NUREG CR-4171
SAND85-0442

R4

Printed December 1985

TRAC-PF1/MOD1 Independent
Assessment: LOBI Large Break
Transient A1-04R

L. N. Kmetyk

86012680334 851231
PDR NURE@

Prepared for CR-4171 R PDR

U. S. NUCLEAR REGULATORY COMMISSION



NOTICE

This report was prepared as an account of work ummnwd by an
agency of the United States Government Neit the United
States Government nor any agency thereof, or any of their em-
ployees, makes any warranty, expressed or implied. or assumes
any legal hability or Tmi ility for any third party's use, or the
results of such use, of any information. apparatus product or
piocess disclosed in this report. or represents that its use by such
third party would not infringe privately owned rights.

Availabie from

Supernintendent of Documents

U S Government Printing Office
Post Office Box 37082
Washington, D.C 20013-7982
and

National Technical Information Service
Springfield, VA 22161



NUREG/CR-4171
SANDB85-0442
R4

TRAC-PF1L/MOD1 INDEPENDENT ASSESSMENT:
LOB!l LARGE BREAK TRANSILENT Al-O4R

L. N. Kmetyk

Date Published: December 1985

Sandia National Laboratories
Albuquerque, NM 87185
Operated by
Sandia Corporation
for the
U. S. Department of Energy

Prepared for
Reactor Systems Research Branch
Division of Accident Evaluation
Office of Nuclear Regulatory Research
U. S. Nuclear Regulatory Commission
Washington, DC 2055%
Under Memorandum of Understanding DOE 40-550-7%
NRC FIN No. A-1374




ABSTRACT

The TRAC-PFL/MOD1l independent assessment project at Sandia
National Laboratories iz part of an overall effort funded by the
NRC to determine the ability of various system codes to predict
the detailed thermal/hydraulic response of light water reactors
during accident and off-normal conditions. The TRAC code is
being assessed at Sandia against test data from various integral
and separate effects test facilities. As part of this assessment
matrix, a large-break transient performed at the LOBI facility
has been analyzed.

Our results show that TRAC-PFL1l/MOD1l correctly predicts the
ma jor phencmena occurring during a large break accident.
Subcooled and saturated discharge coefficients both equal to 1.0
give good agreement with data for break flows and primary system
depressurization. Accumulator flow is calculated to begin within
1 s of the observed time, and the predicted accumulator
injection is generally within 5% of the measured value. Both the
peak clad temperature (788 K) and the overall rod temperatures
are in acceptable agreement with data (823 K PCT).

Sensitivity studies were done on the cold leg nodalization,
the magnitude of the core bypass flow, the saturated break flow
discharge coefficient and the accumulator surge line resistance.
A coding error was discovered which resulted in the calculation
of substantial and prolonged liquid superheat in the core;
correcting this error did not, however, significantly change any
of the global behavior calculated.

These TRAC-PF1/MODl results are generally comparable to our
prev.ious RELAP5/MOD1l results for this same LOBI test. Similar
break flow and primary pressure behavior were calculated, but
for different discharge coefficients; similar accumulator
injection was calculated, but for different user-input surge
line resistances. The PCT predicted by RELAPS (820 K) was in
much better agreement with data, but the late-time rod
temperatures predicted by TRAC are in better agreement with data
than those from RELAPS.
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1.0 INTRODUCTION

The TRAC-PFL/MODl independent assessment project at Sandia
National Laboratories in Albuquerque is part of an overall
effort funded by the U. S. Nuclear Regulatory Commission (NRC)
to determine the ability of various systems codes to predict the
detailed thermal/hydraulic response of light water reactors
during accident and off-normal conditions. This TRAC-PFL1/MOD1l
assessment project is a successor to the RELAPS5/MOD1l independent
assessment program previously performed at Sandia.

The TRAC-PFL/MOD1l code (L] is the latest in a series ot
systems codes developed at the Los Alamos National Laboratory
(LANL) to provide advanced best-estimate predictions of postu-
lated accidents and transients in pressurized light water
reactors. TRAC-PFl features a two-fluid nonequilibrium hydro-
dynamics model with a flow-regime-dependent constitutive equa-
tion treatment; additional models have been incorporated in
TRAC-PFL/MODLl to allow simulation of a broad range of accidents
relevant to current licensing issues.

The specific TRAC-PFL/MODLl code used for the final assess-
ment analyses reported here was Version 12.0. Many of the early
calculations were done using Version 11.0, received from LANL in
October 1983 when our program started. Some AL-O4R calculations
were done with other intermediate versions e€uch as 11.1, 1l1.6
and 11.9, but any such runs are considered and flagged herein ¢ s
preliminary calculations.

TRAC-PFL/MODLl is being assessed at Sandia againut experi-
mental data from various integral and separate effects test
facilities. The TRAC assessment test matrix includes two loss-
of-coolant accident (LOCA) transients performed at the Loop
Blowdown Investigations (LOBI) test facility in Italy (2]. The
two LOBI tests in our assessment matrix are Al-O4R, a 200% cold
leg break scenario previously analyzed as part of our
RELAPS/MOD1l assessment program [3), and B-R1IM, a 25% cold leg
break test which is a scaled counterpart of Semiscale inter-
mediate treak test S-1IB-3 (also in our TRAC assessment matrix).
We chose to analyze A1-04R first, since much of the background
work had already been done during our RELAPS analyses.

This report summarizes our TRAC analyses of the LOBI Al-O4R
large break LOCA test. The TRAC nodalization used for the
analyses is described in Section 2. Calculational results are
presented in Section 3 for the final transient analysis, as well
as for the steady state initialization. Differences in the
results for the basecase analysis run on the CYBER-76 and
CRAY-1S computers, comparison with our previous RELAPS/MOD1



analysis and run time data are discussed in Section 4. Section §
gives the results of some studies investigating the sensitivity
of the results to different modelling and input assumptions. The
history of these analyses and the code errors and problems found
are included in Section 6. Section 7 summarizes the overall
conclusions from these analyses. The appendices provide a briet
description of the test facility, and an input listing for the
basecase transient.



2.0 NODALIZATION

The LOBI test facility (shown schematically in Figure 2.1)
is located at lspra, ltaly, and operated by the EURATOM Joint
Research Centre [2]. The facility was designed to supply experi-
mental data on simulated reactor primary coolant system response
during the initial uigh pressure blowdown portion of a LOCA. It
is an approximately 1:712 scale model of a four-loop 1300 MWe
pressurized water reactor, consisting of two primary coolant
loops connected to the electrically-heated reactor pressure
vessel model. While both experimental loops are active loops
containing a circulation pump and a steam generator, one (the
intact loop) has three times the water volume and mass flow of
the other (the single or broken loop). A brief description of
the test facility is given in Appendix I.

The TRAC-PFL/MOD1 nodalization we developed for the LOBI
facility 1s shown in Figure 2.2. Both loops are modelled, with
the triple-capacity intact loop shown on the left, the single
broken loop on the right and the vessel in the middle.

This model contains 44 components with a total of 256 cells,
of which 178 are 1-D cells and 78 cells are in the 3-D VESSEL
component; the distribution of these cells is summarized in
detail in Table 2.1. A complete listing of the input used for
the final AL-O4R transient analysis is given in Appendix II.

There are a total of 150 heat slabs (90 representing loop
piping and 60 in the vessel) in this AlL-04R nodalization. Most
of the heat slabs in the 1-D components contain three nodes,
although 11 slabs modelling the U-tubes in each steam generator
have five nodes each; the majority of the 31-D vessel slabs use
the lumped-parameter model and thus have only one "node", while
the core rods have 131 nodes.

The 3-D vessel model has 3 radial rings (2 in the corte and 1
in the downcomer), 2 unequal azimuthal sectors (2/3 and 1/3 on
the intact and broken loop sides, respectively) and 13 axial
levels (3 in the lower plenum, 6 in the core and 4 in Lhe upper
plenum). Of the two radial rings in the core, the inner ting
corresponds to both the "central" and "intermediate" regions of
the 8*8 assembly (containing 36 ovt of the 64 rods present); the
second ring corresponds to the "peripheral” region of rods
ad jacent to the core bartel (containing the remaining 28 rods).
A VESSEL component was used rather than a 1-D CORE component
because of the significant heater rod power leakage in the upper
plenum; the "leaky" heater rod extension into the upper plenum
could not be modelled explicitly in the TEE or PLENUM components
that would have been needed to hook the hot legs to the vessel
in a purely 1-D model.



The vessel nodalization is shown in detail in Figure 2.3.
The relative elevations of the level boundaries are given (for
comparison with Figure Al.3). The core tregion axial levels were
based on the axial rod geometry and power profile information
given in Figure Al.4. The core cell heights were adjusted to
give the correct total mass in each power region using the
average inner rod diameter, to ensure the correct initial stored
enerqgy: the single rod geometry forced by TRAC's input does not
allow modelling the actual "staggered" rod geometry. The core
rod heat slabs were extended into the lower and upper plena,
since a significant fraction of the rod heat (~15%) is lost
outside the core "heated length", as shown in Figure Al .4.
Besides the core rods, heat slabs have been included for much of
the major vessel structure -- the pressure vessel itself, the
core barrel, the upper closure plate, and the upper head and
bypass line piping walls.

The external upper head and bypass line (shown in Figure
Al.3 at the top of the vessel) were modelled with 4 1-D volumes,
attached at one end to the intact loop cold leg and at the other
end to one of the inner cells in the top level of the 3-D
VESSEL. More correctly, these connections would both have been
to cells in the top level of the 3-D VESSEL component, one in
the downcomer and one in the second radial ring. However, this
would have required a third azimuthal sector, and was not done
to keep the total number of vessel cells below the perceived
limit (100) allowing direct inversion of the vessel solution
matrix; this limit is not specifically mentioned in the PFL/MODL
manual but shows up in an input processing error message.

Both the single-phase and the two-phase degraded homologous
head and torque curves for the two circulation pumps arte taken
from published LOBI pump curves (4,5). The Semiscale two-phase
head multiplier curve was used since no other data was available.

Piping elbows and artea changes are carefully modelled in the
loop piping, using guidelines developed at Sandia during the
course of this assessment project. The resulting pressure drops
calculated are in good agreement with the differential pressure
measurements for steady state conditions [6). Our results from
varioue steady state calculations (for the PKL natural circula-
tion tests (7,8) and the BAW OTSG separate effects tests (9] as
well as tor this LOBI integral test) indicate that the previous
RELAPS/MODL input developed cannot be used directly. User-input
logs coefficients representing pipe bends are unchanged but
user-input loss coefficients for pipe tees are removed, because
our results suggest that the TRAC TEE component calculates some
of the necessary momentum effects internally (unlike RELAPS
BRANCH components). Hydraulic diameters (a cell-edged variable




in TRAC) are adjusted to produce the correct overall wall fric-
tion whenever two pipes of different areas (and hence different
cell-centered diameters) are adjacent. The vena contracta area
is input for orifices rather than the geometric area, and the
friction factor option is usually NFF=-2 (at area changes) or
NFF=+42 (in smooth pipes and at both VESSEL connections and TEE

primary-to-secondary connections).
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Table 2.1 Nodalization

Intact Loop
Hot Leg
G Primary
U-Tubes
SG Secondary
Pump Suction
Pump
Pump Seal Leakage
Cold Leg

Pressurizer
Vessel
Surge Line

Accumulator
Vessel
Valve/Surge Line

Broken Loop
Hot Leg
SG Primary
U-Tubes
SG Secondary
Pump Suction
Pump
Pump Seal Leakage
Pump-Side Cold Leg
ARGUS Valve
Vesgel-Side Cold Leg

Vessel
Downcomer
Lower Plenum
Core
Upper Plenum
Upper Head

Hydro Cells Heat Slabs BREAKs/FILLs
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13
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32 2
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2 2 1
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5 ] 2
6 s

5

6 6

5 5

13

Ll

12 2
6 6

2 2

2 2 1
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INTACT LOOP

LOBI Test Facility

Figure 2.1
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3.0 BASECASE ANALYSIS RESULTS

The first part of the LOBl experimental program consisted of
the six large-break Al tests. These were simvlations of 200%
double-ended offset-shear breaks in the cold leg pipe between
the pump and the pressure vessel. The first main LOBl test,
Al-04(C), was also chosen for a "blind" standard problem
calculational exercise, the LOBl pre-prediction exercise (LOBI
PREX). A summaty of the Al test series is given in Table 3.1.
Three of these six tests (the PREX test AL-04, Al-0) and Al-04R)
were analyzed during our RELAPS/MOD1 independent assessment
program [3). Of these, test AlL-O4R [11,12), the most similar to
a design-basis 200% cold leg break, was chosen as part of our
current TRAC-PFL/MODL independent assessment program.

3.1 Transient Initialization

Table 3.1.1 shows the measured and calculated steady state
initial conditions, with good agreement achieved for all major
parameters. The TRAC steady state calrulation was begun by
inputting the RELAPS initial values rather than from cold
no-flow conditions, saving significant computer time. As in our
earlier RELAPS calculations, we found that using the minimum
tube to-tube spacing as the heated equivalent diameter on the
outside of the U-tubes (rather than the usual hydcraulic
diameter) was requited to allow simultanecus matching of the
primary side cold leg tempetature and the secondary side
pressure,

A remarkable fluid temperature imbalance was measured
between the outlets from the pressure vessel to thry broken and
intact loops. (This temperature difterence may be caused by an
asymmetric flow behavior in the upper plenum of the test
facility where, due to an extension of the heater tods, about A%
of the total power is transferced to the fluid.) This fluid
temperature imbalance between intact and broken loop is not
calculated, although reasonable agreement is seen between
experimental weighted average fluid temperatures for the hot and
cold legs of both loops and the calculated temperatures.

Table 3.1.2 gives the transient boundary conditions. The
vessel-side break flap valve opens first, defining time "zero";
the other, pump-side, break flap valve has a delay of ~0.0% s
before opening, and the ARGUS break isolation valve closes in
about 1 &. (The break assembly is described in more detail in
Appendix [, and is shown in Figure Al.9.) The core heater rod
power after the transient stacts is controlled by the specified
power curve. Both the intact and broken loop pumps were also
controlled using specified speed ve-time curves. The bleed from




the primary system, required for pump seal water removal, was
stopped at blowdown initiation, although the seal water injec-
tion in both pumps increased after the transient started. The
feedwater flows (o the intact and broken loop steam generators
were reduced to zero in 10 and 25 s, respectively, and the steam
outlets of the generators were kept open during the whole tran-
sient; the resulting secondary side pressures were specified as
boundary conditions in our analyses. The LOBI containment simu-
lator was connected to the atmosphere; the containment pressure
thus did not greatly exceed atmospheric pressure during the
transient and was therefore modelled as a constant one-atmosphere
boundary condition.

3.2 Primary System Thermal/Hydraulics

Figure 3.2.1 shows the pressures in the intact loop cold leg
and in the broken loop upstream of the pump-side break. (The
experimental data digitized trom the curves in the published
data reports [8,9) are shown as dashed lines, and the calcula-
tional results are shown as solid lines.) The overall agreement
between calculation and experiment is very good. After initia-
tion of blowdown, the saturation pressure in the hot legs is
reached in ~100 ms. At this time, flashing in the hot leg starts
and the depressurization rate for the two curves decreases.
Flashing in the intact loop cold leg begins at about 3 s, which
causes a further decrease in the depressurization rate. After
~24 s the accumulator activation pressure 18 reached and the
accumulator injection starts.

(This accumulator injection pressure value is calculated to
occur at about the right time, because it was used to choose the
value of the saturated discharge coefficient applied at the
break junctions. A value of 1.0 was found to give the best
agreement with the data. The sensitivity of the calculated
results to the saturated discharge coefficient assumed is
discussed in Section 5.3, The peak break flow values were the
criteria used to select the subcooled dischatge coefficient
applied at the break junctions. A value of 1.0 gave the good
overall agreement for both pump side and vessel-side peak break
flows.)

The pressure in the broken loop upstream of the pump side
break falls immediately to the saturation pressute and is then
mainly governed by the break flow. The mass flow rates upstream
of the vessel-side and pump-side breaks are shown in Figure
3,2.2. buring most of the blowdown, critical flow conditions
exist at the throat of the discharge rozzles, so that the break
mass flows are determined only by the upstream flow conditions.
At the vessel-side break, subcooled water is supplied directly
from the large downcomer region, which leads to prolonged
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subcooled conditions upstream of the vessel-side break. As a
consequence, large vessel-side break mass flows (Figure 3.2.2a)
occur during the first 2 s of the transient with values up to
~70 kg/s. Due to the relatively large flow resistance of the
pump, piping and steam generator upstream of the pump side
break, the pump-side break mass flow (Figure 3.2.2b) is limited
to values below ~30 kg/s. The break flows calculated are in good
agreement with experimental data, with no long term deviations
visible.

(The measured break flow data given come from combining
densitometer and either turbine meter (pump-side) or drag disc
(vessel-side) measurements, and are subject to several errors in
addition to standard measurement uncertainties. [9] The pump-
side drag disc measurement was considered to be unreliable due
to a transducer mounting error. The vescel-side drag disc trans-
ducer was uncalibrated for positive flows, explaining the
difference in initial steady state flow shown, and the measure-
ment channel was saturated for the first few seconds of the
transient, explaining the truncated peak break flow data shown.
However, th- given measurement uncertainty atterwards is small
compared to the data; in contrast, the velocity measurement
uncertainty on the turbine meter used for the pump- -side break
flow is quite large compared to data, and is the likely source
ot the pump-side initial steady state flow discrepancy.)

The calculated and measured broken loop cold leg densities
between tue vessel and the vessel-side break valve ate shown in
Figure 3.2.3. The cold leg voids somewhat more quickly in the
calculation from 5 to 10 s than was measured, and accumulator
liquid slugs are not calculated in the broken loop cold leg
until ~50 s, about 25 s later than first measucred. Also, the
mechanism generating these oscillations is apparently different
in the calculation and the experiment. The measured density
oscillations begin at about the same time as accumulator injec-
tion and bypass, and thus arte likely condensation-induced.
However, even though substantial bypass is calculated, calcu-
lated density oscillations do not appear until the lower plenum
refills and liquid begins entering the core, with resulting
manometric flow oscillations as steam generated in the core
pushes the accumulator liquid back up the downcomer and into the
broken loop cold leg. (This will be discussed in more detail in
Section 3.3.)

Figure 3.2.4 gives the broken loop hot leg and pump suction
leg densities. The agreement with data is generally good. The
small brief increase in density at about 5 seconds cortesponds
to the reestablishment ot positive core flow. The hot leg
density comparison suggests that this increase is slightly
underpredicted in the calculation. While little sign of this
6lug ie visible in the calculated pump inlet density, it does
propagate through this point because it can be seen in the
pump-side break upstream mass flow in Figure 3.2.2b.
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The hot leg and pump suction leg densities in the intact
loop are shown in Figure 31.2.5. The calculated pump inlet
density is in very good agreement with data, but several dis-
crepancies are seen in the hot leg. The high density measured
early in the transient (~5-10 8) is probably a combination of
the pressurizer draining, the reestablishment of positive core
flow and the draining of the steam generator U-tubes, as is the
smaller density spike at ~15 seconds. The calculated behavior is
both qualitatively and quantitatively difterent in the first
30 8 of transient, with a smaller first density spike and a
larger second spike and subsequent density drop all later tharc
measured. The source of these discrepancies is not known. (The
intact loop cold leg density, particularly the behavior after
the onset of accumulator injection, will be discussed in
Sections 3.3 and &5.1.)

Most of the primary side temperatures are in good agreement
with experimental measurements, because large portions of the
primacty system remain saturated atter the initial blowdown and
because the overall agreement between calculated and measured
system pressure is quite good. However, some vapor superheat was
measured in the course of the transient, primarily around the
steam generator inlets and ocoutlets. Summaries of measured and
calculated temperatures in the primaty system are given in
Figures 3.2.6 and 3.2.7, During the course of the blowdown, the
primacy pressure drops below that in the secondary system, after
which time heat is transterted from secondary to primarty in the
steam generators. This is ¢learly visible in Figurte 3.2.6 where
the steam generator outlet plenum temperature at late times
tises to the secondary side 'emperatucre (not shown but ~540 K).
The same phenomenon 18 qualitatively calculated in the broken
loop steam generator (Figure 3 2.7) but at a smaller magnitude
than measured.

We see problems calculating the correct vapor superheat
conditions in some places. As shown in Figure 31.2.6, the intact
loop steam generator inlet plenum shows calculated vapor supet
heat appearing later (by ~% seconds) than measuted; this
temperature then cises to the measured value within about
another % s and subsequently decreases at ~50 seconds in
agreement with the data. However, the supecrheating does not then
recover to its previous value, as observed. The same behavior is
seen in both the calculated and measured intact loop hot leg
temperatures. This indicates that less superheated vapor is
being generated in the core and transported out the hot leg at
late times in the calculation as compared to the experiment.

The second place there are problems is seen in Figure 1.2.7.
The broken loop steam generator inlet plenum temperature is
measured to be at saturation rather than superheated through
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most of the transient, while the calculation shows ~10-20 K
vapor superheat after about 30 seconds, when the broken loop is
mostly voided; this may represent superheated vapor being
transported from the core, energy transter from the hot piping
walls in the model or simply a reflection of some relatively
gtable nonequilibrium behavior being calculated by TRAC. The
broken loop steam generator outlet plenum temperature, however,
shows less superheating throughout the entire period of reverse
heat transter than measured. The low superheating calculated may
be due to too hich a mass flow rate through the tubes' primacy
side or to teoo high a liquid proportion in the broken loop flow.

The vapor superheat seen in the hot legs and/or steam
generator inlet and outlet plena is dissipated as the vapor
continues to flow arcund the loops and eaters the pumps.
Downstream of the pump in the intact loop, a different set ot
phenomena dominates the temperature (and densi.y) response due
to accumulator injection, as will be discussed in Section 131.3.

3.3 Accumulator Injection

The inject.on of ECC water from the intact lusp accumulator
is initiated when the pressutrte in the intact loop cold leqg falls
below the accumulator pressure of 2.7 MPa at ~24 s. As shown by
the accumunlator injection flow tates in Figure 3.35.1, the maxi-
mum measuted iLnjection is 3.3 kg/s, while the maximum calculated
rate is 1.4 kg/s.  Sensitivity studies on the effect of tae
accumulat.r surge line resistance on the injected flow are
discussed 17 Seccion 5.4.) The accumulator injection is under-
predicted by ~10% at later times in this calculation, possibly
due to some miccalculatioa of condensation effects on the
pressure drop at the injection point.

About 2 s after the injection has started, the cold leg pipe
between the iajection point and the pressure vessel is con.
pletely filled with subcooled water in the experiment, as
indicated Ly the steep increase of the fluid density to its
subcooled value during this time period in Figure 3.3.2; in
contrast, the calculation shows a much lower density indicating
a vubstaatie! guantity of steam still present. The calculated
density resp onse after the onset of accumulator injection was
found to be very sensitive to the nodalization detail used, as
will Le discuseed L(ater in Section 5.1. Figure 3.3.3 shows the
liquid tempecature at the ECC injection point, which is
cotrectly calculated despite the density behavior shown in
Figure 3.3.2. (The vapor still present in these cells remaine
saturated.)

Most of the injected ECC water bypasses around the downcomer
and is discharged through the vessel-side break during the
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blowdown period. However, some accumulator liquid is delivered
to and retained in the vessel almost immediately, so that there
is no significant period of pertect bypass predicted. The calcu-
lated vessel liquid mass is shown in Figure 3.3.4; there is no
measured data available for comparison. It begins increasing at
~28 8, only 4 seconds after accumulator flow begins and several
seconds before the accumulator flow peaks at ~33 s. The 50 kg
increase in the vessel ligquid mass after this time represents
about 25% of the total accumulator injection (assuming ~65 s of
~3 kg/s injection). The other 75% must be bypassing the vessel
and going out the vessel-side break, since the loop densities
(in particular, the cold legs) do not show any substantial
liguid accumulation. This is verified by a careful scrutiny ot
the vessel-side break flow tate shown in Figure 3.2.2a, where a
small increase in flow rate of ~1-2 kg/s 1e seen starting at
about 25 s.

Figure 3.3.5 shows the downcomer liquid mass, indicating
that most of the accumulator liquid retained in the vessel
actually remains in the downcomer, although some of it does
teach the lower plenum, as seen in Figure 3.3.6. The oscilla-
tions starting at ~45 seconds push small amounts of water up
into the core, as shown in Figure 3.3.7, which gives the core
iiquid mass. (The magnitudes of the oscillations being calcu.
lated in the downcomer, lower plenum and core are the same, but
the difterent ordinate scales visually exaggerate the oscilla-
tions in the lower plenum.)

These "manometer-type" oscillations occur when the ligquid
«entering the core from the downcomer via the lower plenum con-
tacts the hot core rods and is rapidly vaporized. The resulting
increase in local core pressure pushes liquid from the core and
lower plenum back up into the downcomer until continued accumu-
lator injection and pressure decay causes the process to repeat.
The frequency and amplitude of these oscillations depend
strongly on the rate of core quenching and on the ECC ligquid
injection rate. The vessel refill rate in this transient is slow
enough that a rapid core reflood does not occur. Ilnstead, the
tod heat is slowly removed via steam cooling, by the steam
genacrated during the liquid inflows in these oscillations.

3.4 Cote Thermal Response

The initial unbalance of the two break mass flows leads to a
reversal of the core flow during the first few seconds of the
blowdown, while the flashing process is restricted to the hot
legs, upper plenum and core region. This is shown by the nega-
tive core inlet liquid flows during this time period in Figure
3.4.1. After flashing has started in the downcomer region, a
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positive core mass flow is recestablished, as seen between 3 and
10 8. This positive flow sweeps remaining fluid with higher
density from the lower plenum through the core, the hot leg and
the steam generator, and shows up in Figure 3.2.2b as a small
increase in thte pump-side break flow after a minimum at ~3-4 s.
(The large liguid flow oscillations in Figure 3.4.1 after 45 s
reflect the manometric oscillation of accumulator liquid between
the core and the downcomer and lower plenum, discussed in

Section 3.3.)

Even small amounts of liquid entering the core contribute
strongly to core heater rod cooling. Figure 3.4.2 shows the
input core power and the total rod heat transfer rate; changes
in the total rod heat transter rate are related to the core
inlet ligquid flow changing the core liquid mass (shown previ-
ously in Figure 3.3.7). Generally, when the total rod heat
transfer rate is greater than the core power, the rods cool
down; conversely, when the total rod heat transfer rate is less
than the core power, the rods heat up. This can be best seen by
correlating the gqualitative behavior of the maximum calculated
heater rod temperature, shown in Figure 3.4.3, with the differ-
ences between core input power and total rod heat transfer given
in Figure 3.4.2.

The rod heat transfer drops rapidly below the input core
power soon after transient initiation as the core voids, but
then recovers somewhat due to reestablished positive ccre flow
returning some ligquid to the core. As the total rod heat trans-
fer drops early Jdn the transient, the maximum rod temperature
increases rapidly until turned around by the reestablished posi-
tive core flow forcing total rod heat transfer to be greater
than the iaput core powar. The core power is greater than the
total cod heat transfer again at 13-15 s when another more
gradual general core heatup is calculated, as shown by the
second increase in maximum heater rod temperature during Lhat
time period. The heat transfer and the gradual drop in the
maximum rod temperature from about 13 s to 45 s are due almost
entirely to steam cooling, which is then enhanced after
intermirrzent delivery of accumulator liquid to the core begins
at ~45% s.

Measured and calculated heater rod temperatures for the
various instrumented levels are shown in Figures 3.4.4 through
3.4.11. When only a single measured rod temperature is shown for
a given level, it represents a mean or typical temperature of
all thermocouples in the central and the intermediate ’:ut not
the peripheral) core regions. Calculated values in the first
core ring and data from the central and intermediate rod zones
are all indicated as "center", while calculated values in the
second core ring and data from the peripheral rod zone are
marked "edge".
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The differences between measured and predicted temperatures
before and shortly after time zero are a result of the steep
radial temperature profile in the heater tube walls for the high
surface heat fluxes present during forced convection and
nucleate boiling; the thermocouples, which are located 0.4 to
0.5 mm beneath the outer rod surface, indicate temperatures up
to 1% K higher than the calculated surface temperatures during
this period. After departure from nucleate boiling (DNB) has
occurred, these differences are much smaller due to the rela-
tively flat radial temperature profile that develops.

In the data, DNB is seen throughout the entire core heated
length at about 1 s (Figures 3.4.4 through 31.4.11). The peak
clad tempetature (PCT) of 823 K was measured in the high-powered
mniddle section of the heated length at 3.2 s, just before the
power input was reduced to 32.5% (Figures 3.4.7 and 3.4.9). The
reduction in power combined with the improved cooling conditions
as flashing began in the downcomer and positive core flow was
reestablished caused an early rewetting of most of the rods at
around 10 s, but a second dryout occurred almost immediately in
the middle and upper levels (Figures 3.4.7 through 3.4.11). The
rewet observed at ~10 s is total for heater rods in the central
and intermediate rod zones, but only partial for rods in the
peripheral rod zone adjacent to the core barrel (particularly
visible in Figure 3.4.8), sugyesting that some flow channeling
occurred in the test. Rod cooldown due to accumulator-driven
recovery is seen at later times in the higher cure levels. The
magnitude of the accumulator injection is not high enough to
reflood the core on this time scale; instead, the rod tempera-
ture drops are primarily due to steam cooling, as small amounts
of accumulator liquid are flashed in the core.

Just as measured, DNB was also calculated to occur through-
out the entire core heated length at about 1 €. A PCT of 788 K
was calculated in the middle of the high-powered middle section
of the bundle at 3.2 s, just before the power input was stepped
down. Many of the rod temperatures calculated exhibit an initial
dryout followed by a partial or total rewet and a second dryout,
as does the experimental data. The calculated rod temperatures
also show a bottom-up cooling front. The qualitative behavior is
generally well -predicted despite minor gquantitative differences.

The rod temperatures at the core entrance (Figure 3.4.4) are
in very good agreement with data. Farther up the lower core
(Figures 3.4.5 and 3.4.6), the early time partial core rowet
begins a little earlier in the calculation than observed (lead-
ing to lower predicted blowdown peak temperatures) and the
early-time total core rewet is calculated somewhat later (han
observed; the second brief dryout and heatup in the calculation
is later and smaller than that measured.
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The predicted PCT of 788 K at the core mid-plane (Figure
3.4.7) is 1n reasonably good agreement with the experimental
value of 823 K. The discrepancy may be due primarily to the
approximation of the actual staggered hollow-rod geometry
required in the TRAC input. Using the rod average thickness and
ad justing the heights of the various core levels (as already
mentioned in Section 2), we matched the power input to ecach
gection and the total mass in each section, ensuring the co . ct
initial stored energy. However, the average hollow rod thickness
in the high-powered middle section of the core heated length is
greater than the actual thickness in that re~ »n, which would
increase the characteristic conduction t’%. 3+ i1hAvs slow the
tod surface heatup. (There is no way to match a#ll (he staggered
hollow-rod geometry within the current TRAC input limitations.)

The rod temperatures 4t the core mid-plane also show an
earlier partial rewet in the calculation, with no total core
rewet calculated; the predicted second heatup begins from higher
rod temperatures and thus the calculated late-time rod tcmpera-
tures are generally higher than observed. The experimental data
show an early-time total core rewet only in the central and
intermediate zone rods above and below the core mid-planc; the
peripheral rods show only a partial rewet before the second
heatup. The data also show an early rod "quench" at ~20-30 s
just below the core mid-plane (Figure 31.4.8a), and a later
gquench at ~60 s just above the core mid-plane (Figure 3.4.8b);
while one of the rods cools substantially at ~30 s in the
calculation, quench at the mid-plane is not predicted until
atter ~60 s, with considerable asymmetry in the individual rod
gquench behavior.

Above the core mid-plane region (Figures 31.4.9 and 3.4.10),
the early-time partial core rewet also begins slightly earlier
in the calculation than was observed, leading to somewhat lower
peak rod temperatures. A total core rewet is calculated in rods
in the inner core ring, which represents the central and inter-
mediate heater rod zones, but not in the second core ring,
representing the peripheral rods; this indicates that some flow
channeling is being calculated. Higher in the core, particularly
at the core outlet (Figure 3.4.11), the calculated temperatures
are substantially lower than measured, although qualital ively
correct; this may be due partly to our assumption that the ~8%
heater rod power leaked into the upper plenum is uniformly
distributed there, while it may actually be concentrated more
near the core heated length,
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Table 3.1.1 Steady State Initial Conditions

Variable

Core Power (MW)
Primary Pressure (MPa)

IL
IL
IL
IL

BL
BL
BL
BL

IL
IL
IL
IL

BL
BL
BL
BL

Hot Leg Temperature (K)
Cold Leg Temperatu-e (K)
Mass Flow (kg/s)

Pump Speed (rad/s)

Hot Leg Temperature (K)
Cold Leg Temperature (K)
Mass Flow (kg/s)

Pump Speed (rad/s)

SG
SG
SG
SG

SG
SG
SG
SG

Pressure (MPa)

Steam Temperature (K)
Feedwater Temperature
Feedwater Flow (kg/s)

Pressure (MPa)

Steam Temperature (K)
Feedwater Temperature
Feedwater Flow (kg/s)

(K)

(K)

~21-

Data

5.12
1%.3

600
571
21,1
498



Table 3.1.2 Experimental

Vessel Side Break Opens
Pump Side Break Opens
ARGUS Valve Clcses

Core Power

Intact Loop Pump Speed

Broken Loop Pump Speed

IL Pump Seal Water

BL Pump Seal Water

Pump Seal Water Drain

1L SG Feedwater Flow

BL SG Feedwater Flow

Iy 4 1

Boundary Conditions

0-0.005%

0.045-0.050

0-0.6 8
0-3.2 s L00%
3.2-15 s 32.5%
15-20 s 12.6%
20-30 s 8.8%
30-50 s $5.3%
50- 0%
0 s 100%
0-8 8 ramp to 71%
8- 71%
0 s 100%

0-3 & ramp to 10%
3-36 s ramp to O%

36-

t<0 0.019
t>»0 0.02%
t<0 0.018
t>0 0.030
t<0 0.037
t>0 0

ramp to O in

ramp to 0O in

0%

kg/8
kg/s

kg/s
kg/s

kg/s

20 s

10 s
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4.0 BASECASE ANALYSIS DISCUSSION

Before discussing the results of some sensitivity studies we
performed evaluating the impact of various input and/or
modelling assumptions and values (given below in Section %),
some further discussion of the basecase transient results is
presented in this secticn. In Section 3 we summarized the
overall final transient results and, by comparing them to
measured data, evaluated the ability of TRAC-PFlL/MODLl to
correctly predict the physical phenomena dominating accident
response in a large-break LOCA. In this section, differences in
results and in run times due _> machine variationu are
discussed; the basecase TRAC results are also briefly compared
to the results of our previous RELAP5/MODl analyses of this same
Lest |

4.1 CYBER-76 vs CRAY-1lS Results

For reasons discussed below in Section 6.1, the Al-04R
transient has been run on both the CYBER-76 and CRAY-1S
computers at Sandia. Both calculations used the sam~ input deck
and the same code version, i.e., version 12.0 of TRa.-PFLl/MOD1
with an additional Sandia-generated code update which corrected
an error in the FILL component coding (discussed below in
Section 6.3); neither calculation included the "FIXl2" code
updates later received from LANL. This allowed us to compare
transient results and run times on the two machines for
identical calculations. (We had not done any large, long
comparison calculations on the two machines previously.)

While most of the calculated response (e.g., primary system
pressures and accumulator injection) was virtually unchanged,
two unexpected areas of difference were noted. The first of
these involved some mass flow rates and was determined to be due
only to an error in the graphics in the CRAY code version; this
error is described in more detail in Section 6.4.

A potentially more serious discrepancy is seen in the core
heater rod temperatures. Although all core levels show some very
slight discrepancies between the CYBER and CRAY results, such
variations are most readily visible in the middle region of the
core. Some small differences are apparent at the 2.8006 m
elevation, as can be seen by comparing the CRAY result shown in
Figure 4.1.1 with the CYBER result in Figure 3.4.6.

The differences, in the late-time core temperatures in
particular, can better be seen by comparing the heater rod
temperatures at the core mid-plane in the CRAY run, shown in
Figure 4.1.2, with those from the CYBER run shown in Figure
3.4.7. Both the two inner and the two outer rods in the CRAY
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calculation have very similar temperatures while, in the CYBER
run, each of the four rods has a very different temperature,
particularly later in the transient.

Differences can aiso be seen easily in the heater rod
temperatures at the 4.2574 m vessel elevation, by comparing the
CRAY result shown in Figure 4.1.3 with the CYBER result shown in
Figure 3.4.9. The CYBER calculation shows two inner rods
rewetting completely at about 10 seconds and rod 1 then healing
up again somewhat before cooling by the end of the transient.
The CRAY run shows rod 1 rewetting completely at about 10 s and
then generally remaining near the system saturation temperature
except for a minor second heatup; in contrast, rod 2 heals up
again after only partially rewetting and then remains relatively
hotter until eventually cooling down at about the same time as
rod 1 in the CYBER calculation. At this core level, besides the
difference of two rods totally rewetting compared to only one in
the inner core ring, the relative behaviors of rods 1 and Z are
reversed.

The different rod temperatures generally suggest some
variance in the flow distribution being calculated in the
vessel. The actual flow patterns are not compared because all
components of the mass flow rate are not available edit or plot
variables in a 3-D VESSEL component, and because the code logic
for the mass flow rate signal variables does not allow for
changes in the density donor-cell definition with changes in
flow direction.

The reason for these differences is not known. The
variations in rod temperatures between the CYBER and CRAY
calculations are qualitatively and quantitatively similar to the
variations seen between the CYBER basecase run and the preceding
CYBER run, which had incorrect secondary side feedwater
injection due to a code error (discussed further in Section
6.3). Changing the secondary feedwater flow did not result in
any obvious differences in the calculated primary system
response, particularly in and around the steam generators where
some differences could have been expected. However, the change
in feedwater flow apparently changed the calculation time step
history slightly, resulting in small differences in the rod
temperatures. Similar small differences in the time step history
between the final CYBER and CRAY calculations may be the source
of the discrepancies ucen.

Neither of the calculations gives results that are obviously
unphysical, or obviously more correct. However, the differences
are worrisome because they suggest that the rod temperatures
(particularly, the rod rewet and quench response at the core hot
spot) are very sensitive to small differences in the vessel flow
distribution. This in turn implies that the rod temperature
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response may prove equally or more sensitive to the radial and
azimuthal flow area fractions used, which are generally only
educationally "gqguessed-at" values.

4.2 TRAC-PF1l/MODl vs RELAP5/MOD1 Results

The results of our TRAC-PFL/MOD1 basecase analysis for the
Al O4R test are generally comparable to those of our previous
RELAPS/MOD1 calculations [3]. We have not crossplotted the
RELAPS and TRAC results because the various curves in such
crossplots would be close enough together to make the plots hard
to decipher. However, in this section, our earlier RELAPS
results are briefly summarized, for reference in discussing the
TRAC vs RELAPS results comparison.

Figure 4.2.1 shows the intact and broken loop cold leg
pressures, and the pump-side and vessel-side break mass flow
rates from our earlier RELAPS5/MOD1l calculation. As can be seen
by comparing these results to those calculated by TRAC-PFLl/MODL,
shown in Figures 3.2.1 through 3.2.3, very similar break flow
and primaty pressure behavior were calculated, for similar break
flow models in the two codes. However, the saturated break flow
discharge coefficient used with RELAPS was 0.85 rather than 1.0
as in TRAC; both analyses used subcooled break flow discharge
coefficients of 1.0.

As discussed later in Section 5.4, similar accumulator
injection flow rates were calculated by the two codes using very
different user-input loss coefficients (for the same surge line
lengths and flow areas). Figure 4.2.2 gives the accumulator
injection flow rate, the intact loop fluid density and the
ligquid temperature downstream of the accumulator injection point
from our RELAPS5/MODl calculation, for comparison to the final
TRAC-PFL/MODL results shown in Figures 3.3.1 through 3.3.3. For
similar cold leg nodalizations, the RELAPS downstream density
and the TRAC downstream temperature are in better agreement with
data respectively, although the differences are minor.

Another minor difference in the two codes' results is seen
by comparing the RELAPS intact and broken loop steam generator
inlet and outlet temperatures shown in Figure 4.2.3 with the
corresponding TRAC results shown in Figures 3.2.6 and 3.2.7.
RELAPS5/MODL generally calculated less vapor superhcal by
maintaining saturation conditions until all liquid had
vaporized; TRAC-PF1L/MOD1l in contrast generally has unequal
ligquid and vapor temperatures when both phases are present, so
that nonequilibrium vapor superheat is calculated readily.

- -



One major effect of these differences in calculating either
equilibrium saturated liquid/vapor mixtures (in RELAPS/MODLl) or
nonequilibrium saturated liquid/superheated vapor mixtures (in
TRAC-PF1/MODLl) is seen in the late-time core rod temperature
behavior, because the core in this test is recovered more by
steam cooling than by reflood quenching. Figure 4.2.4 shows the
lower core, mid-core and upper core rod temperatures from the
RELAPS5/MODLl calculation. To facilitate comparison, the TRAC rod
temperatures shown in Figures 3.4.3 through 3.4.10 have heen
teplotted in the same abbreviated form in Figure 4.2.% (but with
different time scales); of the four rods in the TRAC model, rod
3 was used for these summary plots.

The (blowdown) PCT predicted by RELAPS/MODL (820 K) is in
much better agreement with data than the final TRAC result, and
lies within the experimental uncertainty of +3 K; the better
agreement is probably because the staggered hollow-rod geomeltiy
could be explicitly modelled by RELAPS and only approximated by
TRAC. RELAP5/MODL predicted a larger core rewet at 5-15 s than
that measured while TRAC-PFL/MODl gave a smaller partial core
rewet in the same time period (for similar core bypass flows).

The rod temperatures calculated at later times by TRAC are
in better agreement with data than those from RELAPS/MODL (which
does not have a moving-fine-mesh reflood model); RELAPS
generally predicted a more uniform cooldown throughout the
entire core, particularly visible in the mid-core region, rather
than a quench front progressing up the core as actually
observed. The absence of any sustained hot leg superheat in the
RELAP5/MODLl analysis indicates that the core is being cooled
mostly by the heatup of a saturated two-phase mixture rather
than mainly by the generation of superheated vapor within a
two-phase mixture.

4.3 Computational Run Time

As shown in Figure 4.3.1, 90 seconds of the Al-04R transient
calculation with TRAC required ~7250 seconds of CPU time on our
CYBER-76. The ten seconds of steady state were much faster
running than the transient, as would be expected. The time step
was reduced, by input, to 10-4 s at "trouble spots", i.e., at
times when phenomena were changing extremely rapidly such as the
opening of the break valves and the onset of accumulator
injection. Code failures were common at these points when no
such adjustment was made, because the code could not adequately
foresee the changing conditions and automatically reduce the
time step quickly enough. These time step reductions did net add
substantially to the overall run time and helped avoid the
necessity of reruns with progressive time step reductions.
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Figure 4.3.2 siiows the time step used during the CYBER
calculation. The apparent decrease in time step before transient
start is an artifact of the plot edit frequency. There is a
substantial time step decrease early in the transient, prior to
10 s, followed by a rapid time step increase to more than half
cf its steady-state (Courant-limited) value at about 10 seconds;
afterwards, the time increment slowly decreases, witia a brief
user-imposed time step reduction at ~25 s due to the onset ot
accumulator injection. The time step drops then more or less
continuously until the accumulator water begins appearing in the
core at about 45 s. The resulting manometric flow oscillations
being calculated (described in Section 3.3) are accompanied by
large oscillations in the time step.

The same calculation was somewhat faster running on a
CRAY-1S, as shown in Figure 4.3.3. The total CRAY CPU time was
~5200 seconds, with over ~5050 seconds of CPU time used for the
90 seconds of transient. In this calculation also, the time step
was reduced to 10-% s at the same expected trouble spots,
using the same input. Figure 4.3.4 shows the time step used
during the CRAY calculation. The overall behavior is very
similar to that seen in the CYBER calculation, given in Figure
4.3.2, with the time steps appearing slightly different in
portions of the transient; the plots wmay appear to be more
different than they actually are because of a plot edit
frequency which is too large to display all the oscillatory
behavior. The small differences in time steps may cause the
different core behavior in the two calculations discussed in
Section 4.1, or may be a result thereof.

The various run time statistics on the two computers ar<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>