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The Three Mile Island-2 (IMI-2) type scenario in a Westinghouse (W)
type four loop pressurized water reactor {PWR) was studied in prepara-
tion for upcoming tests in the ROSA-TIV Program's Large Scale Test
Facility (LSTF). The LSTF is a 1/48 scale simulator of a W type four
loop PWR with full scale component elevation differences.

TMI-2 scenario simulation analyses were conducted to establish a
pretest prediction data base for RELAPS code evaluation purposes and to
furnish a means of evaluating the LSTF's capability to simulate the
reference PWR. The basis for such RELAP5 calculations and the similar-
ities between the LSTF and reference PWR thermal-hydraulic behaviors
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SUMMARY

The Three Mile Island-2 (TMI-2) accident is of great
interest not only for Babcock & Wilcox (B&W) type plants,
but for plants designed by other manufacturers as well. The
TMI-2 type scenaric in a W four loop plant is the subject
addressed herein.

The Large Scale Test Facility (LSTF) is a 1/48 scale
simulation of a W four loop pressurized water reactor (FWR).
As such, the LSTF is being constructed as a majoer part of
the Rig of Gafety Assessment (ROSA) IV Program. Equipped
with large pipe sizes (207mm diameter hot and cold legs), a
10 MWt core power capability, and the same elevation
differences 45 a typical W four loop PWR, the LETF is an
ideal Ffacility for investigation of the TMI-2 type scenartio
in which nmatural circulation phenomena are prevalant. in
particular, the natural circulation behavior of a W type
four loop PWR should Be reproduced.

The LSBTF pretest RELAPS analyses are important ingredients
of the ROS5A IV Program. Such analyses provide insights of
the LSTF transient envelope, establish a2 pretest prediction
data base for RELAPS code evaluation purposes and furnish a
means of evaluating the LSTF capability to behave like a W
type four loop PWR. Such needs motivated the study of the
characteristics of the TMI-2 scenario, the study of the
differences between a W type four loocp PWR and a E&W TMI-2
type plant and RELAP3 calculations of TMI-Z type scenaria
simulations in both the LSTF and a W type four locep PWR.

The TMI-Z scenario was characterized by:

1. Continuous primary mass loss through a stuck open
pressurizer power operated relief valve (POQRV)Y .

2. Little or no vessel water inventory replenishment
since the nperators threottled the emergency core
ccoling system (ECCS? flow.

3. Relatively high pressure caused by degraded pri-
mary to secondary heat transfer and,

4. Operator misinterpretation of the high pres-
surizer water level.

Because 2 W four loop plant is quite different from the
TMI-2 plant in many areas, e.g., W U-tube steam generators
(SG) vs the B&W once-through 5Gs, the presented analyses
make mo attempt to duplicate the THMI-2Z accident chronoliogy.
Rather, the analyses seek to duplicate the four
characteristices listed above.

The TMI-2 characteristics were examined to date by

conducting an eleven calculation parametric study. Analyses
are continuing such that the matrix may be expanded in the

Xi
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future.

The thermal-hydraulic behavicr of a W type tour loop piant
and the LSTF were examined by assuming the transient began
with a loss of the main feedwater system {(no auxiliary
feedwater was available). Concurrently, & FORV opened.

Variations in the transient were examined by caleculating the
expected system behavier with both 2 rated area PORV and a
rated flow FPFORV. In additien, transient behavior was
caleculated with the two high pressure injection (51) pumps
available, with the twe SI pumps turned off when the
pressurizer f£illed and with cne 51 pump available. The
second case simulated the system behavior when an operator
misinterpreted the meaning of a "full" pressurizer, such
that the ECCS was shut off.

The analyses were conducted using RELAPS Cyl and Cyi8 codes.
The W type four loop FWH was modeled to simulate one ZG and

primary loop opposite three S5Gs and primary loops. The
model locop representing three S5Gs alsoc contained the
pressurizer. The LSTF model was constructed with two equal
focops -~ identical with the LSTF physical geometry.

Both the W four loop plant model and the LB3TF model were

initialized to rated power steady-state conditions. Thus,
the nominal primary pressure wag 13.6 MPa with
representative hot and celd leg temperaturas. However, the

LSTF initial power (limited to 10 MWi) was 14% of the rated
cscalad value and thus the L5TF core mass flow was also low
by the same factor.

The calculated transients began to depressurize immecdiately
after time zero {(due to the open PORV). Concurrently, the
8¢ secondary water level decreased rapidly. In quick
succession the reactor scrammed, the turbine throttle valve
shut, the turbine bypass valves opened and the reactor
coolant pumps tripped. I pumps began to inject as the
primary system pressure decreased Below the pump shutoff
head.

fhortly after the transient began, the pressurizer filled
with water. Thus, in consideration of the operator
misinterpretations present in the TMI-2 scenario,
caleulations were conducted with the SI pumps shutcff.

As the transient proceeded, general characteristics were
found to bBe that the model loocp without the pressurizer
tended to collect steam in the SG U-tubes more quickly.
Thus, flow stagnation occurred first in the loop without the

pressurizer.
Flow stagnation in one primary lcop was followed by core

mass flow stagnation several hundred seconds later. Core
flow stagnation resulted in some core heatup.

Xii
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A difference observed between the W type four loop transient
and the LSTF transient was in the behavior of the primary
mass flow gplit between the twe loops. The L3TF primary
egqual geometry showed a tendency for the fluid te oscilliate
from loop to lcocop. The plant model, with three physical
loops simulated by one model Iogp, did not exhibit such
behavier.

The TMI-2 scenario simulation analyses, conducted with the
RELAPS code have led tec the following conclusions and
observations:

i. The basic characteristics of a TMI-2 scenarie in a
W type four loop plant can best be simulated with a
loss of feedwater in conjunctien with an open rated
flow FPORV. Test boundary conditions would ineclude SI
system injection only until the pressurizer mizture
leve! reached an agreed elevatiocn.

2. The LE&TF and (reference PWR} B8] systems have sufficient
capascity to replace the primary inventory lost through
a rated flow PORV.

3 The TMI-2 seguence caleculations have shown that the
LSTF has the same qQualitative thermal-hydraulic
behavior as a W type four loop plant for such
transients.

4. The loop to loop oscillations chbserved in the RELAPS

anaslyses of the LS&STF seem to be a real phenomenon

characteristic of the symmetrical two Icop construction
of the plant simulation coupled with a forcing function

(provided by the pressurizer, for example)’ imposed omn

one loop. However, because the ocscillations may be

medel —dependent, investigation of the phenomenon is
continuing.

Primary loop pressure Jloss differences between the LSTF

and the reference PWR RELAPS models, caused by the loop

resistance contributions of the recirculation pumps and
the grid spacer plate may be indicative of similar
differences in the facility.

L

Xiii
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1. INTRCDUCTION

The Rig of Safety Assessment (ROSA -1V Program was
initiated by the Japan Atomic Energy Research Instiftute
(JAERI?Y in 1980, The HOSA-1V Program was formed in response
to the need for data characterizing small break
loss-of-coolant accidents {(8BLOCAs), abnormal and
operatienal transients in Westinghouse (W) type four loop
pressurized water reactors {PWRs). Such transients are
dominated by phenomena peculiar to natural circulation,
Thus, plant elevation differences are quite important.

Several test facilities have produced data relating to
natural circulation over the past years, including PKL
(Federal Republic of Germany!, LOBI (Ispra, ltaly?’ and
Semiscale (United States of Americal. Although these
facilities simulate typical plant elevation differences
correctly, other scaling compromises combine to limit the

usefulness of their data. The LOBI and Semiscale facilities
have small pipe sizes which lead to atypical flow regimes
and hot wall effects(iy. The PKL facility is limited to

test pressures below 4 MPa and rated power levels below 2 %.
Thus, the PKL facility can only simulate a limited portion
of most transients.

The ROBA-IV Program is internaticonal in scope. The United
Gtates Nuclear Regulatory Commission (UBNRC) joined
informally in 1981 and as a participant by cooperative
agreement in 1%84. The USNRC provides assistance in
advanced instrumentation and code applications.

The Large Scale Test Facility (LSTF) is at the heart of the
ROSA IV Program. The LS&TF is5 being censtructed to
sircumvent such compromises by having the proper plant
elevation differences, pipe sizes e.g. the hot leg and cold

leg diameters of 207 mm., representative primary pressure
levels i.e., 14 MPa, and plant power levels sufficient to
simulate the core decay heat 7 s. after soram. The LSTF

volumes were scaled at (/48 of a typical W four loop plant.
The LSTF will provide data in an area currently containing

limited information.

The consequence of the Three Mile Island-2 (TMI-2) accident
is of great interest not only for Babcock & Wilcox (B&W)>
type plants, but for plants designed by other manufacturers
as well. The possible TMI-2Z type scenarios in a W four-loop
plant are the subject addressed herein.

The obiective of the study was to gather imformation to
construct a portion of the LS8TF test matrix relating to the
TMI-2 scenario. The fact that some of the early events of
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the TMI-2 scenario ¢an cccur in 2 W type plant was
gestablished in an incident at the Beznau reactor in
Switzerland(2) . A turbine trip, combined with a turbine
bypass failure ultimately caused the pressurizer power
operated relief valves (FORVs) to copemn. One PORYV jammed
open. hfterwards, the pressurizer filled with water. The
plant operator interpreted the transient correctly, safely
shut the plant down and isclated the stuck-open PORV.

Further evidence that such transients should be studied is
provided by examination of operator actions in B&W plants.
Plant cperators at 2 of 3 B&W plants(3) prematurely
terminated the high pressure injection flow when confrontead
with a full pressurizer level reading folliowing a
loss-of-feedwater transient coupled with a stuck-cpen PFORV.

The TMI-2 incident itself was characterized by some of these
boundary conditions(4). In summary, the incident at TMI-Z
had the characteristiecs shown in Table 1. 1. Continuous
primary system mass loss occurred through 3 stuck open PORV.
Emergency core cooling system (ECCSY injection flow was
reduced By the ocperator due to misinterpretation of the high
pressurizer water level. The loss of main and auxiliary
feedwater systems caused poor primary to secondary heat
transfer and resulted in a relatively high pressure
transient (Although the auriliary feedwater system was
restored. after 8 minutes, the flow was throttled by the
aoperator . ).

The approach desc¢ribed herein was developed to provide
insights for the proposed test matrix sutlined 1in the Large
Scale Test Facility conceptual design report(3). The
conceptual design document(3) suggested that the LETEF test
matrix contain sequences which simulate the timing and
events of the actual TMI-2 scenario. Closer examination of
such an undertaking(é) plus consideration of the fundamental
differances between W and EB&W plant designs show that majot
changes in test proceduyres must be made to LSTF boundary
condiftions. Differences beitween W and B&W plants which
impact the LSTF test plan are discussed in the next section
of this report.

Because the number of tests to be conducted in the TMI-2
simulation at the LSTF is relatively small(?), viz., 4, the
test matrix will be examined {(Sectien 3 from the
perspective of variations of the most probable TMI-2 type
scenario at a Japanese W type four loop plant {reference
PWR} .

The reference PWR and LSTF baseline caleculations are

daescribed and compared in Section 4. Parametric
caleulations are discussed in Sectien 3 and conclusions are
presented in Section &. The results shown do not represent
complete analyses of the TMI-2 type scenaric as it will be
conducted in the LESTFE. Te examineg alil aspects of the
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scenaric, analyses are continuing. Thus, the following
discussion sheuld be regarded as & first look at simulating
the TMI-2 type scenario in the L3TFE.

TABLE 1.1: CHARACTERISTICS OF THE THI-1 SCEMARID

CHARACTERLSTIG EIAMPLE

LA CLULUL LR LA

. Continwous system mass loss. 1. Operator controlled letdown flow.
b. Stuck epen PORV.

. Little or se vessel witer inventory replenishment. Righ pressure (HP) emergency core cosling systes
(ECCS) threitling.

. Relatively high presssre. Degraded primary to secondary heat transter caused by
secondary system mass loss.

. Homogeneous twe phase system. Rezctor coolant pumps left operational by eperator.

. Dperator misinterpretations. Operators misinterpret high pressuricer water level.
ks & resglt, throttle HP ECCS anmd activate system-
letdown.
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2. DIFFERENCES BETWEEN JAPANESE W FOUR LOOF AND THMI-Z2 CLASE
PLANTS

The W type four loop reactors and the B&W TMI-Z class
reactoers differ in many areas. It is not the obijective of
this section to rigorcusly discuss all of their differences.
The listed differences will alone assure that a Japanese
constructed W type four loop plant will behave differently
than the TMI-2 reactor for the same imposed initial Doeundary
conditions . In addition, differences between standard
operator procedures and the plant control systems will
further impact the diverging transient behavier in the
regspective plants.

Major differences between the twe plant ftypes zpparent from
ap initial study are listed in Table 2.1 Perhaps the most
signitficant difference is the steam generator {85C) design.
The once-through BS&W S5 design coentains much less secondary
fluid than the W design. Such a difference is apparent in
the respeciive plant thermal-hydraulic behaviors during
transients such as the station blackout, in which the
feedwater system is inoperative. Comparisons of similar
transients in the B&W TMI-2 plant znd the W Zion plant{g)
show SC dryout to occur more quickly in the TMI-2 plant by =&
factor of four at least.

Aneother signanificant difference centers on the reactor

coolant pump <RCP) trip logic. Japanese built W type four
loop plants trip their RCPs on lew primary system pressure
i a&., below 12 27 MPFa., whereas H&W plants did not in 1979,

Thus, the fact that the RCPs continued to operate during the
TMI-2 accident caused the primary fluid to remain an '
unseparated two-phase mixgture. Howevar, the following
caleulations show the W type four loep plant to quickly
become a3 saparated two-phase system following saturation,
due to early shutcoff of the RCPs.

Dther differences between the two plant types, apparent from
a curscry study, are in the pressurizer surge line viz .,
TMI~-2? has a loop seal whereas W tour lcep plants do not.

B&W plants have 2 plant central contrel system which 1s
gquite different from the W four loep plants. Finally, B&W
plants inject ECCS fluid into the resctor vessel through
"vent valves' whereas W plants inject ECCS fiuid upstieam of
the vesse! in the hot leg.
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initial and boundary conditions similar to

at the TMI-2
peculiar to
examined herein.

reactor .
the TMI-2 plant characteristics will

the ROBA 1V Program TMI-2
is to assess the plant behavior
lecop system given a set of

of a

those experienced

Transient variations which are

not be

TABLE 2.1: FUNDAMENTAL DIFFERENCES BETWEEN JAPANESE ¥ TTPE 4 LOOP REACTORS AMD THE TMI-1 REACTOR

., Stean ganerators (SG).

. Reacter coolant pump {RCP) trip legic.

. Pressuriser leoop seal

., Plant control system.

. Reactor vessel vent valves.

DESCRIPTION OF DIFFERENCE

THI-2 has ance threogh SGs and
1 ¥ 4 Joop tesctor his 2
U-tube configuration.

Japanese boilt W & lsop reactors
trip their RCPs based

en the safety infection

signal. THI-1 systems do nmot

THI-1 systems have a candy cine
pressurizer loop seal
configurakion. W A

Ieop planits do not.

BEV plants ose a central control
system whereas ¥ § loop plants
de nef.

B4V plants inject

ECCS fluid into the reactor vessel
threugh vent valves, whereas ¥
plants inject ECCS fluid inlte the
hot legs.

IKPACT OF DIFEERENCE

Loss of offsite power calculations(l)
hive demonstrated that the THI-Z

SGs dried out in one fourth the time
ol a ¥ & iocop plint system.

RCPs on or off define whether the

primary system is unseparated or
separated cespectively.

¥ pressurizer coliects
steam at 2 more ripid
rate.

Unknown.

Not investigated.
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3. THE CODES, MODELS AND CALCULATIONAL MATRIX

A portion of the TMI-2 scenario (especial to a W four loop
plant} was simulated using the LSTF and reference PWR RELAPG
models (%) . Calculations were conducted assuming the
initiating event te be a main feedwater systen trip.
Thereafter, plant boundary conditions were determined by
combining Japanese built ¥ feour locp plant characteristics

and responses with the known events at the T™™I1-2 plant. For
example, the reacter coolant pumps were tripped off at
primary pressures less than 12.27 MFa. Standard W four loop

plant operator procedures require the reactor coclant pumps
to be tripped Between #.3 and 9.7 MPa.

The models {(and codes), the inittal conditiens, boundary
conditions and the calculational matrix are discussed iIn
the following three subsections respectively. Because the
RELAPS/MDD 1 Cvi8 model was a modified version of the Cyil
referance PWR model(9,10), subsectiens 3.1 and 3.2 will
discuss both the Cyi medel and the Cyl8 model (i e. modified
Cyl model) development and initial conditions respectively.

4.1 RELAPS Code and Model Development

Mpst of the calculations shown in the follewing sections
were conducted using RELAFS Cyl(11) together with the L3TF
and reference PWR models described in past analyses(?,10).
However, the initial tesponses of the reference FPWR were
calculated using Cyi8 and a modified RELAPS model.

3.1.1 Cycle 1t model

The models used for the parametric‘calculatians were
developed and discussed in the initial loss-of-feedwater
transient sceping studies report(?). The reference and
current models are identical, with the exceptien of a
junction change in the upper dJdowncomert which routed fluid to
the upper end of volume 2] instead of the lower end of
volume 1! in the vessel upper head (see Figures 3.1 and 3 273,
The nodalization change was made to enhance model stability
under saturated conditions.

It should be noted that none of the calculaticns are

complete. During the course of conducting the Cyl
calenlations, the effort was plagued with water packing
problems. These shortcomings deserve investigation.
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3.1.2 Cycle 18 model

Several important additions distinguish the Cyl8 model from
the Cyl model. Because the Cyl8 model was used to examine
the initial response of the reference PWR (i.e. prior to
scram), pressurizer heaters, pressurizer spray logic and the
pressurizer wall material were added to the model. Further,
the S0 downcomer level measurement contrel logic was
modified to more accurately represent the existing

differential pressure tap lcoccations. Finally, juncticn 987
was added to model the presence of two normal pressurizer
power operated relief valves (PORVs) . Junction 989 was left

intact to model a PORY that cperned on demand, but remained
open thereafter.

3.1.3 Differences between the HELAFS LSTF and reference PWR
models

Past reports(3,9) have summarized the differences between
the LSTF and a W type four loop reactor system. However,
another factor must be considered when assessing the
similariites of LSTF and reference PWH model predictions

i e, the differences between the LSTF and reference FPWR
models. An exhaustive comparison between the LSTF and
reference PWR models will not be described herein. However,

some of the differences between the models, which affect the
calculations shown in the following sections, are listed.
Specifically, items 3, 4 and 3 are differences between the

reference PWR and LSTF models. However, items 3 and 4 have
the potential to become physical differences between the
LSTF and the reference FPWR. An exhaustive comparison will

be conducted at a later date.

in order to obtain LSTF event chronelogies as close as
possible to the reference FWR, the LBTF2Z model {Defined in
ref. 4) was used for the TMIi-2 type scenaric calculations.
Thus, the following differences between the models were

present:

(1) Steam gemerator (SG) initial water level - As
discussed in Reference 9, the initial SG water level
was lower in the LSTF model than in the reference
PWR because the LSTF is only capable of producing 114

% of the plant scaled rated power. However, the 5G
secondary inventory was scaled to be 1/24 of the
reference PWR {.e., the correct value.

{2) Reactoer coolant pump (RCP)} head at rated
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ronditions - Whereas the reference PWR is equipped
with RCPs which contribute a §.43 MPa head at rated
conditions, the L8TF's RCFs enly contribute a head
of 0.01 MPa. The anomaly in pump steady-state
conditicons is related directly to the LSTF 10 MWt
migimum power output capability i.e., 14 % of a 1/48B
scaled core. Thus, at steady-state conditiens, the
LSTF can maintain a substantial percentage of the
rated flow rate with only the natural circulation
contribution. The difference in RCF rated heads for
the reference PWR and L5TF is important during the
portion of any transient when the HC¥Ps have been
shut off and the pump impellors are decreasing te
zeroc rotational wvelocity. The pump coastdown period
is estimated to be 230 s.

¢(3) RCP pressure ioss - The fluid pressure loss
through the RCPs is important throughout the
transtent simulation. The LSTF RELAPS model
contains a pump component with 14 % more loss than
the reference PWR at a gtationary coenditien.

(4) Core support plate/inlet orifices - The

LSTF RELAPS model contains an area expansion at the
core inlet which produces 2 pressure loss 17 times
greater than the reference PWR. Such a difference
is an attempt to model the pressure loss sustained
as the vessel flow passes from the downcomer and
between 1044 electrical cables in the LSTF lower
plenum.

(53 Elevation differences - The current LETF model,
based on preliminary designs, centains an elevation
difference of 16.78 m betiween the core bottom and
the top of the 84G U-tubes. The correspeonding
dimension in the reference PWR model is 18.0% m.

{4y SC seccndary pressure level - Initially, the =1
secondary pressute level in the LB5TF was maintained
at 7.14 MPa (corresponding reference PWR pressure =
5 71 MPa) to limit the heat transfer to the core
rated value(?%).

The above six items all have an itmpact on the L3TF behavior
insofar as the reference PWR is simulated, Items 2 and &
will infiluence the first hundred or se¢ seconds o¢f any
transient as the heat transfer is limited from the primary
to the secondary by high sink temperatures (ltem ¢ and low
flow (item 21}. Further, the primary to secendary heat
transfer will be affected during the natural circulaticon
portion of the simulated transtents by a friction and
expansion pressure loss component that is 12 percent larger
in the LSTF than in the reference PWR (items 3 and g% . The
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LSTF RELAFS model natural circulation flow capability is
further influenced by the net elevation differences between
the core and 858G U-tubes (item 3) . Finally, if the correctly
scaled SC secondary wakter inventory is used to simulate the
8C dryout times, the appropriate low and low-low trips must
be estimated from outside sources, since the LSTF initial
water level is less than the reference PWR secondary (item
1.

3.2 Boundary and Initial Conditions

The initial conditions used in the Cyl and Cyi8 models were
different. The Cyl model conditions were unchanged from
those previously reported(9). However, the Cyi8 reference
PWR model had an increased SG secondary mass (see Table 3.1)
based on more accurate initial conditions provided by the
USNRC Reactor Training Center for a W type four loop plant.

All ecalculations assumed the loss of the main feedwater
system at the start of the transient. The reference FWR
models and the LSTF mode! were assumed to be at 100 % rated
power 45 the transient began (see Table 3. 1 - Note that 100
% rated power for the LSTF is 14 % of 1/48 scaled reference
PWR rated power) . System trip logic was triggered as listed
in Table 3 2. The trip legiec listed specifically for the
Cyl model was unchanged from previous calculations(10).
However, pressurizer spray and heater trip logic was used
for the Cy18 model as listed. Alsc, the two operatbtional
PORVs were programmed to behave as listed.

3.3 Calculational Matrizx

The calculational matriz (see Table 3 3) was constructed teo
examine the effect of variations in the FORV flow area i.e. .,
juttction 989, combined with variations in the available
emergency core cooling system (ECCS3) flow i.e., iunctions
58%,489,891 and %9%1. These calculations assumed the FPORV to
fail open at the beginning of the transient.

Previous vcaleculations were conducted using an open PORV with
the nominal geometrical areat¢l10}. However, the listed
geometrical area passes nearly double the rated PORV steam
flow rate (26 .4 kg/s at a 16 .18 MPa stagnation pressure’.
Thus, tc provide a4 transition between previous calculations
and yet provide a more realistic simulation of the subject
transient, the calculations were conducted with the PORV at
bBoth the rated area (RA) and at the rated flow (RF).

Variations in the ECCS flow were examined by changing the



JAERI — MB84-176

injection guantity frocm the rated conditicons for two high
head safety injection (8I) pumps to none. The vcalculations
conducted with zero ECCS8 flow allowed the two 81 pumps to
inject upon demand, but the flow was shut off when the
pressurizer level reached the top. Such an operational
sequence was Jesigned to simulate an operator who responded
to a full pressurizer i.e., "sclid-system” by shutting off
the ECCS { as in TMI-2(4)).

For the purposes of this report, the baseline calculation
has two 81 pumps i.e., the high pressure charging pumps are
failed and a stuck-open RA FORV.

TABLE 3. i: LSTF AND REFERENCE PWR INITIAL CONDITIONS

LSTE iyl IVR (Cyl) PWR (Cyi8]
System pressure (MPa) 13 . 3¢ 15.49 15.40
Cold feqg temperafute
k Leop (Kb 56118 §61.1 541.1
8 losp (X) Jel.14 LYY 361 11
Hot leg temperature
A feop (K} 39815 59811 §98.22
B loop (K} 398.15 $98.21 5%8.11
Core flow rate {kg/s) §8 370} HEIL 16514,
Core power (MW} 18.0(h) 3411. 3413,
Steam generztor secondary
& loop
Pressure (MPa} 7. 140} i i
Kass (Ig) 1638.9 117045, 1219000,
B leop
Pressure (MPa) ‘ 7. 14{e) 3.7 i
Hiss (kg} 1682.0 19068, 43900,

(a) Based on imbact leep data.

(b) Both the initizl flow rate and core power are 14% of {he
{all-scaled values based on a system scale factor of 1/48.

The initial SC secondary pressure is higher in the LSTF

than in the PWR to reduce the steady-state heat tramsfer to 10 MWL,

{c

i12 —
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TAHEE ¥.1: RELAPS MODI (CYCLES 1 & (8} TRIP LOGIC

No Aetion Setpeint

{. PVR scram, 5C throttle valve closure, tuorbine PO 17.97 HPa(h), F ) 16.445 KPa(b) or SC
bypass walve opensfal. downeomer level { 23%(c)

1. Trip coolant pump and initiate high pressure P ¢ 11,27 MPa(b) er P ¢ 4,137 KPa(d)

injection and satety injection.
%, LSTE core power triple). Seram signal plus 7.1 5.

4. Moxiliary feedwaler begins fo inject. Howerer, On loss of main feedwater(f}.
the sytem {ailed in thase caleulations.

5. Main stsam iseolation valve eloses. P04 MPald).

4. SG relief vairve

apen P = 4.0% MPatld)
close F =781 HPatd)
7.{g) Pressariver spray Spray tarns on at F(B}) or =

15. 48 HPa. Spray quankity directly
prepoctional to sysiem pressure.

#.(g} Pressurixer heaters

Prepartiona! Heaters on P(BI{15.414 MPa

Backup Heaters on at P(b}{13 341 NPa
. Pressurizer PORVs

Failed open time } 0.

Cyl Ptbt } or = 1é.1 MPa

Cytd Open P } or = 14.1 MP&;

Cliose P { £6.67 MPa.

{a) If the primary, mean temperature is above 544.9 K (plus 2 2.78 K delay), the turbine bypass valve opens, otherwise
the valve remains closed. Netn: the turbine throttle valve was programmed te close at P ) or = 16.1 HPa in the Cyld
ease.

(b) Pressuriyer prassure.

{c) Cellapsed liquid leve! in wpper 5C downcomer less than 15% of full scale in the referemce FWR.

(d) S5C sacondary steam dome pressure.

{e) The PR core powsr decreases to {4% power level in 7.1 s after scram. The LSTE steady state power fevel
corresponds to [4% of the refersnce PWR. The LSTF core powsr was tripped al 10 s based on the reference FWR
calculations(yt. '

{t) ks a simplifying assumption, and entil more information is obtained concerning the reference PWR, no delay in the
auailiary feedwaler stactup time was sssumed.
{g) CyiN model only.



TABLE 3.3 THI-2 SCENARIO SEQUENCE KATREI: A FIRST LOOK

CALCULATION EORV KODEL

RATED ARER (RA}
RA

RA

RATED ELOW(RE)
RF

RE

B LM e Gy PR e

(a) The ECCS squipment availakle is:

JAERI ~M84—176

AVAILABLE(:, b}
ECCS EQUIPMENT

151
1 51}
i 5l
151
1 810d}
I 81

LOMMENTS
Baseline cafcolation
ECCS reduced te sero at 2005 a5 pressurizer level peaked.

Not condocted fotr the LSTE.
ECCS reduced to zero &b 400s as pressuriver level peaksd.

1. Twoe high head safety injection pumps (S[): Shuteff head = 10.7 MPa.
1. Two cenirifugal high pressere injection charging pumps (HPI}: Shuleff head = 10,2 MPi.
3. Two regidoal heat removil pumps (RHA): shotoff head = 1.3 XPi.

§. Four accumulaters: Injection pressore = 4.3 NPa,

{b) Primary pressuras in the calemlations shown naver decreised to the RHR puoap shutoff head or the accumalator

injaction prassure.
(e} Only operative to 100s.
{d} Only operative to 400s,
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4 . RESULTS

The LSTF was designed to simulate a2 W type four loop reactor
transient response after scram has occurred. However, the
transient initiators, the eifect of transient initiators and
the reactor system behavier when the core power level 15
greater than 14% of the rated value cannot bhe simulated.

An itnitial study of the reference PWR behavier during the
first seconds of a loss of feedwater transient has been
conducted and is discussed in subsection 4.1, A portion of
the long term transient is discussed in subsection 4.2.
Subsections 4.2 .1 and 4.2.2 are structured to give &
detailed description of the baseline calculation (Number ! -
see Table 3.3) for the reference PWR and the LSTF. A
comparison between the LSTF and reference FWR is given in
subsection 4.2 . 3. Thereafter, calculations 2 through é are
summarized in Section 3.

4.1 Study of the Initial Transient

The initiating events of the B&iW TMI-2 accident guickly led
to a turbine trip with loss of the main feedwater system.
Three seconds after the turbine trip, the pressurizer pilet
operated relief valves opened. The failure of a pilot
operated relief valve to close was an event of major
inportance in the accident scenario.

The study of the initial transient immediately feollowing fthe
loss of the main feedwater system in a8 W fype four loop
plant was undertaken to examine the circumstances which
would cause the pressurizer power operated relief valves

(PORVs) to opemn. To do sco, calculations were conducted to
each scram setpoint to determine whether the PORVs had
opened . During the course of the calculations, the

pressurizer spray was found te be influential in the timing
of the primary system pressure rise and the timing of scram
under scme conditions. Thus, four individual transients

were examined, based on the following equipment assumptions:

1. The "low" steam generator (SG) water level scram,

i . e. 25%%, together with a steam-feedwater flow mismatch
greater than 40%, was assumed coperative.

2. The "low-low" &G water level scram, i.e. 10%, was
assumad ocperative. The "low'" scram trip was assumed
faitled.

3. The high primary system pressure scram was assumed
operative, but the 8L level trips and the pressurizer
spray were assumed inoperative.

4. The high primary system pressure scram and the
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pressurizet spray system wers assumad operative. The 56
level trips were assumed inoperative.

The pressurizer pressures for the above calculations are
shown in Figure 4.1 as & funection of trangient time The
calculations were conducted until scram occurred in each
case using the reference PWR model and RELAP3/MODI Cyld.
The transient began with the total loss of the main
feedwater system at time zero. In additioen, the ausxiliary
feedwater system f{ailed.

4. 1.1 Initial transients: Scram on SC water level

he the transient began (see Fig 4.1), the primary pressure
was unaffected for the first 3s. However, after %s the
primary pressure began tpo increase as the primary to
secondary heat transfer decreased.

Civen that the reactor system trip leogic behaved as
desiqgned, the calculation indicated scram at 5.8Bs {(see curve

i - Fig 4.1 as the 56 downcomer water level reached the 235%
tlevel (combined with a steam-feedwater flow mismatch
exceeding 40%) . No PORVs were cpened.

If the "“low" S5C water level trip failed, the S5C water level
would continue to decrease and the primary system pressure

would increase (see curve 2 - Fig 4.117. The second
caleculation indicated that scram occurred at 8.5s5 as the E5C
downcomer water leve! reached 10%. However, the primary

system pressure did not increase to the PORV setpoint.

4. 1.2 Initial transients: Scram on high primary svstem
pressure.

Given that both 5C water level scram trips failed, the
system was calculated to behave as shown in curves 3 or 4.
depending on the availability cf the pressurizer spray.
These calculations have the same primary system pressure
behavior as shown in curve 2 until 2. 3s. Thereafter the
primary system pressure continued to increase as the primary
to secondary heat transfer decreased.

If the pressurizer spray were unavailable, the PFORVs were
calculated to first open at 2is as the pressure exceaded
164.2 MPa (see Table 3.2). The PORV steawm flow rate was
sufficiently large to depressurize the primary and maintain
the system pressure below the high pressure scram setpoint.
However, primary to secondary heat transfer wag degraded to
such a degree that the system continued to pressurize to the
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scram setpoint.

Transient events calculated to ccecur if the pressurizer
spray were available were similar, PBut on a different time
scale. The presence of the pressurizer 5pray resulted in a
slow, but steady pressure rise. The FORVs opened at 42 5.
But because of degraded heat transfer in the 5Gs, the
pressure continued to rise, but 2t a reduced rate until the
system scrammed on high pressure.

4.1.3 Syneopsis

It should be noted that if the "low" 50 tevel trip failed, 2
1{5% uncertainty limit on the “"low-low" 5S¢ level trip would

delay the trip to t1 s. ITn additien, if a 3% uncertainty
iimit were applicable to the PORY setpoint, the lower
sptpoint bound would be exceeded by 10 s. Thus, ncertain
combinations of failures and egquipment yncertainty bands
npuld result in a FORY challenge. Even so, these

caleculations indicate that the PORVs in a W four lecop plant
are net liksly tc open folleocwing a loss of the main
feedwater system initiated transient.

4 { 4 Limitations of the initial transient calculations

Limitations of the calculations are defined by several
shortcomings: (i1} nucliear core reactivity feedback is not
modeled, (2} the pressurizer water ievel is most likely
below the rated value, (3) the turbine throttle valve was
programmed to shut at pressurizer pressures above 16.2 MPa
{(spe Table 3.23),; thus, the primary to secondary heat
transfer was not calculated realistically at pressures above
the PORV setpoint and (4) the plant control systems are noet
modeied (thus the realistic response of the turbine throttle
valve, the reactor ¢cocolant pumps. contrel rods, etc., arTe
unknewn at this writing?. hs additional infermation becomes

available, the calculation can be updated.

4.2 Study of the Long Term Transient -
Baseline Calculation

The baseline calculation was conducted assuming a nominal
PORV open area {(without regard to the caleulated flow ratel.
Further, the high pressure emergency core cocling system (HF
ECCS) charging pumps and the auxiliary feedwater systemns
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were assumed failed throughout the transient.
4.2.1 Reference PWR thermal-hydraulic behavior

The transient began as the main feedwater system failed and
the feedwater flow guickly became zero (see Table 4.13.
Cencurrently, a FDRV opened and remained cpen throughout the
transient. The auxiliary feedwater system received a signal
to start by 4.01 s, but was incperative. Thus, the B50G
gsecondary water level!l began to decrease rapidly (see Figure
4.2) as the primary system power remained at the steady
state value.

As the 8C water level continued to decrease, the reactor
scrammed {(at i!.3 s), the turbine bypass vailve cpened and
the turbine throttle valve received a signal to shut as the
SG water level reached the 235 % full elevation. Following
scram, the primary to secondary heat transfer rate decreased
rapidly causing the 585G downcomer water level to quickly
decrease as the secondary voids collapsed. Because the only
available primary heat source was the core decay and stored
heat, the primary lsop average temperature quickly decreased
below 564.9 K and the turbine bypass wvalves shut by 14 s.

In addition, the turbine throttle valves (3 5 ¢closure time)
were fully closed by 14 . 4s. Thus, by 14.4 s, the secondary
mass loss became zero.

The primary system depressurized (see Figure 4.3) quickly

during the first few seconds of the transient. The pressure
decreased below 12.27 MPa by 17 .4 s which tripped off the
reactor coolant pumps (RCPs) . With the RCPs switched off,

the primary mass flow rapidly decreased and the primary to
secondary heat transfer decreased at an increasing rate.

Concurrent with the RCP trip, the high pressure (HF)} ECCS
received a signal to Iinject. However, because the high
pressure charging pumps were unavailable, the remaining HFP
ECCS was only capable of injection at primary pressures
below 10.7 MPa. Thus, ECCS injection was delayed as the
system continued to depressurize.

The primary pressure reached 10.7 MPa and ECCSH injection
began at 33 s. Thereafter, cold i.e., 293 K water was
injected in the system's cold legs. The primary mMass
inventory (see Fig 4.4) heretofor decreasing as MmasSs was
exhausted through the PORV, began to increase as ECCH water
began to enter the system.

During the first 3% s eof the transient, as the primary
system pressure decreased (see Fig 4.3) and the core power
level rapidly decreased, the secondary pressure alse
decreased (see Fig 4.%) as the primary to secondary heat
transfer decreased. Secondary depressurization was caused by
sacondary steam exhaust through the turbine bypass and
throttle valves. However, by 235, as the core decay power
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TABLE 4.f: TRANSIENT CHRONOLOGY FOR THE LSTE AMD REFERENCE PWR UP TO ECCS INJECTION - KEY EVENTS

TINING (2} {5}
LPWR L5TE
CALCULATIONS CALCULATIONS
i

No Event FUS S 1 S O | [

1. Loss of feedwater, PORV opens, aumiliary {eedwater receives signai
to aperate. 0. i t. 8.

1. Feedwater flow = sere. 0.04 0.0t 6.01 0.01
3. Indicated 5C water level = 13%. Heactor scraus 1.3 113 18.1 8.1
.8 Turbine Ehcottle valve receives signal to shut. 1.3 H.3 1.1 1.1
5. Indicated SC water level = 10% 14,5 i1.5 NA RA

§. ACPs trip, high pressare ECCS pumps trip on. 17.4 35.0 RIS 813

7. ECCS injection begins. 5.1 1.1 37.0 115.9

(a) Calculation numbers correspond %o Table 3.3 fisting.
NA = Rot applicable,
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stabilized (and the primary system energy loss through the
PORV continued to decrease), the secondary pressure reached
an inflection point and then began to inarease. The
secondary system pressure increase served to decrease the
primary to secondary heat transfer even further.

Reduced heat transfer from the primary to secondary and
system depressurigzation i e. flashing hastened primary steam

formation. Voids first appeared at the core exit at 100 5.
Shortly thereafter, the primary began to repressurize in
conjunection with the secondary. Voids, formed in the core,
moved into the hot leg with a fraction of steam entering the
pressurizer surge line. Thus, the mixture level increased
as both liquid and steam entered the pressurizer through the
surge line (see Fig 4. &.. The pressurizer collapsed minture

level reached the 92% full level¥* at 170 s. The arrival of
the

pressurizer mixture level at the vessel top resulted in
two-phase flow exhaust from the PQORV for the remainder of

the transient. Thus, the primary mass exhausted from the
PORV became greater than the mass injected By the ECCS (see
Fig 4.4, The primary mass decreased for the remainder of

the caleculated transient.

As the primary pressurized (after 120 s), the secondary
continued to pressurize. The atmospheric relief valve (ARV)
open setpoint (P=7.8 MPa) was reached at 17% s. Thereafter,

the secondary pressure hovered between 7 B3 and 7. 94 MPa as
the modulating ARV adjusted the flow areaz to maintain the
system at a relatively constant pressure.

The system behavier for the remainder of the transient was

sluggish. No azdditional reactor system compoenents were
available or capable of affecting the primary or secondary
loops. Thus, the reactor system behavior was defined by a

baiance between the core decay powaer level, the fluid loss
rate through the PORV, the ECCS3 injection rate, the primary
to secondary heat transfer rate and the ARV flow rate. The
combination of these variables, determined the primary and
secondary flow movement and flow regimes as the transient
proegressed.

The open secondary ARVs fixed the secondary pressure {(the &G
secondary temperature) and established a stable boundary

condition with respect to the primary. Thus, the primary
pressure increased to a average value of 8 MPa (see Fig
4. 3. Stable primary and secondary system pressures ware

achieved by 250s.

As the transient proceaded, the core was cooled by natural
circulation as the RCP cocastdown was completed at 2468 s.

*The reactor is designed to scram when the pressurizer water
level reaches %2 % full. Thus, for definition purposes, a
92 % full pressurizer is assumed to be "full".
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Core flow {see Fig 4.7) continued to decrease smeothly until
an oscillatory behavior was induced by core and SG heat
transfer and void formation at 600 s. The formaticn and
collapse of veids in the core is shown as the core collapsed
liquid Ilevel increased and decreased after 400 s (see Fig
4.8 . Such behavior continued for the duration of the
transient.

The behavior of the core mass flow was similar to that of
the two loops (see Fig 4.9) for the first 1000 3. The jeft
loop (defined to represent three plant leocops and containing
the pressurizer) passed about three times more flow than the
right loop. However, as the transient progressed and the
core steam generation rate increased, the left and right
loop flow behaviors diverged. Much of the steam movimng in
the left loop was removed from the loop volume by passage
into the pressurizer surge line. As the cocre decay power
leve] decreased and the [oop mass flow rate decreased steam
accumulated at the top of the 5G U-tubes in the right lecop
at a larger rate than in the lefl locop.

By 1050 s, significant voids became present at the higher
elevations of the right locp SC U-tubes such that the right
loop flow cccassionly stagnated, whereas the left locop flow
remained positive. Finally, primaty voids were sufficiently
large (by 1700 s) to cause intermittent core flow stagnatioen
(see Fig 4.7).

Throeughout the calculated transient, the core remained well
cocled. Core temperaztures at the bottom, the midpoint and
the top ¢f the core are shown in Figures 4. .10, 4.11 and
4.12. At all three elevations, the core temperatures
mirrored the temperature of the adjacent fluid. Thus, the
core temperatures reflected the smoothly changing core mass
flow behavior up to 600 s. Thereafter, the rod temperatures
increased and decreased with the presence and quantity of
voids. Also, the minimum temperatures calculated in the
core i.e., the nadir of the core temperature fluctuations
was seen to decrease as the transient proceeded. Such
behavior can be seen at all of the core elevations. In
particular, the most pronounced temperature decrease was
calculated at the core bottom. Thus, the bottom core rod
temperature decreased to 555 K at 15390 s, but at 1813 s to
248 K. This effect is explained by the tendency of the 5I
water to move down the cold leg and into the cocre regiocon.
As the primary mass flow stagnated, the lower end of the
core (and lower plenum) was filled with increasingly cool

water .

4 2.2 LSTF thermal-hydraulic behavior

The baseline transient in the LSTF was calculated to behave
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gualitatively the same as the reference PWHR. The transient
began with a loss of feedwater (see Table 4. 1> concurrent
with an open PORV.

The 50 secondary inventory quickly decreased (see Fig 4.2
as the primary heat load remained at the steady-state value.
The turbine throttle valve (see Fig 3.1) was programmed to
shut at i1.!{ s in agreement with the reference FWR

calculated timing. Concurrently, the iurbine bypass valve
opened. The LSTF power SUpply was programmed to remain at
the rated value until the reference PWR post scram power
level reazched 14 % i.e., 18.2 s. Thereafter, the LSTF power

supply provided power to the LSTF at the same normalized
level as the reference PWR.

As the 8C secondary water inventcry decreased, the primary
system pressure decreased due to the mass lost through the
stuck open PORV (see Fig 4.3) and the decreasing core power
level . The primary system depressurized continucusly during
the early portion of the transient. By 38.3 s, the primary
system pressure was less than 12.27 MPa. Thus, the RCPFs
tripped cftf and the high pressure ECCS received a signal teo

inject. However, ECCS injection did not begin until ©7 s,
when the cold leg pressure became less than the 3] system
shutoff head viz., 10.7 MPa. The primary system mass

continucusly decreased during the first 57 s as shown in Fig
4 . 49. However, as the LSTF ECCS began to inject fluid into
the ccid leg, the net primary system mass began to increase.

The LSTF secondary system behaved very similar to the
reference PWR (gsee Fig 4.3}). First the secondary
depressurized as the primary to secondary heat transfer
decreased in combination with the open turbine bypass valves
and then increased as the secondary system mass stabilized
following closure of the turbine bypass valves at &2s5. The
increasing secondary pressure (and saturation temperature?
caused a reduction in the heat transferred to the secoyndary.
As a result, and because the primary was depressurizing,
steam began to form at the core outlet by 120 s. SHteam
moving from the vessel upper plenum to the 5C began to enter
the pressurizer surge line. The resulting movement of the
pressurizer mixture level was sufficient to cause a two
phase miunture to exit the FORV by 160 s {(see Fig 4. 6). hs
increased quantities of ligquid were erhausted through the
PORV, the primary system mass began to decrease again at 200
s (see Fig 4.4). Thus, at 260 s, the primary and secondary
system behaviors were governed by the POHV mass flow rate,
the ARV flow rate, the primatry to secondary heat transfer,
the ECCS injection rate and the core power level. The core
was cooled totally by natural circulation (after 2B3 s) as
the RACP copastdown was completed and the pumps remained
stationary for the duration of the transient. Thereafter,
the mass inventory of the secondary decreased coentinucusly.
Although the primary system mass decreased on the long term
{(see Fig 4.4), the primary system Mass intermittently
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increased as the PORV flow cycled between void fractions of
zarc and a value between zeroc and cone {see Fig 4.6). Thus,
the ECCS injected fiow was not sufficient toc maintain the
primary sysktem mass when the PORV effluent was totally
liquid.

The primary to secondary heat transfer continued to
degenerate such that veids were apparent at the core
midplane by 210 s. At 260 5 the secondary pressure exceeded
the ARV setpoints. Thereafter the secondary pressure was
maintained at approximately 7.8 MPa by the modulating ARVs.

As the pressurizer mixture level began to oscillate (by 300
5) to alloew first a twoe phase minture followed by single
phase liquid effluent, an oscillatory loop flow behavior
(see Fig 4.13) began. The left and right loep flows moved
out of phase with one anocther. It is thought that the
oscillatory loop flows were induced by the oscillatory PORV

discharge.

The LSTF core mass flow continued to decrease (see Fig 4.7}
and stagnated briefly at 1130 s. Thus, the core steam
ptoduction rate increased as shown by the core collapsed
water Ievel (see Fig 4.8). The core collapsed water level
decreased markedly at 1195 s. Comparison between Figures
4 7 and §.8 shows the core collapsed water level to decrease
at low or zeroc core flows such that as the core coscillated
the core steam formation rate also oscillated.

Continued core stagnation caused the volume of the saturated
core fluid to increase with time. By 1800 s, almest 75% of
thae core contained saturated fluid.

The oscillatory behavior of the core flow caused the heater
rod temperatures to oscillate {(see Figs 4.10, 4.11 and

4.125. Correlation between the core mass flow behavior and
the rod surface temperatures shows that as the core flow
decreased, the rod temperature increased. Such kBehavior was

observed throughout the core in the calculation.

Comparison of the rod temperatures at the three elevations
shows the average rod temperature at the core bottom and

midplane teo be decreasing with time. Such behavior is
indicative of the 51 fluid moving from the injection point
to the pressure vesgsel. Thus, even though the primary

system sustained a net mass loss after 200 s (since the FORV
mass flow exceeded the SI injected flow), the L5ETF core
remained well coocled throughout the transient.

49.2.3 The reference PWR and LSTF calculations compared

The objective of the following discussion is to relate the
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Jdifferences between the reference PWR and L8TF calecuiations
shown in Figures 4.2 through 4.13 toe both the physical and
mode! differences between the plant and the test facility.

4.2.3.% Initial conditions and the early porticen cf the
transient

The initial G secondary water levels of the LETF and the
reference PWR were different {(see Table 3.1 and Fig 4.23
even though both systems had the same mass inventory (on a
scaled basis). The difference is directly related to¢ the
guantity of steam present in the secondary. The LSTF only
had the capability of simulating 14 % of the plant scaled
power . Thus, the LSTF secondary steam formation rate was
lower than the plants and the mizture level also was

correspondingly lower. Such a difference was only apparent
at steasady state conditions and eonly affected the transient
from the perspective of plant trip times i.e., Iow and
low~-low 5G secondary water levels. for this reason, the

trip times listed in Table 4.1 for the LSTF are flagged as
not applicable (NA).

Other differences between the reference FPWHR and the LSTP are
listed in subsecticen 3 . 1.3. The fagct that the LSTF only
provided 14 % of the plant rated scaled power also
influenced the RCP operation and secondary initiazl pressure.
The LSTF RCFPs only needed to provide a rated head of 0.0i1
MPa {a factor of 63 less than the reference PWR). Further,
toe maintain the desired primary conditions, the secondary
pressure was maintained at 7.14 MPa (1.43 MFas greater than
the reference PWR rated condition).

The above factors influence the first portion of any
transient. For the TMI-2 scenariec, as the main feedwater
system faiied, the SG secondary quickly decreased. But the
LSTF water level was reduced at a lower rate than the
reference PWH since less core power per unit secondary
inventoery mass was transferred (see Fig 4.2). As the
transient proceeded, the teference PWR 50 water level trip
elevaticn was reached at 11.1 5. As the reactoer scrammed,
the steam production rate decreased rapidiy. Concurrently,
the secondary c¢irculation flow rate decreased rapidly.
These factors caused a rapid decreazse in the downcomer
indicated water level. Meither of these factcocrs were
present in the LSTF system.

Following scram, the RCPs in the LSTF and the reference PWR
continued at the steady-state value until the primary
pressure decieased to 12.27 MPa (see Table 3.2). Because
the reference PWR pumps pumped a factor of 7 more primarcy
flow, and because the primary to secondary temperature
difference in the reference PWR was greater than in the L3TF
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(due to the high LSTF secondary pressure!, the reference PWR
would depressurize more quickly than the LETF regardliess of
the open FORV. Superior primary to secondary heat transfer

also resulted in the reference PWR turbine bypass value
closure at 145 (as the primary average loop temperature
baecame less than 544 .9 K) compared to closure at 6Zs for the
LSTF (see Fig 4.5). Thus the reference PWR primary system
depressurized to 12 2% MPa by 17.4 s whereas the LSTF
reached the same pressure level at 38 .3 s (see Fig 4.3}

G4.2.3.2 The transient during RCP coastdown

During the portion of the transient when the RCPs were shut
off and coasted to zeroc impellor velocity, the reference PWR
had substantially more primary flow than the LS5TF due toc the

pump head differences. As such, the reference PWR zagain had
a greater primary to secondary heat transfer rate than the
L&TF . Consequently, the reference PWR secondary
repressurized more rapidly than the LSTF such that the ARV
setpoint was reached in the reference PWR by 175 s. The

LSTF ARV setpoint was reached at 280 s.

The difference in primary flow rate between the systems (see
Fig 4.7) resulted in the LSTF primary steam production rate
to exceed that of the reference PWR on a scaled basis.

Thus, the lower core mass flow rate caleulated for the LSTFE
resultaed in core steam formatien from the midplane to the
exit by 210 5. The reference PWR didn't experience core
steaming at the midpiane until 400 plus seconds.

The difference in corte mass flow rate between the LSTF and
reference PWR was not due solely to the RCP head. Other
factors which influenced the disparity in the core mass flow
rates between the two systems are listed in subsection 23.1.3
i e. a 14 % larger pump loss, a larger grid spacer loss and
a 14.78B m core bottom to SG top elevation difference in the
LSTF . The importance of these factors increased with time
as the RCP coastdown neared completion.

4 2.3.3 The transient after RCP coastdown

The fact that the LSTF produced more steam (scaled value)
than the reference PWR caused more severe pressurizer water
level behavior to cccur in the LSTF (see Fig 4.6) . As the
transient proceeded, the LSTF primary mass flow rate
decreased noticeably more rapidly than the reference PWR.
In turn, the LSTF core steam production rate increased more
rapidly than that of the reference PWR.
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The baseline LSTF model calculation was conducted with the
pressurizer 50 % full initially. The reference PWH initial
pressurizer level was 42 . The initial pressurizer levels,
combined with the larger core steam production rate caused
the LSTF pressurizer to fill completely by 300 s such that
liquid water was exhausted from the PORV.

Rapid changes in the pressurizer water level and thus the
PORYV discharge void fraction possibly induced the primary
flow oscillatory behavior observed in the LSTF (see Fig

4. 13). In contrast, the loop to lcocep primary flow behavior
in the reference PWR was quite different (see Fig 4.9%).
Although analysis has not been conducted te investigate the
relative tendency of the two equal Icop LSTF system tc
oscillate, compared with the reference PWR geometry. the
authors believe the available system damping in the plant
four loop design will tend to preclude similar oscillations
from occurcring in the reference FPWR.

As the transient proceeded, the LSTF core mass flow briefly
reached zero at 1150 s5. The reference PWR core mass flow

did not stagnate until 1700 s.
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3. PARAMETRIC CALCULATIONS

in zddition to the baseline analyses, nine other
calculations were conducted to explore the system behavior
of a4 W type four loosp PWH and the L5TE as a W four loop FPWR
gsimulator {(see Table 3.3). The content of this section
briefly discusses the remaining nine calculations and their
relationships to the baseline calculations.

The Baseline Transient With ECCS Shutoff at 200s:
Calculation 2

n
[

One of tha TMI-2 scenario characteristics (see Table i1
was caused by operator action, Due to misinterpretation of
the pressurizer water level, the operators decreased the
plant injection flows t(both ECCS and charging flow) when the
pressurizer became full. Such a boundary condition was the
basis for conducting eczlculation 2. As discussed in Section
4.7 1, the raference PWR pressurizer collapsed water level
reached the 92 % full mark at i70 s (see Fig 3.11%}. Allowing
30 5 for the operatcr to respond, the two operational SI

pumps wetre switched off at 200 s.

To duplicate the action ¢f the reference PWR system
operator, the LSTF operator was 2lso assumed to switch off
the two operational LSTF 51 pumps at 200 s. The LETFE
pressurizer collapsed water level was 81 % at 170 s.

Calculation 2 for both the reference FWR and the LETF was
identical to caleculation i respectively for the first 200 =
of the transient.

5.1.1 Reference PWR
Until 200 s, the &I injection flow ezxceeded the system mass

iocss rate through the FPORV. As the ECCS injection was
terminated, the primary system mass immediately began to

decrease (see Fig 3.27%. In addition, the core average
temperature increased. Thus, the average loop temperature
exceaded 567 .7 K and the turbine bypass valve recpened. In

addition, the atmospheric relief valves cpened
intermittentiy as the secondary pressure esceeded 7.78 MPa.
Thus, the secondary mass loss through the bypass valves and
ARVs maintained the S8G secondary pressure between 7.2 and

7 85 MPa (see Fig 5.3) for the transient duration. Since
the turbine bypass valve open area was set as a function of
the loop mean temperature. the secondary pressure oscillated
ag a function of the lcop temperature. Thusg, the primary
temperature (and the pressure - seé Fig 5.4) alsoc oscillated
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as the primary to secondary heat transfer first increased
and then decreased.

As the transient proceeded, the PORV mass flow remainded two
phase (gee Fig 5.1) and the core mass flow slowly decreased
{see Fig 5.53). The left and right loop flow rates remained
at 2 ratio of 3 to | (see Fig 3.6 until B00 s when the
right loop flow decreased and then stagnated at 820 5. The
core inlet mass flow began to stagnate intermittently at
1050 s. :

The effect of decieased core mass flow was apparent
immediately in the behavior of the core collapsed liguid
level (see Yig 5.77). Whereas the core coliapsed ligquid
level remained at a relatively constant value for most of
the transient, the level decreased first to 2.é6m (at 1000 &)
and then to neariy 2.3m {at 1110 s}, when the inlet flow
stagnated.

The fuel rod temperatures followed the adjacent fluid

temperatures. Thus, the rod temperatures throughout the
core (see Figs 5.8, 5.9 and 3.10) remained at 3 relatively
constant value i.e., 549 K, due to the action of the turbine

BEypass and ARVs. But after 1000 =, the core rod
temperatures began to increase intermittently {(see Fig

5 10), as the core collapsed water level reached minimum
valuesg. However, the reference PWR core rtemained well
cooled for the caleculated transient.

5.1.2 LBTF

The LSTF behaved gualitatively the same as the reference
PWE . However, the pressurizer collapsed ligquid level
contiued to rise after ECCS injection ceased as a steam and
liquid mixture moved into the pressurizer volume {(see Fig
2.1 . Thus, the LSTF POHV erhausted a lower quality fluid
than the reference PWR during most of the transient.
Consequently, the LSTF primary system mass decreased more
rapidly than the reference PWR (see Fig 5.2V

Since the LSTF secondary pressure was lower than the
reference PWR at 200 5 (see discussion - subsection 4.2 3),
the LSTF primary to secondary heat transfer was adequate to
maintain the LSTF primary loop average temperature below the
turbine bypass valve setpcoint until 240 s. Thereafter, the
LETF turbine bypass and ARVs opened to maintain a relatively
constant primary loop average temperature and to maintain
the secondary prtessure below 7 .78 MPa. As & result, the
secondary pressure (see Fig 3.3) oscillated between 7.4 and
7 B MPa for most of the transient.

Since the PORV flow void fraction changed over 2 relativeiy
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wide range, the PORV discharge flow oscillated over a
rtelatively wide range. The left and right loop flows
oscillated {see Fig % . 11) similar to the behavior observed
in caleculation 1.

The LSTF primary pressure (see Fig 5.4) also cscillated as
it was influenced by the pressurizer exhaust flow, the
osciilatory loop to loocp flow and the secondary turbine
bvypass and ARV behavior. Hewewver, the LSTF pressure was
naintained at a nominal value i.e., 8.1 MPa, equivalent to
the reference PWR for the transient duration.

The LSTF core mass flow was lower than the reference PWR
throughout the transient (see Fig 35.35). The core flow
stagnated frequently after 700 s. Thus, core void formation
was enhanced and the core collapsed ligquid level, greater
than 2.4 m previously, began to decrease to below the
midplane by 740 s,

Although the core remained well cooled at the bottom (see
Fig 3.8) throughout the transient, the core elevations from
the midplane to the top (see Figs 5.9 and 5.10) experienced
sporadic heatup between 700 5 and the end of the
caleculation. The magximum core heatup was calculated te be
403 K at the core midplane at 1130 s. as the core collapsed
water level decreased to 0.8 m.

Core mass flow stagnaticon, combined with rising heater rod
temperatures caused the primary average fluid temperature to
rise markedly. The turbine bypass valve, sensitive to the
primary average fluid temperature, opened wide at 1300s to
increase the primary toc secondary heat transfer.

3.2 The Baseline Transient With One 5I Pump: Calculation 3

A variation of the baseline calculation with less available
ECCE equipment was investigated to complete the parametric
study with an open nominal area PORV. Calculatien 3 has
exactly the same boundary and initial conditions as
calculation 1, except only one 81 pump was available.

3.2.1 Reference PWR

The reference PWR behavicor predicted in calculation 3
followed the same initial path as the baseline unti! 33 s,
when ECCS injection was initiated. Thereafter, the
calculation 3 transient differed from the baseline, only as
2 result of the primary mass balance (as influenced by the

available 81 equipment) .

The primary system pressﬁre {see Fig §.12) stabilized at 8.1
MPa {(at 200 s . By then, the primary system mass was

J— 41~
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decreasing (see Fig $.13) as the single SI pump was unable
to mateh the PORV exhaust flow. The left and right loop
mass flows (see Fig 5.14) remained at a 3 to 1 ratio until

1040 s when the right loop flow stagnated. The core mass
decreased throughout the transient (see Fig 5.15), but did
not stagnate. Consequently, the core collapsed ligquid level

remained above the 3. 15 m elevation (see Fig 5.16) and the
core remained waell cooled (see Fig 5.177.

3.2.2 La&TF

The predicted calculation 3 LSTF behavior duplicated the
baseline transient for the first 57 s (when ECCS injection
was inittiated>. Thereafter, the calculation 3 transient
differed from the baseline only as a result of less SI
injected flow.

The primary system pressure stabilized at 8.2 MFa by 300 s
(see Fig 5.12). The primary system mass loss was greater
than the reference PWR since the PORV exhausted lower void
fraction fluid (see Fig 3.13). Loop to loep oscillatory
flow was experienced (see Fig 3.18) for mest of the
calculated transient. The LSTF calculated core mass flow
was less than the reference FWR (see Fig 5.15) and stagnated
first at 625 s and then again at 880 5. Although the core
collapsed water level (see Fig 5.14) remained above 2.7 m
prior to 600 s, the effect of core flow stagnation was to
decrease the collapsed water level first to 2.33 m (at 625
sy and them to 2.03 m (a2t %10 s). Thus, the core began to
egperience limited heatup (see Fig 5.17). The magimum
caleulated core temperature was SB0 K at 910 s.

5.3 The Calculations With Rated Flow FPORVs

The TMI-2 scenaric calculations were alse conducted with a
trated fiow PORV using the same var:ations in ECC3 injection
equipment as discussed in the previous section {(see Table

3.3 . Because calculations 4,5 and é have a rated flow
PORV, combined with rated flow ECCS components, the system
predicted behavior wiil be more realistic. Caleulations 4,5

and 6 are presented and discussed briefly in the following
three subsections.

5 3.1 Rated flow PORV transient: Calculation 4§

Calculation 4 differed froem the baseline only in the PORV
flow area. The PQORV area which exhaqsted plant rated steam
flow was approximately half the size of the rated flow area.
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The difference in the PORV flow areaz between the baseline
and calculation 4 is apparent in the transient

depressurization rates (see Fig §5.19). Calculation 4
depressurized to 8.7 MPa in 150 s, whereas the baseline took
75 5. The slower depressurization rate, experienced in the

caleculation 4 transient delayed the RCP trip tc 35 s and
ECCS injection te BZ s. The effect of ECCS injection in the
calculation 4 transient was more pronocunced than in the
baseline, since the mass loss through the PORV was less.
Thus, the primary system mass inventory quickly began to
increase at 82 s5 (see Fig 5.20) and continued to increase
throughout the calculation 4 transient. The primary system
pressure began to increase at 340 5 as the system filled.
Finally, the pressurizer became solid (see Fig 5 21) By 560
5.

3.3.2 Rated flew FORV transient with ECCS shutoff
at 400 s:Calculation 3

The fifth calculation is analogecus to calculaticon 2.
Because calcuiation % had & rated flow PORV, the trausient
events occurred at roughly double the times of the

calculation 2 transient. Thus, the reference PWR
pressurizer collapsed liquid level reached the 92 % mark at
370 s (see Fig 5.22). 3ubsequently, the ECCS injection was

switehed off in both the refaerence PWR and LSTF calculations
at 400 s.

5.3.2. 1 Reference PWR

Following ECCS injection termination at 400 s, the primary
mass inventory (see Fig 35.23) immediately began to decrease.
Shortly thereafter, the turbine bypass valves opened (see
Fig 5.24) in an effort to maintain the average primary loop
temperature below 547 .7 K suech that the secondary wasg
depressur:zed to 4.8 MPa by 450 s. The effect of the
secondary depressurization was apparent in the primary
system pressure (see Fig 3.23). Whereas the primary system
was repressurizing shortiy after 400 5, the action of the
turbine bypass valve had depressurized the system to 8. 2
MPa by 340 s. Such interactions between the primary and
secondary continued throughout the calculated transient.

The core mass flow, stabilized at 284 s as the RCFPs
coastdown was completed (see Fig 3 26), remained relatively
constant for the remainder of the calculation. As such, the
core was well cooled.
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5.3.2.2 LETF

The L8STF showed the same trends as the reference PWR

caleulation. The LSTF pressurizer level was at the 846 ™
mark at 370 5 (see Fig 5.22)}. As the ECCSs were switched
off at 400 s, the LSTF primary mass inventory alsc began to
immediately decrease (see Fig 5.237). Alse, the LSTF turbine

bypass valves depressurized the secendary (see Fig 3.24) to
compensate for the tendency of the primary system to
repressurize (see Fig 5.25).

The LSTF core mass flow remained at a lower value than the
reference PWR throughout the transient for the reasons
presented in previous discussions. The core remained well
cooled for the duration of the transient.

5.3.3 Rated flow PORV transient with one 51 pump:
Caleulation 6

The final caleulations (No 4} are analogous to calculation
3. Cne SI pump was assumed available for the transient
calculation.

5.3.3.1 Heference PWR

The primary system pressure {see Fig 5.27) decreased during

the early portion of the tramsient. The decrease in
primary system mass inventory {(see Fig 5.28) was arrested by
ECCS initiation at 82 s, The primaty pressure, stabilized

at B.4 MPa (at 170 s) by adequate primary teo secondary heat
transfer slowly began te¢ increase as the ECCS injection rate
slightly exceeded the PORV break flow. As such, the
pressurizer slowly began to [ill {see Fig 3.29) simiiar to
the calculation 4 transient. Positive core mass flow was
maintained throughout the calculation {see Fig 3.30). The
core remained well cooled.

5.3.3.2 LSTF

The trends exhibited by the LSTF calculation 4 transient

match those of the reference PWR. The primary pressure (see
Fig .27 decreased to the SI pump shutoff head (10.7 MPa)
at 113 s. Thus, the primary system mass inventory (see Fig

.28 began to increase.
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Although the total primary sysiem mass decredased siowly
between 400 and 1070s, the net decrease was only 0. 8%.
During this time period, steam collected in the upper head
such that volumes 1, 23, 24, and 24 were nearly ftlled with
steam by 1000s. However, the quantity of liquid mass in the
remainder of the system slowly increased. Foer sxample, the
quantity of liguid mass increased over 3.6% in the core from
400 to 1000s. Thus, the single 1 pump mass injection was
sufficient to maintain the primary system mass inventory.

Also, the primary pressure began to slowly increase ag the
system slowly filled (see Fig3.29). The LSTF core mass f{low
(see Fig 5.30), always less than the reference PWR, slowly
decreased, but provided adeguate core cooling for the
duration of the calculation.

5.4 Synopsis of the Parametric Calculations

The six calculation groups were discussed in detail in the
previcus subsections. In summary, those transients
consisting of a rated area FORV, or mne ECCS flow or both
{caleulations 1,2,3 and 5) were calculated to remain at a
primary system pressure slightly greater than the secondary
for both the reference PWR (see Fig 5.31) and the LSTF (see
Fig %.32). The transients caleculated assuming a rated flow
PORV together with at least one S8I pump (calculations 4 and
67 tended to repressurize simce the ECCS5 capacity exceeded
the PFORV mass loss rate.

The differences between the caleculaticns are alseo clear by

comparisen cf the respective primary mass inventories. The
primary mass inventories for the reference PWR calculations
are shown in Fig 5.33. Caleculations 1,2 and 3 predicted the

primary system mass to decrease as the transient proceeded,
since the rated ECCS fiow of even two 81 pumps was not
sufficient to replace the PORV mass f{low. The same trends
are shown for the LSTF in Fig 5.34. Calculaticns 4,9 and 4
demonstrated that even one 5 pump was sufficient to
maintain the primary system mass inventory with a rated flow
PORV in either the reference PWR or the L3TFE.
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B . CONCLUSIONS AND OBSERVATIONS

Conclusions and observations can be listed relating to three
distinct areas: (1) the TMI-2Z scenario sequence matriz, (27
the LSTF hardware and test procedures and (3} the future
direction of the RELAPY LSTF and reference PWR modeling
effort. Lach of these areas will be discussed separately in
the following paragraphs.

6.1 The TMI-2 Scenario Seguence Matriz

Discussion presented in Sectien 2 centered on the dissimilar
nature of a B & W TM1-2 plant and a W type four loep plant.
In particular, the large differences in the S5C geometry
between the two plants alone will cause different
fundamental respenses and event times. Thus, several
ocbservations and conclusions are offerred:

{. The general characteristics of the scenario
experienced at the THMI-Z plant can be summarized as
listed in Table 1.1.

2. An attempt to simulate the eract timing
and behavior of the TMI-2 plant using the LSTF will
produce an untepresentative test sequence tor a W
type fout loop plant (see Table 2.1).

3 Considering the transients investigated,
the basic characteristics of a TMI-2 scenarifo in a W
type four loop plant can best be simulated by using
sequence 5 (see Table 3.3) i.e., a loss of feedwater
in conjunctien with an open FORV (rated flow)™.

Test boundary conditions would include the presence
of only the 81 systems until the pressurizer mixture
level reached an agreed elevation. Thereafter, the
81 system would alsc be shut off until core
temperatures reached a specified fevel .

4. Variations of sequence 5 , e.g., ECCS injection

timing shouid be included in the test matrix, but

should be inciuded only after further analysis 1Is
complete.

The calculations shown in Section 4.1 have demon-

[ 44

¥ Sequence 3 is thought to be the best candidate since
four of the five TMI-2 scenario characteristics were
simulated, i.e. items 1, 2, 3 and 5 - Table t.i, and the
scaled PORV flow rate is representative of the reference

PWR .
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strated that the pressurizer PORVs wili not be
challenged unless special reactor scram trip failures

oceur i.e., the low and low-low SC secondary water
level trips. Thus, a primary ingredient of a W four
locop plant TMI1-2 scenarie i.a., a stuck open FORV is

best simulated by assuming the valve receivaes a
spurious signal to open.

6. Comparison of calculations 1,2 and 3 with 4,5 and ¢
demonstrate that the LSTF (and reference. PWR) 851
systems Rhave sufficient capacity to replace the
primary inventory lost through a rated flow FPORV.

7. The TMI-2 sequence calculatjions discussed herein have
demonstrated that the LSTF has the same qualitative
thermal~-hydraulic response as a W type four loop
plant for such transients.

4.2 The LS5STF Hardware and Test Procedures

The RELAPS calculations conducted to date combined with an
analysis of the LSTF loep resistance call attention to two
items of concern:

i. As discussed in Bection 3.1.3, primary differences
between the LSTF and the reference PWR RELAPS models
were identified in the loop resistance contributions
given by the grid spacer plate and the punps. The
calculated resistance values have not been confirmed
by data to date, However, the calculations serve to
identify the grid spacer plate {together with the
lower plenum pressure loss) and the LSTF pumps as
potential sources of difference. Thus, the grid
spacer, lower plenum and pump resistances should be
examined carefully as the facility design progresses.

2. The loop te loop oscillations observed
in the RELAPS analyses of the LSTF (see Fig 4.13}
are thought to be a real phenomenon characteristic of
the symmetrical two loop constryecetion of the plant
simulation. Although the caleculations presented thus far
may not give the correct primary loop flow frequéncy
and magnitude, early test data must be carefully
monitored to detect the extent cof such behavior in
the LS8TF.

6.3 Future Direction of the RELAPS Modeling Effort

Review of the LSTF and reference PWR models has resulted in
several observations concerning future model changes:
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The elevation differences between the various
locations in the LSTF model should be examined
carefully and revised if necessary.

The LSTF core inlet area should be revised teo
conform to tha as-built geometry.

The LSTF RCP as built performance charac-
teristics should be included in the model.
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