (s)

Fig. 199.
Steam generator secondary-side inventory - loop 3.

WATER MASS (Ib)

WATER MASS (ib)



-163~
was reanligned to the EFW header. The loop~A and -B MFW mass flows and liquid

temperatures are presented in Figs. 200 and 201. The realigned mass flows
reduced the eecondary pressures about 0.7 MPa between ~100 s and ~187 8 and
increased the SG inventories. The ICS continued to supply MFW to the SG upper
header until ~350 s. At this time, the SUFCVs were closed by the ICS based on
the 3C inventory. Realigned mass flows and liquid temperatures are shown in
Figs. 202 and 203, respectively. The EFW pump was no” activated in this
transient as it was not needed.

The pressurizer pressure and water level are presented in Figs. 204 and
205 respectively. The primary system depressurized rapidly until HPI actuation
at ~43 s ard remained above ~6.0 MPa until ~1200 s. From 1200 s to the end of
the calculation the pressure decreased steaa’ly to ~2.1 MFa. The pressurizer
vater level also dropped rapidly, and was zeroc by ~50 s. Figures 206 and 207
present the break mass flow and void fraction. The break mass flow was greater
than ~100 kg/s for ~l1000 s into the transient until the primary slowly voided.
The mass flow decreased to ~70 kg/s as the void fraction increased to ~0.8. The
candy-cane void fractions in Fig. 208 show that the loops did not refill in the
course of the calculation.

Mass flows for the loops A and B cold-legs are shown in Figs. 209 and 210,
respectively. As the primary-system flows began to decrease following the RCPs
trip at ~73 s, the HPI fluid began to flow toward the vessel and fell into the
downcomer as shown in the cold-leg mass flows and temperature profiles. Figures
211 and 212 present the cold-leg liquid temperatures for loops A and B. The
hot-leg mass flow and liquid temperatures shown in Figs. 213 and 214 reflect the
cold-leg response to the HPI. The mass flow and corresponding liquid
temperature fluctuations that occurred after ~1000 s will be discussed later.
TRAC calculated a minimum cold-leg temperature of ~420 K and ~440 K for loops A
and B, respectively. The minimum hot-leg temperature was calculated to be
~495 K at the end of the calculation (3670 s).

An important feature of the B&W PWR design is the vant valves located
around the upper plenum of the vessel (level 7 in the TRAC model) that provide
th2 upper plenum region access to the downcomer. After the RCPs have tripped,
the vent valves are capable of providing a source of hot fluid for mixing with
cold HPI fluid that may flow toward the downcomer during these stagnant periods
in the cold legs. Between -?00 s and ~1000 s of this calcvlation HPI fluid did
flow toward the downcomer and was mixed with the vent-valve flow in the

downcomer at the cold-leg junction.
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Downcomer liquid temperatures at the top axial downcomer level (just below

the cold-leg nozzles) are presented in Fig. 215. TRAC calculated a minimum
downcomer liquid temperature of ~470 K at approximately 1000 s. This was
followed by heating until 1800 s. Ac 1800 s, additional cooling provided by
{ncreased HPI flow as the sys:er precsure decreased and accumulator flow once
again decreased the liquid temperatures. At the end of the calculation, the
downcomer temperature was approximately 450 K.

From the results of a previous calculation in which the vent valves were
accidently isolated from the downcomer (input error), the importance of the vent
valves for this particular transient was determined. Figure 216 presents an
azimuthal comparison of selected downcomer 1iquid temperatures at axial level 6
for both calculations. When the vent valves were modeled properly, TRAC
calculated downcomer liquid temperatures that were at least 25 X warmer. From
the PTS viewpoint, the vent valves were an asset in maintaining “warmer”
downcomer liquid temperatures. The total positive vent-valve mass flow is shown
in Fig. 217.

d. Analysis of the Loop-flow Oscillations. The loop oscillations that

vere calculated in the primary system were initiated in the loop B cold-legs.
Similar oscillations have been calculated in other small-break transients for
B&W plants.® The oscillations began after the liquid levels in the primary
system decrcased to the cold-leg/hot-leg elevations. At ~1100 s, cool HPI fluid
dropped into the loop seal from the loop B2 cold leg, and as a result produced a
sustained (for ~200 s) positive mass flow (toward the vessel) in loop Bl and a
negative mass flow (away from the vessel) in loop B2. Between ~1200 s and
~1250 & a similar occurrence happened in loop A. Cool HPI fluid from the loop
Al cold leg dropped into the loop seal in loop A. Immediately following this
occurrence, the loops A and B mass flows and liquid temperatures came in phase
and began oscillating. Initially, the loop B oscillations were regular with a
period of ~17 s and an amplitude of ~600 kg/s. The loop A oscillations were not
initially regular.

In order to explain the loop oscillationms, several case studies were
conducted. These cases included: turn the HPI off before the oscillations
begin, turn the core power off with the SG heat trensfer on, turn the SCG heat
transfer off with the core power on, close the break, and renode the
middle-to-upper levels of the vessel and SGs. The oscillations presented in
this report were calculated with the renoded vessel and SCs.
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Briefly, the results of the parametric-case studies indicated that the HPI
coupled with secondary-to-primary heat transfer in the SGs were the forcing
functions that caused the oscillations to persist once initiated. The
oscillations were manometer-type and the columns of liquid that oscillated
{ocluded the legs of the loop seals, lower half of the SGs, and the vessel.
After the HPI dropped into the loop seal, the elevation head in the loop seal
{ncreased because of the denser HPI liquid. This dincreased elevation head
pushed the column of 1iquid in the loop seal down and up the lower-half of the
steam generator. Because of reverse SG heat transfer (secondary to primary),
this additional liquid was heated thur changing the effective elevation head in
the SG. Thus, because of these changing elevation heads in the loop seals and
steam generators, the oscillations percisted.

e. Summary. The Oconee-l plant response to a 2-in. break in the surge
line was calculated using TRAC-PFl. For this small-break transieat, the ICS and
all key system components were assumed to function correctly. Also, the
operators were assumed to trip the RCPs 30 s after HPI actuationm. TRAC
calculated a minimum vessel downcomer liquid temperature of ~470K at 1000 s.
The primary system pressure at this minimum liquid temperature was calculated to
be ~6.2 MPa. HPI flow and accumulator injection reduced the temperature at the
end of the calculation at 3670 s to ~450 K.

The calculated minimum downcomer liquid temperatures never approached the
current NDT value of Oconee-l for two reasons; (a) vent valve flow mixing with
the fluid 4in the downcomer region, and (2) calculated loop oscillations.
However, if the calculation were continued the LPI system will actuate as a
result of the depressurization. The addition of LPI would probably result in
downcomer liquid temperatures that may approach or exceed the current NDT of the
Oconee-l plant. BHowever, this transient may not be important in terms of PTS
because the primary system pressure will be quite low when the downcomer liquid
temperature falls below the NDT limit.

2. & {in. Break

a. Introduction and Summary.

This report presents the Oconee~l plant response to a 4-in. break in the
surge line midway between the pressurizer and the riser of the candy cane.
Following the initiation of the break, the reactor and turbine trip from full
power. Reactor decay heat was specified as 1.0 times the ANS standard. In this
transient, the ICS and all key components are assumed to function correctly.
The only specified operator action was the RCPs trip 30 s after HPI actuation.
Two cases involving HPI throttling to system subcooling were to be investigated
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for this transient. At the end of the base-case calculation (~1433 s), the

subcooling condition had not been achieved; therefore, only one calculation was
required.

TRAC calculated a minimum vessel downcomer liquid temperature of ~350 K:
the primary system pressure at this minimum temperature was ~1.0 MPa.

b. Model Description and Assumptions. A complete description of the

primary-side, secondary-side, and ICS modeling can be found in Section II. The
steady-state operating conditions are also presented in that section.

The 4-in. break specification containing the initial conditions, event
sequence, and assumed failures is presented in Ref. 3. The TRAC transient event
sequence for this transient is presented in Table XXVIII. Because the ICS and
major system components were specified to function correctly, it was ot
necessary to make any overriding assumptions.

c. Transient Calculation.

Following the initiation of the break, the reactor and turbine tripped
from full power and the TSVs closed, causing an increase in secondary-side
pressure. Between ~l7 s and ~92 s, the TBVs for both loops functioned normally
and relieved the increases in secondary-side pressure. The SG secondary-side
pressures for loops A and B are shown in Figs. 218 and 219, respectively. At
~300 s the secondary pressures in both SGs remained momentarily constant just
below ~6.0 MPa following the closure of the SUFCVs based on the increasing
secondary-side inventories. After ~400 8 the loop A secondary-side pressure
decreased at a much faster rate as the primary cooled the secondary. This heat-
transfer mechanism lowered the loop~A secondary pressure and produced a larger
loop~A secondary-side inventory as a result of coudensation. Figures 220 and
221 show the loop A and B SG secondary-side inventories.

Loop A and B MFW mass flows and liquid temperatures are shown in Figs. 222
and 223, respectively. The SUFCVs continued to deliver feedwater to the lower
SG header until ~47 ¢ when the MFW was realigned to the SG upper header. The
MFCVs were closed by the ICS ~l0 s into the transient. Figures 224 and 225 show
the loop A and B realigned mass flows and liquid temperatures. The EFW pump was
not activated in this transient as it was not needed.

Pressurizer pressure and water level are shown in Figs. 226 and 227,
respectively. The primary system pressure fell very rapidly until the HPI was
actuated at ~17 s. The system pressure was =lmost stabilized after ~800 s at
~2.0 MPa as the HPI mass flow approached the break mass flow. The pressurizer
emptied immediately and was never refilled because of the relatively large

break. Figures 228 and 229 present the break mass flow and void fractionm.
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TABLE XXVIII

HOT-LEG BREAK LOCA - & IN. BREAK
EVENT SEQUENCE BASE CASE

Event Time (s
1. Bresk opens 0.0
2. Turbine and reactor trip 0.5
3. Turbine-stop valves close 0.5
4. Secondary-side heater and heater-drain trip 1.0
5. Condenser feed from turbinme trip 1.3
6. TBV loop A opens for first time 4.4
7. TBV loop B opens for first time 4.8
8. HPI system actuation on low primary system pressure 16.8
9. TBV loops A and B open/close
10. RCPs trip 30 s after HPI actuation 46.8
11. MFW is realigned to SGs upper header 46.8
12. MFCV override trip 46.8
13. TBV loops A and B open/close 92.1
14. Candy-canes void 125.0
15. 1ICS closes SUFCVs 300.0
16. Accumulator injection loop A (first time) 54C 7
17. Accumulator injection loop B (first time) 541.0
18. Accumulacor injections loop 678.6
19. Accumulator injection loop A 726.1
20. Accumulator injection loop B 784.5
21. Accumulator injection ceases loop A 828.7
22. Accumulator i{ujection loop A 921.4
23. Accumulator injection loop B 925.7
24, Accumulator injection ceases loop B 947.5
25. Accumulator injection ceases loop A 947.7
26. Accumulator injections (both loops) ~1100.0
27. LPI system actuation on low primary system pressure ~1236.0
28. End of calculation ~1400.0

Initially, the break mass flow was quite large (> 450 kg/s) until ~200 s.
Following this time, the upper regions of the primary became significantly void
causing the break mass flow to decrease. The candy-canes for both loops were
completely voided by ~125 s as shown in Fig. 230.

Mass flows and liquid temperatures for the loop~A and =B hot legs are
shown in Figs. 231 and 232, respectively. The primary system flows decreased to
approximately zero following the RCPs trip. The loop~B hot leg flow became
stagnant as the candy-cane voided; however, the loop~A hot leg did not stagnate
and continued to feed the break with vapor. Hot-leg 1liquid temperatures
decreased in accordance with the primary system depressurization. TRAC
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calculated a minimum hot-leg temperature of ~455 K. The loop -A and =B ccld-leg

mass flows are presented in Figs. 233 and 234, and exhibited tiends similar to
the hot legs. The corresponding cold-leg liquid temperatures are shown in
Pigs. 235 and 236. Minimum cold~leg temperatures (before LPI actuation) were
calculated to be ~430 K at ~650 s for loop Al and ~430 K at ~600 s for loop A2.
During the stagnant period in the cold-legs (between ~400 and ~700 s), HPI flow
into the downcomer along with accumulator injection at ~540 s and a decreasing
vent valve v‘por mass flow rate were responsible for the calculated minimum
temperatures. The vent valves opened at ~50 s immediately following the RCP
trip. The vent valve total mass flow is presented in Fig. 237. The loop B
cold-leg liquid temperatures had trends similar to those found in loop A but
vith the minimums (before LPI actuation) occurring at times coiresponding to
loop-B accumulator injection. TRAC calculated minimum cold-leg temperatures of
~425 K at ~770 s for loop Bl and ~445 K at ~950 s for loop B2. The initiation
of the low-pressure injection (LPI) system at ~1240 s on low primary system
pressure dropped the cold-leg liquid temperatures near or below ~400 K. The LPI
svstem injected directly into the vessel downcomer in axial level 7.

As identified in Sec. I, transients involving system repressurization and
overcooling have been identified as events that cculd damage and possibly cause
the failure of a PWR vessel. Thus, the key PTS parameters are pressure and
l1iquid temperature in the vessel downcomer region around the weld locations.
For this particular transient, the primary concern is thermal shock because the
primary syster <ill not repressurize. In this plant, the velds located in
vessel level 6 in the TRAC model are the weld locations that are considered
important for this study. TRAC calculated a wminimum downcomer liquid
temperature of ~350 K in level 6. The system pressure at this minimum downcomer
1iquid temperature was calculated to be ~1.0 MPa. The minimum temperature
values calculated for downcomer level 6 (between ~540 s and ~1200 s) directly
correspond to accumulator injections. The LPI system actuation produces the
minimum temperatures after ~1200 s. Downcomer liquid temperatures at the top
axial downcomer level (just belo. the cold-leg nozzles) for each azimuthal
segment are presented in Fig. 238.

d. Sumnary. The Oconee-l plant response to a 4-in. break in the surge
line was calculated using TRAC-PFl. For this transient, the ICS and all key
components were assumed to function correctly. Also, the operators wvere assumed
to trip the RCPs 30 & after HPI actuation. TFAC calcuiated a minimum downcomer
1iquid tempere.ure of ~350 K; the system pressure at this minimum temperature
wvas ~1.0 MPa.
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Adequate fluid mixing between the vent-valve fluid end the cold-leg (HPI)
fluid in the downcomer at the rold-leg junction maintained the downcomer liquid
temperatures above ~450 K. However, the actuation of the LPI system at ~1I40 s
drogped the downcomer temperatures very rapidly and below the current NDT value
(~365 K) for the Oconee~l plant. Even though the downcomer liquid temperatures
were calculated to be below the current NDT for Oconee~l, this calculation could
not be considered a significant PTS transient because repressurization did not
occur.

F. Rancho-Seco Type Transient (SGC Dryout Followed by EFW Overfeed)
1. Zntroduction and Summary. The thermal~hydraulic response of the

Oconee~l plant to a Rancho-Seco type overcooling transient, that {s, steam
generator (5G) dryout followed by emergency-feedwater overfeed, has been
analyzed. The accident sequence began as a loss~of-main feedvate: transient
(MFW puaps trip). The EFW-control valves failed to open on demand but were
subsequent ly manually opened by the operator. Also, the RCPs remained on during
the transient, and the EFW to the SGs was not terminated until 4200 s. The
primary system repressurization was limited to ~13.8 MPa as a result of the
operator throttling the HPI system.
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Downcomer 1liquid temperatures - vessel axial level 6 (all
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TRAC calculated a minimum downcomer liquid temperature of ~452°%K at
4200 s. Repressurization of the primary system to ~13.8 MPa was also
calculated.

2. Model Description and Assumptions. A couplete description of the

primary system, secondary system, and ICU modeling can be found in Section II.
The steady-rtate operating conditions are presented In that section also. The
SG dryout followed by EFW overfeed accident specification containing the assumed
plant 1{nitial conditions and postulated event sequence 1is presented in
Table XXIX. The calculated event sequence is presented in Table XXX. In order

TABLE XXIX

RANCHO-SECO TYPE TRANSIENT
INITIAL CONDITIONS AND POSTULATED EVENT SZQUENCE

Initial Conditions:
1. Reactor at 100X power
2. Nominal temperatures and pressures
3. Decay heat: 1.0 ANS standard
4. Pressurizer spray/heaters function as designed

Postulatcsd Sequence of Events:

1. MFW pumps trip
2. Turbine trip (TSVs close)
3. EFW pumps start (on low MFW discharge pressure)
4. Reactor trip (on high pressure)
5. Both EFW control valves fail close
6. SG dryout
7. PORV (primary) function as designed
8. Turbine bypass system operates as
designed
9. Operator .ully opens EFW control valves at 9 minutes
10. HPI activates on low pressure
8]11. Accumulator and LPI function as designed
12. Operator fully opens EFW control valves at 9 minutes
13. Operator limits pressurization to 13.8 MPa by
throttling HPI flow
14. EFW flovw terminated at 70 minutes
15. Operator restores SG level by throttling EFW flow
(aligned to hotwell if necessary)
16. Operator throttles HPI to maintain 42 K subcooling afcer
SGs are restored to proper level

SMay be phenomenologically dependent
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TABLE XXX

RANCHO-SECO TYPE TRANSIENT
SEQUENCE OF EVENTS

Event Time (8

1. MFW pumps trip, MFCVs and SUFCVs close 0.0
2. TSVS close (both loops) 0.0
3. Reactor trips on high pressure 4.4
4. TBVs actuated 4.6
4
0

5. PORV actuated 226.
6. EFW initiated to both SGs 540.
7. HPI actuated on low pressure ~738.0
8. HPI throttled to limit repressurization ~1255.0
9. EFW terminated to both SCs 4200.0
10. Minimum vessel downcomer liquid
temperature (~452 K) calculated ~4200.0
11. Calculation terminated 4300.0

to ensure the correct plant response to the postulated sequence of events,
significant portionr of the TRAC ICS model were used.

3. Resulrs. Following the loss of MFW and coincident turbine trip, the
reactor tripped from full power on high RCS pressure at ~4.4 s. The PORV
functioned properly between ~226 ¢ and ~550 s and relieved the pressure increase
ia the primary system as the SCGs dried out. The primary eystem pressure,
pressurizer water level, and PORV mass flow rate are presented in Figs. 239,
240, and 241, respectively. On the secondary side, the TBVs functioned properly
and relieved secondary-side pressure increases that occurred also during the SG
dry-out period. Figures 242 and 243 present the secondary-side pressures for
loops A and B, respectively. At 540 s, the EFW valves were opened fully and EFW
began to refill the SGs. EFW mass flow rates and liquid temperatures at the
point of injection are presented in Figs. 244 and 245, respectively. The SGC
inventories for loops A and B sre shown in Figs. 246 and 247, respectively. As
the EFW was injected into the SCs, the secondary-side inventories began to
recover and the primary system began to depressurize. Cold-leg 1liquid
temperatures for loops A and B are presented in Figs. 248 and 249, while
Fig. 250 presents the hot-leg liquid temperaturas for both loops.

As a result of the depressurization, the HPI system was actuated at ~738 s
on low pressure. At ~1255 s, the HPI asystem flow was throttled to limit RCS
repressurization to ~13.8 MPa as specified in the event sequence. The HPI
system flow was continually throttled to 1imit system repressurizaiion
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throughout the transien* as indicated by the loops A and B HPI mass flows shown
in Figs. 251 and 252. The RCPs were not tripped following the actuation of the
HPI system, and continued to operate as specified in the event sequence. Cold~-
leg mass flows for loops A and T are prerented in FPigs. 253 and 254,
respectively. Figure 255 presents the hot-leg mass flowe for both looor.

The continued operation of the RCPs provided forced convective heat
transfer on the primary side that assisted in the rapid cool down of the primary
system as indicated by the cold-leg and hot-leg liquid temperature profiles
between ~540 s and ~35CC s.

At ~3500 s into the ctransient, the loop A secondary side (SC and steam
lines) had been completely filled with EFW and began to repressurize as shown in
the SGC secondary-side pressure profiles. Also, the loop B secondary side was
calculated to repressurize ~200 s later than the loop A side. Both secondary
sides were repressurized to the TEV gsetpoints as EFW continued to feed the
system. As a result <. the secondary-side repressurization, the primary side
began to cool at a slower rate. At 4200 s, the EFW was terminated to both SGs
(as specified). It was st this point in the transieat that TRsC calculated a
minimum vessel downcomer liquid temperature of ~452°K. The system pressure at
this calculated minimum downcomer 1liquid temperature was ~13.8 MPa. Vessel
downcomer liquid temperarure profiles for all six azimuthal sectors at axial
level 6 (at the weld loc: "{ions) are shown in Fig. 256.

4. Conclusions. Tre overcooling of the primary side of the Occnee-l

plant caused by a SG dryovt followed hy EFW overfeed (Ranchk.-Seco type
transient) was simulated with TRAC-PFl. The TRAC simulation calculated most of
the plant response and occurrences as outlined in the postulated sequence of
events. A minimum vessel downcomei fluid temperature of ~452 K was calculated
at 4200 s. Repressurization of the primary system to ~13.8 MPa was also

calculated.

IV. CONCLUSIONS AND RECC.IMENDATIONS

The response of the Oconee-~l plant for several overcooling transients has
been predicted using TRAC-’Fl. The complete plant including the primary and
secondary sides wus modeled sc that accurate predictions of system thermal-
hydraulic conditions could be made. The plant control and protection systems
were also modeled {n sufficient detail to simulate actual plant response during

these postulated overcooling tr.nsients. The results of these calculations are
to be used for PTS analyses at ORNL.
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Several overcooling transients were analyzed. The transients calculated
included a MSLE with a delay in isolating the affected steam generator, a small~-
break PORV LOCA with failure of the ICS to throttle MFW flow and RCP trip, and
TBV transients with SG overfeed. An actual planc transient (Occnee-=3 turbine
trip) was also simulated by TRAC to compare with actual plant data. Two small
hot-leg breaks were also snalyzed to investigate the effects of vent-valve flows
on downcomer fluid wmixing. Finally, a Rancho-Seco type transient was
investigated.

The results of the calculations indicate thet gome overcooling was
obtained in all of the cases analyzed as evidenced by highly subcooled liquid
temperatures in the downcomer. The most severe transient in terms of
overcooling and system repressurization was the TBV transients. For the TBV
case (two banks of TBVs), the minimum calculated downcomer fluid temperature was
~350 K, and the primary system repressurized. The least severe transient was
the PORV-LOCA transient, which had a predicted wminimum downcomer fluid
temperature of ~528 K. The final NDT temperature for Oconee~l is ~365 K after
32 effective full-power years of operation.

It 1is recommended that other calculations be performed to fully address
the Oconee~l PTS concern. Specifically, other operation actions sho:’'d be
considered to fully cover the spectra of overcooling scenarios. In the case of
the small-break LOCAs, other break sizes and locations should be iuvestigatec.
Additional faillures of the ICS and protection systems should also be analyzed to

see if more severe overcooling transients could occur. For example, a MSLB

calculation with run-away MFW flow and all other plant systems operating would

possibly lead to a more severe overcooling transient.
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APPENDIX A

OCONEE ICS CONTROLLER FOR LOOP A
(all signals input are in SI units)

(initialization of valves is for steady state only)
(Letters indicate boxes in the previous figure)

BTU LIMITER
A = 0.00204083 * RCFLOWA
B = -605.4459 + 1.04092 * RCTEMPA , ~10.0 < B < 9.080
= 82.549 -~ (1.16958e-05) * SGPRESA , ~1.0 < C < 9.080

=11.036 + 0.037260 * FWTEMP , ~1.270 < D < 9.080

t o 2]
L}

= ~16.0+B+C<+ D, -10.0 < E < 12.0

-

= 0.55555 + 0.055555 * E
He =100+ A*F
hold initial value for H until 10 s have passed

IP(TIH! +LT. 1000) H= 8-0

"TOP" OF LAYOUT

=20%/min ramp after trip
Al = TIME - (TIME OF REACTOR TRIP)

Bl = 1.0 - (0.2/60.0) * Al , 0.0 < Bl

f.v. demand function

Cl = 18.0 * Bl

Dl = £(C1) : c1 Dl
6.0  208.0
0.562 240.0
3.6  320.0
5.4 356.0
9.36 402.0
18.0  460.0

21.42 483.0



f.v. temperature compensation

El = =460.0 = D1 4+ 1.8 * FPWTEMP

Fl = 1.0 + 0.0013 » 1

Cl =F1 ()

hold initial value of Gl for 10 s

IF(TIME .LT. 10.0) Gl = 18.0

neutron power cross limiter

initialize signal

IF(TIME .LT. 10.0) POWER = 2568.0E6

bias signal back to zero

SP = POWER - 2568.0E6

Ist order lag of power with 4.5 g time constant
JL = JL 4+ ((SP = JL)/4.5) * DELT

remove bias

Jl = JL - 2568.0E6

Al = 1.6 + 14.4 » 3]

Il = =1.0 * (Hl =~ 6.23053E-9 # J1) , =10.0 ¢ 11 ¢ 10.0

Kle £(11) : 11 Kl
-10.5 -10.0

- O.S 0.0
0.5 0.0
10.5 10.0

sum f.w. temperature and yovwer limiters
SGC = ~10.0 + K1 + Gl

take the smallest value - SC or H

R = ain(SG,RH)

initialize signal

IF(TIME .LT. 10.0) FWFLOWA = 680.4

bias signal to zero



FWB = FWFLOWA - 680.4

Ist crder lag of f.w. flow error with 1.0 s time constant, loop A

FSL = FSL + ((FWB - FSL)/1.0) * DELS
remove bias
SL = FSL + 680.4

51 = 10.0 + R = 0.026455 * SL

STGEN OPERATING LEVEL LIMITERS

high level limiter, Loop A
operating level scale, 96 to 388 in (level in meters)

HL1 = f(ALEV) : ALEV L1
2.£38 -10.0
9.855 10.0

Pl »= =2.0 # (HL]1 - 7.0)

take the smallest between signals Sl and Pl

Ql = min(S1,P1)

* low level limiter, Loop A
* startup lev:l scale, 0.0 to 250 in

LLl = f(ALEV) ALEV LL1
0.0 -10.0
6.350  10.0

decide which setpoint to use depending on pump trip
pumps tripped: 240 in = 6.096 @ = 9.2v

IF(PTRIP .EQ. 1) STP = 9,2

pumps running : 24in = 0.6lm = -8.08v
IF(PTRIP .NE. 1) STP « -8.08

low level error function

P2 » =2,0 * (LLl - STP)

take the largest signal - P2, Q1

Tl = max(P2,01)
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"BOTTOM END" OF FLOW CONTROL
choose which constants to use depending on whether the STGEN
is low ievel limited or not
1f P2 € 0, lov limit has not been hit

IF(P2 .GE. 0.0) CNSTI = 0.12

I?(PZ +CE. 000) CNST2 = 2.4
IF(P2 .LT. 0.0) CNST2 =« 0.9

integrate, Tlo is the last timestep value of signal T]

Ul = Ul + CNST1 # (T1 + T1,)/2.0 # DELT , =-18.0< U ¢ 2.0
X1l = Ul + CNST2 » T)

X1 = X11 + 8.0 , =10.0 < X1 < 10.0

startup control valve function, Loop A

SUA = 64.1164 + 7.44164 * X1 , =10.0 < SUA < 10.0

normalized flow area for SUFV-Loop A
this signal sent to valve

SUFVA = 0.1 * SUA , 0.0 < SUFVA < 1.0
Main flow contiol valve function, Loop A

MTA = 0.5555 % X1 = 4.4444 , -10.0 < MFA < 10.0

normalized flow area for MFCV-Loop A
this signal sent to valve

MFCVA = 0.5 4+ 0.5 * MFA , 0.0 < MPCVA < 1.0
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Oconee ICS Controller for Loop B

(balance of signals come from Loop A sectione)

BTU LIMITER
BA = 0.00204083 * RCFLOWB
BB = ~605.4459 + 1.04092 # RCTEMPB , -10.0 < BB ¢ 9,080
BC = 82,549 ~ (1.16958e~05) * SGPRESB , =1.0 < BC < 9.080
BE = ~]16.0 + BB+ BC+ D, ~10.0 < BE < 12.0
BF = 0.55555 + 0.055555 * BE
BH = «10.0 + BA * BF
hold value of BH at 8.0 until 10 s passes
IF(TIME .LT. 10.0) BH = 8.0

"TOP" OF LAYOUT SECTION
take the smallest value - SG or BH
BR = min(SG,BR)
initialize signal
IF(TIME .LT. 10.0) FWFLOWE « 680.4
bias signal to zero
FWC = FWFLOWB - 680.4
Ist order lag of f.w. flow with 1.0 s time constant, Loop B
FBL = FBL 4 ((FWC - FBL)/1.0) * DELT
remove bias
BSL = FBL + 680.4

BS1 = 10.0 + BR - 0.026455 * BSL
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STGEN OPERATING LEVEL LIMITERS

high level limiter, Loop B
operating level scale, 96 to 388 {n (level in meters)

BHL] = f(BLEV) BLEV BAL1
9.855 10.0
2.438 ~10.0

BPl = «2.,0 * (BHL] - 7.0)
take the smallest between signals BS! and BP)
BQl = min(BS1,BP1)

low level limiter, Loop B
startup level scale, 0.0 to 250 in

BLL]l = f(BLEV) : BLEV BLL1
6.350 10.0
0.0 -10.0
low level error function

BP2 = -2.0 * (BLLl - STP)
take the largest signal - BP2, BQI

BT]1 = max(BP2,BQ1)

"BOTTOM END" OF FLOW CONTROL

choose which constants to use depending on whether STGEN B
* 1is low leve! limited or not

if BP2 < 0, low limit has not been hit

IF(BP2 .GE. C.0) BCNSTI 0.12
IF(BP2 .LT. 0.0) BCNSTI 0.1125

IF(BP2 .GE. 0.0) BCNST2 2.4
IF(BP2 .LT. 0.0) BCNST2 = 0.9

integrate, BTIO is the last timestep value of signal BT!

BU1l = BUl + BCNST1 # (BT] + BT]O)/2.0 * DELT , -18.0 ¢ BUL < 2.0

BX11 = BUl + BCNST2 * BT]
BXl = BXil + 8.0 , <=10.0 ¢ BX! < 10.0
startup control valve function, Lonp B

SUB = 64.1164 + 7.44164 » BX1 , ~10.0 ¢ SUB < 10.0
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normalized flov area for SUFV-Loop B
this signal sent o valve

SUFVB = 0.1 * SUB , 0.0 < SUFVB ¢ 1.0
Main flow control valve function, Loop B
MFB = 0.5555 ® BXl - 4.4444 , ~10.0 ¢ MFB < 10.0

normalized flow area for MFCV-Loop B
this signal sent to valve

MFCVB = 0.5 4+ 0.5 * MFB , 0.0 ¢ MCVB ¢ 1.0

FEEDPUMP CONTROL
DELPA 1s the pressure drop for the Loop A MFCV, DELPB for Loop B
initialize signal
IF(TIME .LT. 10.0) DELPA = 3.5SES
bias signal to zero
DPAB = DELPA - 3,55ES

lst order lag of DELPA with a 1.0 s time constant
40 ps!l limit on both sides

DPAL = DPAL + ((DPAB = DPAL)/1.0) ® DELT , =2.44e5 ¢ DPAL ¢ 2.4E5
remove bias

DPA = DPAL + 3,.55ES

FA = 2.90074e~5 * DPA - 10.0

initialize signal

IF(TIME .LT. 10.0) DELPB = 3,55ES

bias signal to zero

DPBB = DELPB - 3.S55ES

lst order lag of DELFB with a 1.0 s time constant
40 psi 1iait on both sides

DPBL = DPBL + (DPBB - DPBL)/1.0) #* DELT , =2.44e$ < DPBL < 2.44E5



, -210-

remove bias

DPB = DPSL + 3.55ES

FB = 2.90074e~5 * DPB ~ 10.0

take the smallest of these

FC = min(FA,FB)

FD = FC - 0.2975

FE = 0.2 * FD * ABS(FD) , =10.0 < FE < 10.0

integrate once per timestep, P!o is last timestep value of signal FE
FF = FF + 0.2333 * (FE + FE_)/2.0 * DELT , ~10.0 < FF < 10.0

FG = FF + FE , ~10.0 < PG < 10.0

signal R 1s from "top of layout™ section, Loop A
signal BR would be the identf{cal signal from Loop B

FI = 0.5 % (R+ BR) - FC

FP 1¢ required pump speed (523.6 rad/sec = 5000 rpm)
this signal sent to MFW pump

F¥ = f(FI) Fl IT (rad/sec)
-2.0 370.4
0.0 392.8
6.0 460.0
10.0 586.43

internal limit on rate of change of pump speed is set to 27 rad/sec per sec
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Trip System Legend
(for Section II.C)

INPUT

1. the trip #
2. description of trip
input to trip, four kinds available:
S.V. signal variable input
T.S.E. = trip signal exprcssion, a mathematical operation of S.V.'s
C.B. a contzol block
v any leading # means it is a trip controiled trip
defined in the input deck by this #. Following a
trip cont. t. #, the condition that the input must
meet to change the trip set status is indicated:

§

L summation

M product
4. trip output (the trip ISET value)
can only be on-reverse
off

on~forward
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AFPENDIX B

EXTRAPOLLTLONS

1. MSLB TRANSIENT

Beceuse the MSLE caliulation was rum o 7200 s, no extrapnlation of the
results {s nececsir . The pressurizer pressure, downcomer 'iquid temperatures,
and heat~trunsfer ccefficients are shown in Fi r. B~l through B-3 respectively.

The uncerteinties in the MSLB calculatior are categorized as follows.

1. Steam generator (55) secondary-side water level - TRAC used a
collapsed-level calculation to approxizate the AY measurement.

2. Main feedwater (MFW, pump trip - becar = collapsed liquid level used,
MFW pump tripped later than if AP were used.

3. HPI throttling - core exit tewperatures should have been used after
RCPs tripped -~ TRAC used hot-leg tem,eratures. HPI ghould have been
throttled at ~275 s insteid of ~525 3 s calculated.

4. RCP restart =~ 41 K subcooling margii must be reached in all loop
locations before RCFs restarted = TRAC only used one location (hot
leg); therefore, RCPs should not have buen restarted at ~525 s.

The first two uncertaintiss regarding the liquid-level calculation do not
appear to affect the primary-side overcooling calculated by TRAC. The reason
for this 1s because tie flow into the affected SC prior to the Ffeedwater
realignment trip (50 s) {s only through the start-up flow control valve (main
flow control valves closed becruse of reactor trip) which limits the flow té
~152 of norma'. So, even if tche main feed pumps are runniag, che flow is
limited to apiroximately the same rate as if they are not rumning. Therefore,
the primary-side overcooling rate during this period (7-50 s) is essentially
independent of whether or not the main feed pumps are rianirg. Also, the
emergency feedwater pump operation during the first ~85 s of the transient has
no effect on the primary-side overcooling because all of this liquid 1is Uypasied
cvt the break (refer to Section ITI.B of report for further dete’ s).

The effect of throttling the APY on p-imary-system overcroling at ~275 s
instead of ~525 ¢ 1s expected to be small. This 1is becaure the overcooling
caused by the mmnergy remov:l through the iffected SGC 14 much greater thnn{thc
cooling provided tv the HFI. Therefore, the effects of HPI throttling in the
MSLB transient are delieved to be insignificant for this time period.
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The effects of restarting or not restarting the RCPs are perhaps the most
difficult to estimate. 1In the TRAC calculation, the RCPs were restarted at
~525 s because the subcooling monitor was not modeled correctly. In raviewing
the results, it appears that the RCPs should not have been restarted at that
time, and probably would have not been restarted at all if modeled correctly.
This is because the candy cane in loop B voided in the calculation and remained
voided for a considerable time. Also, the region in the verticsl part of the
hot leg where the fluid temperatures are measured was also voided. Therefore,
the subcooling criteria for restarting the RCPs would not have been met. What
most likely would have happened in the TRAC calculation if the subcooling
monitor was modeled correctly is that yhe RCPs would not have been restarted at
~525 », and the downcomer temperatures would have continued to decrease at the
same rate as prior to ~525 s until steam generator isolation at 600 s. Then the
downcomer fluid temperatures would begin to increase and continue to increase
for the remainder of the transient. Also, the system would repressurize to the
PORV setpoint as shown in Fig. B-l.

Because there is only ~75 s worth of additional cooling if the RCPs had
not been restarted, there probably will not be much difference in the minimum
downcomer fluid temperature calculated. Therefore, 4{if ull of these
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uncertainties were removed, it is estimated that the minimum downcomer fluid
temperature would be ~405 K = 25 K.

II. TBV TRANSTENTS

The TRAC-PFl calculated results of six TBV failure transients are
presented in the body of the report (Sec. III.D and Sec. III.E). Eaca of the
calculated transients ended at a time equal to or less than 1500 s. In this
section, these results are extrapolated to 7200 s. The parameters extrapolated
are the system pressures, downcomer liquid temperatures, and the heat-transfer
coefficients in the downcomer.

The extrapolated pressure histories are presented in Figs. B~4 and B-5.
Following an initial depressurization, the system repressurized to the PORV
setpoint in four cases; 5A, 5B, 6A and 6B. The system did not repressurize in
cases 5C and 6C because the HPI was throttled upon attainment of sufficient
primary-system subcooling.

The extrapolated downcomer liquid temperatures are presented in Figs. B~6
through B-1l. A discussion of factors expected to influence the transient
histories through the extrapolation period are presented below.
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The extrapolated heat~transfer coefficients in the downcomer are presented
in Figs. B-12 tarough B-17.
A. General

For the TBV failure transients, ICS failure to run back MFW to the
affected SG(s) was specified. The method chosen to simulate this failure was to
fix the MFW pump at 1its specified value and fix the SUFCV and MFCV in the
affected loop(s) in the steady-state position. These valves were maintained in
that position throughout the transient. The open position of the SUFCV(s) has
proven to be significant. Although the MFW pump is tripped and the EFW pumps
are operating, a significant flow Zrom the hotwell and through the MFW puamp
continues. This flow continues to the affected SG(s) even following tripping of
the EFW pumps.

Cas~ 5A

The EFW pumps begin operation at ~210 s. The two wmotor-driven and ome
turbine-drivea EFW pumps take suction from the surge tank, which empties at
~25 ) 8. At this time the suction of the turbine-driven pumps oaly is switched
to the hotwell and continues to operate to the end of the transient. Before
~2500 &, the flow through the EFW header is ~255 kg/s of which ~117 kg/s is
provided by the EFW pumps and ~138 kg/s cores through the MFW pump and SUFCV.
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Following surge tank depletion only the turbine-driven EFW pump operates,
delivering ~59 kg/s. Total flow through the EFW header {s estimated at
~196 kg/s. After ~2500 s the cooldown rate is reduced by two factors. First,
the reduced flow to the SG reduces the secondary-side heat-transfer coefficient.
Second, reduced flowv from the EFW pumps results in a higher mixed-mean
temperature for the flow through the EFW header. These two effects reduce the
cooldown rate by ~252 after 2500 s. The estimated extrapolated downcomer liquid
temperature at 7200 s {s ~365 = 30 K.

Case 5B

The EFW pumps begin operation at ~210 s, but EFW flow is terminated at
~400 s following closurx of the loop-B EFW valve on high SG liquid level. Flow
through the SUFCV continues at ~125 kg/s. The cooldown rate between ~800 and
~1100 ¢ s =0.0130 K/s. This rate is used to estimate the downcomer liquid
temperature a. 7200 s. ..e estimated temperature is ~440 + 30 K.

Casx_5C

The EFW pumps be.in operation at ~210 s, but EFW flow is terminated at
~400 s following closur> of the loc . B EFW valve on high SG liquid level. Flow
through the SUFCV continues at ~l20 kg/s. The estimated cooldown rate between
~1200 and ~1500 s 1is -0.0103 K/s. This rate is used to estimate the downcomer
1iquid temperature at 7299 s. The estimated temperature is ~430 + 30 K.

Case 6A

The approach used to nstimate the downcomer liquid temperature is similar
to that discussed for Case 5A. The EFW pumps begin operation at ~150 s. The
surge tank empties at ~1750 s. Before ~1750 s the flow through the EFW header
to one SG is ~225 kg/s of which ~88 kg/s comes from the EFW pumps. Following
surge tank depletion at ~1750 s, total flow through the EFW header is ~180 kg/s
of which ~44 kg/s 1s from the turbine-driven EFW pump. After ~1750 s the
cooldown rate is reduced by ~37%. The estimated extrapolated downcomer liquid
temperature is ~350 + 30 K.

Case 6B

The EFW pump does not operate during this transient because the liquid
level in both SGs 1s too high following MFW pump trip. The downcomer liquid
temperature cooldown has stopped by the end of the calculated transient. The
minimum downcomer 1iquid temperature of ~465 K occurs at ~950 s.
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Case 6C

The EFW pump does not operate during the transient. The estimated
cooldown rate between ~750 aend ~1500 s is -0.0203 K/s. This rate is used to
estizate the downcomer liquid temperature at 7200 s. The estimated temperature
is ~350 = 30 K.

B. Summary

The extrapolated results for the TBV transients are summarized in
Table B-I.

III. SBLOCA TRANSIENTS

Extrapolations of the key parameters (primary system pressures, vessel
downcomer 1liquid temperatures, and downcomer heat-transfer coefficients) to
7200 s are presented in Figs. B-18 through B-23 for the PORV and &4-in-diam.
SBLOCAs. For each transient, the extrapolaticn assumptions, modeling
assumptions/uncertainties, and effect of the assumptions/uncertainties are
described. Also, uncertainties on the extrapolated results are estimated.
A PORV LOCA Extrapolation
Extrapolation Assumptions

The extrapolation of the PORV LOCA primary system pressure, vessel
downcomer liquid temperatures, and vessel downcomer heat-transfer coefficients
presented in Figs. B~18 through B~20 assume the following:

1. HPI continues to operate

2. PORV remains open
3. Accumulators and LPI will not actuate

TABLE 8~1

EXTRAPOLATED RESULTS FOR TBV TRANSIENTS AT 7200 s

Downcomer Liquid Pressure Heat-Transfer Coefficient

Case Teaperature (K) (bars) (W/m2 K)

5A ~365 ¢ 30 ~170 £ 5 ~1200 * 400

5B ~440 £ 30 ~170 ¢ 5 ~1200 ¢ 400

5C ~430 + 30 ~40 £ 20 ~6000-7500 ¢+ 400

6A ~350 ¢ 30 ~170 ¢ 5 ~1200 + 400

6B ~465% + 30 ~170 ¢ § ~1200 & 400

6C ~350 ¢ 30 ~40 ¢ 20 ~6000-7500 + 400

;

fminfmum occurs at -950 s



PRESSURE (Po)

-226~

“" . . v = T T . —
weo't -
EXTRAPOLATED
w"’ o — u’u
L0’ -
- - WOC
“‘\ 4
—— - .~ g —b- el
we' :
“‘ ~
-0
M* e
“l'{ s
10%'4 4 woo
(V-2 y v ” - - - v
o 0o 200C oC 000 OO0 e FAm OO0
T™E (2)
'1‘0 '-180

PORV LOCA extrapolated system pressure.

- 800

- 50

S

- a0

k pa-

v - e - v - r
B OO TG 300w 4000 S00C 8004 OO0 BOCX

Fig. B-19.
PORV LOCA extrapclated downcomer liquid temperature.

PRESSURE (pei)



-227-

=T
£ oo
E...H
!g } EXTRAPOLATED
o 10000- - -
=
Tl
g
-
quL T - - b -
0 r p Y

v ¥ M A
8000 3000 4000 6000 4000 OO0 MR
TIME (s)

Fig. B-20.
PORV LOCA extrapolated downcomer heat-transfer coefficient.

wo' ~ ~ - — ~ - —
- 00
aow' -
EXTRAPOLATED (NO LPI) Ll
sow' - - - a T
100" +ex
EXTRAPOLATED (LPI)
2 e - *
- 800
a “" -
a0 300
100*-
& - & - & -4 4“-
10w0* 4
- 200
w< & -> R
“ LA v v v 2 v L .
L] WO 00w B 000 BOOC B 000 L
™E ()
F 1' . B=21.

4~in-diam. SBLOCA extrapolated system pressure.

PRESSURE (psia)



EXTRAPOLATED (NO LPI)
- -

EXTRAPOLATED (LPI)

-

WOO 2000 3000 4000 BG00 6000 000 8000
TWE (w)

Fig. B-22.
A=in-diam. SBLOCA extrapolated dcwncomer liquid temperature.

EXTRAPOLATED (NO LPI)
e

EXTRAPOLATED (LPI)
D —

- & =~ A ~d - b~ A~ A

HEAT TRANSFER COEFFICIENT (W/(M*K))

300 400 M0 0 WO M0
TIME (»)

Fig. B-23.
b=in-diam. SBLOCA extrapolated downcomer heat~transfer
coefficient.




3. Accomulators and LPI will not actuate
4. No operator actious taken
5. 1ICS, trips, and system components function correctly.

Modeling Assumptions/Uncertainties

The following modeling assumptions possibly affected the calculated
results:

1. MFW pusp speed increased to maximum rated speed

2. MFCVe fixed open (at steady-state flow area) until realignment trip.

No wuncertainties in the TRAC wmodeling such as, failure of the TRAC
ICS/trips to function as the B&W ICS/trips would function for this particular
accident sequence were found.

Effect of Modeling Assumptions/Uncertainties

The modeling assumptions listed probably would not significantly affect
the calculated final vessel downcomer liquid temperature results. The
uncertainty of the wmodeling has essentially no effect on the calculated
downcomer liquid temperature. Based on the modeling assumptions described, a

downcomer liquid temperature uncertainty of 215 K has been estimated for the

extrapolated results.

B. 4=In-Diam. SBLOCA Extrapolation

Extrapolation Assumptions

The extrapolation of the &-in-dis=. SBLOTA primary seystem pressure,
vessel downcomer 1liquid temperatures, and vessel downcomer heat transfer
coefficients presented in Figs. B-21 throug!. B~23 assume the following:

1. HPI, accumulators, and LPI continue to operate

2. Break is not isolated (closed)

3. No operator actions taken

&. ICS, trips, and system comporents function correctly.

Modeling Assumptions/Uncertainties

The following modeling assumption affected the calculated results: 7Total
LPI volumetric flow rate of 6000 gpm (2 pumps) at 50 °F.

No uncertainties in the TRAC modeling such as, failure of the ICS/trips to

function as the B&W ICS/trips would function for this particular accident

sequence were found.

Effect of Modeling Assumptions/Uncertainties

The LPI wmodeling assumption does affect the calculated final system
pressure, vessel downcomer liquid temperrture, and heat-transfer coefficient
results. The LPI volumetric flow of 6000 gpm (2 pumps) at 50 °F reflects the

maximum discharge rate and temperature for the PI system obtained from the
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FSAR. Variations in the volumetric flow (as a function of system pressure)
would somewhat alter the slope of the system pressure curve, the downcomer
1iquid teamperature profiles, and calculated heat-transfer coefficients. The
extrapolation of the three key parameters following the LP1 actuation (~1265 s)
is very difficult and should be recognized as a rough approximation. Based upon
the modeling assunptions made, the following uncertainties were estimated for
the extrapolated results:

1. System pressure - * 2.0 x 10° Pa

2. Downcomer liquid temperature - = 30 K

3. Downcomer heat-transfer coefficient - ¢ 2000 W/ca? K.
C. SG Dryout Followed by EFW Overfeed (Rancho Seco-Type Transient)

Extrapolation Assumptions

The extrapolation of the SG dryout followed by EFW overfeed transient
primary syst wm pressure, vessel downcomer liquid temperatures, and vessel
downcomer heat-transfer coefficient presented in Figs. B-27 thru B-29 assume the
following:

1. SG level will not be restored to correct level by 7200 s.
2. HPI will not be throttled to maintain SO°F subcooling by 7200 s.

3. No further operator action taken.

4. 1CS, trips, and system components function correctly.

The following uncertainties were estimated for the extrapclated results:
1. System pressure - t 2.0 x 105 Pa
2. Downcomer liquid temperature - = 30 K
3. Downcomer heat-transfer coefficient - * 50C w/m? K.

Modeling Assumptions/Uncertainties

No modeling assumptions or uncertainties in the TRAC model were found to

affect the calculated results.
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4-in-diam. SBLOCA extrapolated system pressure.
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4-in-diam. SBLOCA extrapolated downcomer liquid temperature.



-~232~

M000
g o
EE EXTRAPOLATED

12000 -
o D000
E; 8000
E; el el el e —
< 4000~
=
EE 2000

. ‘ v \J \J L \ 0 v

[ ] W00 x00 3000 000 $000 UL 000 RO
TIME (s)
Fig. B~26.

4=-in-diam. SBLOCA extrapolated downcomer heat-transfer
coefficient.
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Rancho-Seco type transient extrapolated downcomer {quid
temperature.
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APPENDIX C

UNCERTAINTIES IN OCONEE PTS CALCULATIONS

L. INTRODUCTION

Any realistic evaluations in uncertainties occurring in the Oconee PTS
calculations should be obtained by s2nsitivity analyses. Such analyses require
time, manpower, and money, none of which were available to assess the
uncertainties in this study. In the absence of such resources, we used an
algorithm that has a weak basis, but can be used to estimate the influence of
uncertainties on the calculations.

Contributors to uncertainty 4in the calculations include (1) physical
models (heat transfer, flow regime, choked flow, equation of state,
condensation, frictional iosses), (2) component models (fuel rod, steam
generator, valves, pumps), (3) initisl conditions (operating power, system
pressure, primary flow rate, steam genei.ator inventory, pressurizer inventory),
(4) plant model (noding, combined components, setpoints, control delays,
shutdown margin), (5) operator actions, ard (6) numerical methods. For the same
accident initiator, changes in these contributors can cause a wide spread in
results, particularly if one focuses on the results at a given instant in time.
One can, by definition, fix the transient by declaring that the only
uncertainties in which we have Interest are those arising from the TRAC code,
i.e., physical models, component models, numerical methods, and plant input deck
(excluding setpoints etc.). Even with this restricted definition, the
temperature and pressure uncertainties can cause a setpoint to he ruchd
earlier or later such that the transient takes a different path and the
subsequent uncertainty at a given instant in time can still be large.

Such nonlinear behavior and the overall nonlinearity of the equations
being solved make estimating uncertainties extremely difficult. Ome must also
be careful about arbitrarily picking temperatures and pressures from within the
uncertainty ranges; they are not necessarily Independent because the
uncertainties that may cause the temperture to be lower than the best estimate
will probably cause the pressure to behave in a like manner.
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I1. UNCERTAINTY ALGORITHM

If we concentrate on physical wmodels, we know that heat-transfer
correlations match the data to within 10-202. We have also used TRAC to predict
PORV flowrates to within 15-25XZ. Other uncertainties may be within similar
ranges. OUn the other hand, we knew we were within 2-5K on initial
temperatures, and we set the pressure tc be the normal operating pressure.
Thus, we assumed that the initial uncertainty was close to zero given that the
initial conditions were defined.

Our algorithm ignored the nonlinear effects and accounted for the
initially small uncertainty. Basically we assumed that the uncertainty was
proportional to the deviation from the steady-state conditions. For the
proportionality constant, we relied on the uncertainties seen in heat-transf r
and choked-flow correlations, 10-202. We used 20X for this study. Please note
that in testing TRAC against data from integral experiments, we have been able
to predict results to better rhan 202 but usually only after adjustmeni of the
input model to obtain better resolution in specific regions of the calculations.

Thus, our algorithm for the temperature uncertainty was

and the pressure uncertainty was

ép = 0.2 lp, = pgl,

vhere Tt and P, are the transient temperature and pressure, respectively, and T.
and Pg are the rieady-state temperature and pressure, respectively.

As the transient values began to approach the steady-state values, then
the maximum uncertainty predicted so far was used. These algorithms were used
directly to obtain the uncertainty in the primary-system pressure and the
downcomer 1liquid temperature. The 1initial primary system pressure was
15.03 MPa, and the initial downcomer temperature was 563 K. We used a 20%
uncertainty in heat-transfer coefficient at all times.
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I11. UNCERTAINTY EFFECTS ON PTS TRANSIENTS

We examined each transient to determine how these uncertainties wmight
affect certain system trips listed in Table C~I. Almost all of these systems
were tripped by pressure. We did not account for overlapping uncertainties
arising from uncertainties in both the setpoints and the pressure. Table C-I
also includes the effective uncertainty range for this trips. For example, our
best-estimate calcuiations used 10.44 MPa to trip on high-pressure injection.
However, at 11.21 MPa, 20X uncertainty might also cause the HFI to trip on, or
with 20% uncertainty, the trip might be delayed until the best-estimate pressure
reached 9.29 Pa. In other words the effective uncertainty range is not the
yncertainty in the setpoint, but how the pressure uncertainty can be translated
into an effective setpoint uncertainty. In the following we examine the
possible effect of these uncertainties on the transients.

A. Main Steam~Line Break

The locp~B TBV was tripped (7.064 MPa) open at 5 8; the loop-B pressure
{ncreased so rapidly that its uncertainty should have 1little effect on the
transient. At 21.2 s the HPI was tripped on (10.44 MPa); the cooling effect of
the MSLB so overwhelmed the calculation that an advance or delay in HPI should
Lave little effect. Advance or delay of the RCP trip, which occurred 30 s
later, may have some effect because the high flows associated with RCPs on
enhance the heat transfer to the steam generator. However, the pressures
dropped so rapidly that the advance or delay would be only a few seconds. At
526 8 the subcooling margin 42 K was reached, and the HPI was shut off and the

RCPs were restarted. A delay would have given colder downcomer temperatures at

a time when the pressure was increasing. An advance may have had the opposite

effect. The accumulators were predicted (4.17 MPa) to inject at 531 s. The

TABLE C-I

SYSTEMS AFFECTED BY UNCERTAINTIES

Effective
System Setpoint Uncertainty Range

Turbine Bypass Valve (TBV) 7.064 MPa 6.94~7.26
High Pressure Injection (HPI) om 10.44 MPa 9.29-11.21
Reactor Coolant Pumps (RCPs) 30s after HPI on

Accumulators 4.17 MPa 1.46-5.98
PORV 16.9 MPa 16.59-17.37
Low Pressure Injection (LPI) 1.0 MPa 0.0-3.34
High Pressure Injection Off 42 K + 12.5 K subcooling
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uncertainty is such that they could have begun dumping as early as ~70 s. This
could have caused more cooling, possibly mcre subcooling with the additional
possibility for the RCPs to be restarted earlier. The PORV setpoint was hit at
4678 8; the results are insensitive to the uncertainty in when the PORV opened.
B. PORV LOCA

The trips observed in this transieni were TBV opens at 4.4 s, the HPI
comes on at 70 8 and the RCPs are shut off at 100 gs. The transient would be
insensitive to the uncertainties that might change the timing of these trips.

No accumulator injection occurred and none would be expected, even with the
pressure uncertainty.

C. TBY Failure-One Bank

All three transieats would be 1inseasitive to the uncertainty in the
opening of the loop~A TBV at 4.1 s. The HPI was initiated at 153 s with
subsequent RCP ghutoff at 183 a. The pressure uncertainty may advance or delay
this trip, but it should have nc effect on _ne transient. The pressure plateau
from 180 8 to 380 s could be shortened or lengthened. In the second parametric
case, the RCPs were restarted when the sub ocoling margin was reached at 383 s.
Uncertainty in the subcocling wmargin could advance or delay this restart, which
causes the pressure to drop and the downcomec¢ temperature to increase. Although
the accumulators were not predicted to actuate, the pressure uncertainty could
cause accumulator actuation at approximately 900 8 in the second parametric
case.

D. TBV Failure-Two Banks

Again all three transients would be inscnsitive to the uncertainty in the
timing of the TBV at 4.1 s. The HPI {s tripped on at 87.5 g, with the RCPs
tripped off 30 s later. With the rapidly decreasing pressure at 87.5 s, these
trips and their effects would be insensitive to the pressure uncertainty. In
the second parametric case, RCP restart caused a rapid pressure decrease such
that at 565 s the accumulators were actuared. Again the pressure decreases
rapidly and the accumulator ectuation would be irsensitive to the pressure
uncertainty. Uncertainty in the esubcooling monitor trip could advance or delay
the RCP restart or the HPI throttling at 485 s. This would be expected to have
little effect on the transient. The pressure uncertainty in the base case

approaches the accumulator setpoint at approximately 300 s. The pressure

increase that occurs immediately thereafter indicates that the accumulators

would probably shut off almost {mmediately.




E. Two=Inch SBLOCA

The transient would be insensitive to the timing of the TBV opening at

4.1 s. HPI 1s initiated at 43 s and RCP trip at 73 s; again this timing is not

very sensitive because the pressure is decreasing so rapidly. Accumulator
actuation 1is predicted at 1800 @; uncertainty 1in pressure could lead to
actuation as early as 1200 s.

EL_ Four-Inch SBLOCA

Again the timings of the TBV opening, HPI initiation, and RCP trip would
be insensitive to the pressure uncertainties. The pressure uncertainty could
lead to accumulator actuation as early as 280 s instead of the predicted 540 s,
or ‘t could be delayed until approximately 1200 s. Low pressure injectica could

have started as early as approximately 600 s instead of the predicted 1236 s.

G. Rancho Seco

The Rancho Seco transient {5 fairly 4{nsensitive to the pressure
uncertainties. The timing of HPI {nitiation, predicted at 738 s, would be
charzed by the uncertainties, but would have little effect on the overall

transient.

1v. CONCLUSIONS

Oversgll, it {s probable that uncertainties in the timing of the aciuation
of the engineered safety features, arising from thermal-hydraulic uncertainties,
would have little effect on pressurized thermal shock results for these

transients. Only a wmore extensive sensitivity study could verify this

conclusion.




