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ARSTRACT

The TRAC-PFI/MODI| independent assessment project at Sandia National
Laboratories is 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-norinal conditions. The TRAC code is being
assessed at SNLA against test data from various integral and separate effects test
facilities. As part of this assessment matrix, an intermediate break test (5-18-3),
performed at the Semiscale Mod-2A facility, has been analyzed. Using an input
model with a 3-D VESSEL component, the vessel and downcomer inventories during
S-IB-3 were generally well predicted, but the core heatup was underpredicted
compared to data. An equivalent calculation with an all | -D input model ran about
twice as fast as our basecase analysis using a 3-D VESSEL in the input model, but
the results of the two calculations diverged significantly for many parameters of
interest, with the 3-D VESSEL model results in better agreement with data.
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EXECUTIVE SUMMARY

The TRAC-PFI/MODI! independent assessment project at Sandia National
Laboratories is 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 SNLA against test data from various integral and separate effects test
facilities. As part of this assessment matrix, an intermediate break test (S5-18-3),
performed at the Semiscale Mod-2A facility, has been analyzed.

The S-IB-3 transient was first run using an input model which included a 3-D
VESSELL component. The vessel and downcomer inventories were generally
well-predicted, but the core heatup was underpredicted compared to data. The
major discrepancies between measurement and calculation were:

- a later stagnatior of the loop flow after pump degradation in the calculation
(possibly due to known inapplicability of the published pump curves for the
pumps currently installed) causing a ~20 s delay in core uncovery and heatup
relative to data;

-~ a calculated partial clearing of the intact loop pump seal compared to an
observed total loop seal clearing, causing a smaller level recovery to be
predicted than observed; and

- less predicted steam generation and superheat (due to underprediction of core
heatup) causing a more rapid calculated depressurization after loop seal
clearing, which in turn resulted in an earlier onset of accumulator injection and
a higher injection rate in the calculation, quenching the core earlier than was
measured.

An input model using all 1-D components was developed to allow us to assess
the new PLENUM component by comparing results for that maodel to those obtained
with our basecase model, which included a 3-D VESSEL companent. The purely 1-D
model calculation ran about twice as fast as the equivalent 3-D vessel model, but
the results of the two models diverged significantly for a number of major variables,
with the basecase 3-D vessel model results generally in better agreement with data.
Further analysis showed the |-D maodel calculation predicting an unphysical void
fraction profile, with a "discontinuity” (i.e., a density gradient inversion) at the
component boundary between the lower plenum TEE and the CORE components.

This result was given to the code developers at lLos Alamos. After some
examination, they determined that the key lay in the code assumption of inverted
annular flow in the |-D CORE component. This inverted annular flow regime is not
documented in the TRAC manual, is limited to |-D components with generalized
heat slabs, and is explicitly disallowed at the component boundaries (explaining the
dependence of our results on the location of the component boundary). The use of
this inverted annular flow regime also can be affected by changing an undocumented
NAMELIST variable, INVAN. The default value of zero causes the inverted annular
flow regime to be considered whenever the wall temperature is greater than
saturation; setting this flag to | causes this flow regime to be allowed only when the
temperature is greater than the critical heat flux temperature, T-CHF, (which
seems maore reasonable).




Before evaluating the impact of changing the inverted annular flow option, we
had to obtain additional error corrections from LANL, correcting the T1-CHF
calculation so that the INVAN flag would have the proper efiect. After this was
done, we reran our basecase |-D model calculation for the transient period being
analyzed, setting INVAN=l. The new void fraction profiles from this final |-D
calculation were more like step functions than the more smoothly varying 3-D
profile, but the unphysical density inversion had been eliminated. However, the
results from the 3-D model calculation were still generally in better overall
agreement with data than the final | -D model calculation results.




1.0 INTRODUCTION

The TRAC-PFI1/MOD! independent assessment pruject at Sandia National
L.aboratories in Albuquerque (SNLA) is part of an overall effort funded by the U. 5.
Nuclear Regulatory Commission (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. This TRAC-PFI/MODI assessment
project is a successor to the RELAPS/MODI independent assessment program
previously performed at Sandia.

TRAC-PF I/MQODI (1] is the latest version of a systems code developed at Los
Alamos National Laboratory (LANL) to provide advanced best -estimate predictions
of postulated accidents and transients in pressurized water reactors (PWRs).
TRAC-PF| features a two-fluid nonequilibrium hydrodynamics model with a
flow-regime-dependent constitutive equation treatment; additional models have
been incorporated in TRAC-PF I/MOD! to allow simulation of a broad range of
accidents relevant to current licensing issues.

Most of the early work in our assessment program was done using Version 11.0,
received from LANL in October 1983 when our program started. Some calculations
have been dorne with intermediate versions such as 11.6, 11.9 or [2.0, but any such
runs are considered and are clearly identified here as being preliminary calculations.
The final S-1B-3 transient runs discussed herein were done with Version 12.1+£0C2
for the basecase calculation which used a 3-D VESSEL component in the input
model, and with both Version 12.1+£C2 and Version 12.1+£C12.3 for the purely |-D
component input model sensitivity studies (using LANL's changing nomenclature).

TRAC-PF I/MODI is being assessed at SNLA against test data from various
integral and separate effects experimental test facilities. The TRAC assessment
test matrix includes counterpart intermediate break [LOCA transient tests
performed at the Loop Blowdown Investigations (LOBI) test facility in Italy [2,3,4,5]
and in the Semiscale Mod-2A facility at the ldaho National Engineering l_aboratory
(INEL) [6,7,8]. Semiscale Mod-2A test S-IB-3 [9,10,11) was designed to duplicate as
closely as possible the LOBI B-RIM test [12,13,14], a 25% break in the L OBI facility
which, when area-to-volume scaled to the Semiscale facility, resulted in a 21.7%
break test. The Semiscale S-1B-3 calculations were generally run in parallel with our
B-RIM assessment study, with user experience feeding back and forth between the
two analyses. The results of our B-RIM assessment calculations, and a discussion of
the code's ability to predict the similarities and differences between these two
counterpart tests, have been documented elsewhere. [15]

This report summarizes our TRAC analyses of the Semiscale S-1B-3
intermediate break transients. The TRAC nodalizations used are described in
Section 2. Calculational results are presented in Section 3 for the basecase transient
analyses, as well as for the steady state initialization. Section 4 discusses the results
of a noding study using 3-D and |-D vesse!l models for S-IB-35, while user
experiences, sensitivity study results, code errors and run time statistics are given
in Section 5. Overall conclusions and their possible relevance to future TRAC code
development and/or modification are discussed in Section 6. The appendices provide
a brief description of the test facility, and input listings for the transient, for
reference.




2.0 NODALIZATION

Although 3-D effects were not expected to be important in Semiscale (a "tall
thin® facility), a 3-D VESSEL component was originally used in the basecase model
rather than a |-D CORE component to allow easier and more accurate modelling of
vessel connections and geometry than could be achieved using numerous TEE
components. The PLENUM component, which permits an arbitrary number of
multiple connections to a single cell, did not become available until some months
after the S-1B-3 anaiysis had started; an input model using all 1-D components was
then developed for a nodalization sensitivity study as part of the S-18-3 analysis. In
the rest of the report, the basecase 1nput model (described in Section Z.1) containing
a 3-D VESSEL component is referred to as "the 5-D model”, while the input model
developed with all 1-D components (described in Se<tion 2.2) is referred to as "the
1-D model™ henceforth.

2.1 Semiscale S-1B-3 Mcdel with 3-D VESSEL Component

The Semiscale Mod-2A test facility [6,7,8], shown in Figure 2.1.:, is located at
the Idaho National Engineering Laboratory and supported by the NRC. This scaled
integral facility is used to investigate the thermal and hydraulic phenomena
accompanying various hypothesized loss-of-coolant accidents and operational
transients in a PWR system. It is a 2/34ll-scale model of a four-loop PWR,
consisting of two primary coolant loops and external downcomer connected to an
electrically -heated reactor pressure vessel, in which 25 rods provide a peak power
of 2.0 MW. While both loops contain a fully active circulation pump and steam
generator, the intact loop has three times the water volurme and mass flow of the
broken loop. A more complete description of the test facility is given in Appendix .

The TRAC-PFI/MOD!| nodalization developed for the S-[B-3 transient
calculation is shown in Figure 2.1.2. Both loops are modelled, with the intact loop
shown on the left, the broken loop on the right and the vessel in the middle. This
mode!l contains 35 components, with 186 |-D cells and 48 3-D cells in the vessel, for
a total of 234 cells overall. The detailed distribution of these cells is summarized in
Table 2.1.1. A complete listing of the input for this S-IB-3 basecase transient
analysis rmodel is given in Appendix [I.

There is a total of 233 heat slabs (with 183 in various | -D components and 50
in the 3-D VESSEL, of which 2 represent the heater rods) in this 5-1B-3 nodaliza-
tion. Most of the heat slabs in the | -D components contain three nodes, although the
17 or l& slabs, respectively, modelling the U-tubes in the intact or broken loop
steam generator and the 45 or 4| slabs representing various secondary side walls and
fillers have five nodes each. The majority of the 3-D vessel slabs use the lumped-
parameter model and thus have only one node, while the heater rods have |4 nodes.
The minimum tube-to-tube spacing is used as the heated equivalent diameter for
the outside of the steam generator UJ-tubes, according to our own internal user
guidelines. [16]

The 3-D vessel used has | radial ring, 2 unequal azimuthal sectors (split 2:1
between the intact and broken loop sides) and 24 axial levels (4 in the lower plenum,
12 in the core heated length, and 4 each in the upper plenum and in the upper head).
The vessel nodalization is shown in more detail in Figure 2.1.3. The relative




elevations of the level boundaries are given (for comparison with Figures AlLB
through Al.12). The core region axial levels were chosen based on the axial rod
geometry and power profile information given in Figure AlL.ll. The azimuthal
sectors were chosen primarily so that 2/3 of the VESSEL flow area and volume
would be associated with the sector containing the two (lumped) support columns,
while 1/3 would be associated with the single guide tube. Both the lumped support
columns and the guide tube were modelled with 1-0 components attached to
appropriate cells in different levels of the 3-D VESSEL. The support columns are
represented by a PIPE component connecting the lowest upper plenum level with the
lowest upper head level. The guide tube is modelled as a TEE component whose
primary side connecls the second upper plenum leve!l with the top upper head level;
the secondary side of the guide tube TEE represents vent holes drilled in the guide
tube near the top of the upper plenum and therefore connects to the fourth
(uppermast) upper plenum level. (The hot legs come in at the third upper plenum
level.)

Besides the core rods, heat slabs have been included for some of the internal
vessel structure. Heat slabs for the pressure vessel, core barrel, fillers, flanges,
etc., were not included in the final model because we assumed the interior insulation
to be perfect, i.e., no energy transfer from these structures to the fluid.
(Calculations were also done with the effects of the internal insulation neglected
and all the metal mass available for stored energy transfer; the results will be given
as part of the discussion section.) The simplistic heat slabs available in the 3-D
VESSEL. component precluded a more accurate representation of the actual
situation. For example, the limitaticn of one heat slab per vessel cell precludes
modelling both thin heat slabs corresponding to uninsulated heater rod extensions
and thick heat slabs representing partially-insulated vessel walls.

The external downcomer and the bypass line are also modelled with |-D
valumes, usually connected to cells in the 3-D VESSEL. component. The downcomer
inlet annulus was modelled with a PLENUM component, allowing the intact and
broken loop cold legs, downcomer pipe and bypass line to all connect into a single
cell. As with the pressure vessel itself, the downcomer pipe and annuli in the
Semiscale facility are internally insulated and the downcomer PIPE in our model
therefore was modelled without heat slabs representing wall structural heat
transfer. (No provision for heat slabs is currently available in the PLENUM
component.)

The single-phase homaologous head and torque curves for the intact and broken
loop pumps were based on data supplied by the Semiscale program [7]. The
single-phase data for the broken loop pump were obtained before the broken loop
pump was modified, and hence are not strictly applicable (but are the only data
available). The intact loop two-phase head and torque multiplier and difference
curves were also supplied by Semiscale [7]. Since there were no two-phase data for
the broken loop pump, the intact loop two-phase data is used for the broken loop
pump, as usually recommended by INEL.

Piping elbows and area changes in the loop piping are carefully modelled, using
quideiines developed at Sandia during the course of this assessment project. The
resulting pressure drops calculated are in reasonably good agreement with the
differential pressure measurements for steady state conditions. Our Semiscale




Mod-2A TRAC nodalization was derived largely from RELAPS/MODI input models
developed during an earlier code assessment project at Sandia [16,17). Our results
from varicus calculations (e.g., the PKL natural circulation tests (18] and the BAW
OTSG separate effects tests [19]) indicate that previously -developed RELAPS input
loss coefficients cannot be used without some modifications. When converting
RELAPS loss coefficients for TRAC use, user-input loss coefficients representing
pipe bends are unchanged but user-input loss ceoefficients for pipe tees are removed,
because the TRAC TEE component apparently calculates some of the losses due to
momentum effects (uniike RELAPS BRANCH components). Hydraulic diameters (a
cell-edged input in TRAC) must be adjusted to produce the correct overall wall
diameters) are adjacent. The vena contracta area is input for orifices rather than
the geometric area, and the friction factor option NFF is usually set to -2 at area
changes and to +2 in smooth pipes anc at both VESSEL connections and TEE

primary-to-side connections.

The ECC injection line geometry is not well-documented for the Semiscale
Mod-2A facili.y. We took line lengths from an old Semiscale Mod-| blueprint. An
accumulator surge line resistance R'= 2.0 * 10"*10 m**-4 is given in the S-1B-3 test
documentation [10]. Using the flow area for a 1-in Sch 80 pipe (0.00046 m**2), this
corresponds to a total loss coefficient K = 4300. Assuming the high wall friction
generally typical of accumulator injection (f=0.03) and using a surge line length of
16.5 m and diameter of 0.0243 m, the wall friction fLL/D gives a loss factor (K-fric)
of 20, leaving the remaining resistance 4300-20 to be user-input to represent piping
bends, orifices, valves, loop-entrance effects, etc. A user-input K of 475 is thus set
at each of the 9 junctions in the surge line. These values depend on the flow area
assumed; using a smaller flow area would result in a smaller user-input K, if so

desired.

A similar procedure was used to convert the pressurizer surge line resistance
given as R'= 3.2 ® |0"**9 m**-4 [10] to user-input loss coefficients.

2.2 Semiscale S-IB-3 Maodel with all | -D Components

The 1-D TRAC-PF|1/MOD! model developed for the S-1B-3 nodalization
sensitivity study is shown in Figure 2.2.1. Bott loops are modelled, with the intact
loop shown on the left, the broken loop on tha right and the vessel in the middle.
This model contains 42 components, with 213 |-D cells. The detailed distribution of
these cells is given in Table 2.2.1. A complete listing of the input used for the
Semiscale S-IB-3 |-D transient analysis is given in Appendix [I.

There is a total of |84 heat slabs (with | representing the heater rods in the
CORE companent) in this 5-1B-3 nodalization. The heat slabs in the | -D components
are the same as in the base S-IB-3 model described in the previous section; the
single core rod has |4 nodes, with the same radial and axial geometry and power

shape as the rods in the 3-0D VESSEL.




Because | -D components (except for STGEN components) only allow wall heat
slabs, no heat slabs were included in any of the new |-D components representing
the vessel, except for the core rods. As in the 3-D VESSEL model, the pressure
vessel, core barrel, fillers, flanges, etc., were nat included in the model because we
assumed the interior insulation to be perfectly effective. As before, the
internally -insulated downcomer pipe and annuli were also modelled with no heat
slabs representing the wall metal.

The |-D vessel nodalization is shown in more detail in Figure 2.2.2. The
relative elevations of the level boundaries are given (for comparison with Figure
2.1 3) The downcamer nodalization is essentially unchanged. The four levels in the
lower plenum ar 4 the twelve levels in the heated length are also axially equivalent
to their counterparts in the 3-D VESSEL, with the two parallel azimuthal sector
flow paths combined. The upper head noding (as well as the plenum support column
and guide tube connections), now assembled from PIPEs and TEEs, is not exactly
equivalent axially to its 3-D counterpart because connections to axial faces in 3-D
cells occur at boundaries while TEE connections are cell-centered.

Both the lumped support columns and the guide tube are still modelled with
1-D components, but the various TEEs used do not correspond exactly to those in
the basecase 3-D model due to the noding compromises required. The lumped
support columns are represented by the joined side tubes of two TEE components
whose primaries are the lowest upper plenum level and the lowest upper head level,
respectively. The guide tube is modelled a< three TEE components with one primary
and two joined side tubes; the primary sides of twao of these guide tube TEEs are the
second upper plenum level and the top upper head level. The side tube of the third
(middle) guide tube TEE corresponds to the vent holes drilled in the guide tube near
the top of the upper plenum and therefore connects to the top of the fourth
(uppermast) upper plenum PIPE.

The external downcomer and the bypass line are also modelled with |-D
components, similar to the basecase model; the downcomer inlet annulus was
mocelled with a PLENUM component, allowing the intact and broken loop cold legs,
downcomer pipe and bypass line to all connect into a single cell. The rest of the loop
nodalization was the same as the base model described in the previous section,
although some components and junctions were renumbered for user convenience.
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Figure 2.1.2 Facility Nodalization Schematic for Model with 3-D Vessel Component
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Table 2.1.1 Nodalization with 3-D VESSEL

Hydro Cells Heat Slabs BREAK/FILLS

Intact Loop
Hot Leg 10 10
SG Primary 19
U-Tubes 17
SG Secondary 28 45 2
Pump Suction 8 8
Pump 2 2
Cold L.eg 5 5
Pressurizer
Vessel 4 4 l
Surge L.ine 5 5
Accumulator
Vessel 4
Valve/Surge L_ine/LPIS 9 7 l
Braoken |_oop
Hot Leg 8 »
SG Primary 18
U-Tubes 16
SG Secondary 26 4l 2
Pump Suction 8 8
Pump 2 2
Cold Leg and Break 5 5 l
Vessel
Downcamer 12
Lower Plenum 8 8
Core 24 24 (+2 rods)
Upper Plenum 8 8
Upper Head 8 8
Support Columns l
Guide Tube 4
Bypass Line l
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Table 2.2.1 Nodalization with all | -D Components

Hydro Cells Heat Slabs BREAK/FIl Ls

Intact (_oop
Hot Leg 10 10
SG Primary 19
U-Tubes 17
SG Secondary 28 45 2
Pump Suction 8 8
Pump 2 2
Cold Leg 5 S
Pressurizer
Vessel 4 4 1
Surge | ine S S
Accumulator
Vessel 4
Valve/Surge Line/LPIS 9 ! l
Broken |.oop
Hot Leg 8 8
SG Primary 18
U-Tubes 16
SG Secondary 26 41 2
Pump Suction 8 8
Pump 2 2
Cold Leg and Break 5 5 |
Vessel
Downcomer 12
Lower Plenum 4 |
Core 12 (+1 rod)
Upper Plenum 4
Upper Head 3 2
Support Columns 2
Guide Tube 4
Bypass L.ine 1
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3.0 BASECASE RESULTS

This section presents the results of our final basecase calculation (using a 3-D
VESSEL. component) for the Semiscale S-I1B-3 test (9,10,11); the results from our
purely 1-D model will be given in Section 4. Our user experience and sensitivity
studies for this S-1B-3 analysis will be discussed in Section 5, together with run time
statistics.

3.1 Transient Initialization

Table 3.1.1 shows the measured and calculated steady state initial conditions,
with good agreement eventually achieved for all major parameters. The TRAC
steady state calculation for S-IB-3 was begun from cold no-flow conditions, because
no good estimate of the steady state was previously available. As in our earlier
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 hydraulic
diameter) was required to allow simultaneous matching of the primary side cold leg
temperature and the secondary side pressure. The resulting primary side conditions
are generally in good agreement with data, except for the broken loop pump speed
(which was expected [17]), and the intact and broken loop cold leg temperatures
(which are too high for given secondary side conditions even with the minimum
tube-to-tube spacing used as the heated equivalent diameter). The predicted loop
AT's are significantly less than reported but, given that we matched the core power
and the loop flows exactly and hence should match Lhe energy balance well, this
suggests that either the reported temperatures or the reported loop flows were
significantly affected by measurement uncertainties.

Based primarily upon the results of our LOBI B-RIM analyses [15], we also have
taken care to ensure a good secondary side steady state before beginning any
transient analyses. When we first began calculating the B-R M steady state, we did
not include any representation of the steam generator steam separators in the
nodalization used. Such steam sgparators can be modelled in TRAC-PF I/MODI by
specifying a user-input loss coefficient of 10""*24 s5r greater at the junction
corresponding to the separator location, which shouid allow only steam flow. (Pure
liquid flow is obtained by specifying the loss coefficient to be less than or equal to
-10**24.) The separator model in TRAC thus results in perfect separation, with no
allowance for any carryover or carryunder effects, and is known often to create
difficulties during calculations. With no separators in the steam generators and
resulting substantial liquid entrainment in the secondary side outflows, the steady
state feedwater required was higher than measured and the secondary inventories
were quite low for B-RIM.

We then extracted each stearm generator and recalculated its steady state
initial conditions with the separator modelled; these small "stand-alone" decks
allowed a laras number of calculations changing the input and controller setpoints to
be made much more economically than using the full facility model. The final
secondary system steady states had pure steam outflows, much lower feedwater
injection rates and substantially higher secondary side inventories. The individual
steam generator secondary side steady state conditions were then recombined with
the primary side steady state conditions, and a final B-R IM steady state calculation
made to fully integrate the results.
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In contrast, the first S-1B-3 steady state results (also run withcut separators
modelled, as was done in the first B-RIM steady state analyses) had too much
secondary side liquid inventory in both steam generators, and the feedwater flows
were much higher than needed to remove the core power (with mast of the
faedwater being entrained and swept out the steam outlet without participating in
t'e heat transfer processes). We reran the steady state with feedwater flow
controllers referencing the secondary side liquid level (developed for the S-SF -3
steady state [20]) and with a "separator K" to ensire pure steam outflow.

For these reruns, the steam generators were first run as "stand-alone" problems
to test various control strategies and boundary conditions. In these stand-alone
problems, the feedwater was first reduced and the secondary inventory allowed to
boil off until it was substantially below the desired experimental value. A
stearn-separator K of 1.0E 30 was then put in at the model junction corresponding to
the actual location of the steam separator, and the feedwater was controlled to
achieve a specified downcomer collapsed liquid level without overshooting the
desired conditions. This technique was eventually successful for both steam
generators, but with two problems encountered; one was an interpretation error we
could correct, but the other was a code failure we could only hope to avoid.

The interpretation error lay in assuming the collapsed liquid level control
function was a cell-centered variable so that the ordering of the component cells to
be included did not matter. In fact, this variable is referenced to particular cell
edges and the ordering is impertant (and was originally wrong). With the wrong liquid
level driving the feedwater controller, a number of odd results were calculated.

This interpretation error in liquid level definition resulted in a signal variable
value lower than the actual liquid level being calculated. As the feedwater
controller then tried to increase this liquid level, the actual level approached the
downcomer-separator junction and the calculation would usually predict rising
pressures until a code steam table failure occurred; the "perfect” separator in TRAC
has great difficulty in relieving steam generator overpressurization due to excess
liquid inventory because it can only pass vapor.

With careful adjustments in the controller constants (based on the experience
gained in the S-SF -3 steam generator steady state calculations [20]), the correct
secondary side steady state conditions were eventually calculated. These conditions
were then put in the overall S-IB-3 deck, and the system steady state was
successfully run.

Table 3.1.2 gives the boundary conditions for the transient. A simulated
communicative intermediate cold leg break was accomplished using a rupture disc
and blowdown nozzle (shown in F igure Al.4) having a total break area of 1.24 cm**2.
Effluent was ejected from the primary system to the pressure suppression system,
which was vented to maintain a constant pressure of 0.241 MPa. Power to the
electrically -heated core was automatically controlled to simulate the thermal decay
response of nuclear fuel rods. At blowdown initiation, power to the intact and
broken loop primary circulation pumps was reduced and the pumps were allowed to
coast down to approximately 40% of initial speed. The intact loop pump maintained
this speed for the duration of the test, but the broken loop pump power was tripped
off when the pressurizer pressure reached | MPa. The intact and broken loop steam
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generator steam discharge valves closed fully at the same primary system pressure
setpoint of | MPa. The coolant injection systems were arranged to discharge into
the cold leg of the intact loop. The accumulator operated automatically in response
to system pressure during the test. The low-pressure coolant injection pump was
used and its operation started when system pressure reached | MPa; the injection
rate then varied with system pressure at a predetermined computer-controlled flow
rate [10].

5.2 Primary Side Thermal/Hydraulics

Figure 3.2.1 shows the intact and broken loop cold leg pressures. (In all plots,
solid lines give calculated results, while the measured data is shown in dashed lines.)
There is very good agreement between calculation and experiment for the first and
last thirds of the transient. This is somewhat unexpected, as the behavior early in
the transient is controiled by the initial temoeratures (and associated saturation
pressures), which were high in our steady state compared to the data; the late-time
agreement may also be fortuitous as there is a substantial discrepancy during the
middle of the transient. The calculated pressure falls significantly below the
measured value around ~ 100-200 s; the intact loop seal also clears at around 100 s
in both test and calculation, which would be expected to increase the
depressurization rate. (The broken loop seal clears at around 25-30 s in bath
experiment and calculation.) This effect is seen in the calculation, but not in the
measured data; as will be shown later, the calculation underpredicts the core heatup
throughout the transient and the associated steam production and superheat
(beginning at ~ 100 s), which apparently maintained the higher pressures observed in
the test in mid-transient.

The calculated break flow rate is given in Figure 3.2.2. There is no break flow
data on the experimental data tape for S-1B-3; the measured data shown is digitized
from a published plot [21] which only gave the break flow for the first 50 s of the
transient. That break flow was not directly measured, but reportedly was obtained
by differencing the broken loop cold leg mass flows on each side of the break. These
cited broken loop cold leg mass flow rates are also not given in the experimental
data report [11] or on the experimental data tape, but are probably combinations of
densitometer and turbine flowmeter and/or drag screen measurements. Given the
existence of both top and middle densitometer traces for the indicated locations and
no documentation on the exact data processing used, we did not attempt to derive
measured break flow for the entire period analyzed.

The partial data indicates good prediction of the subcooled break flow early in
the transient (using a subcooled discharge coefficient of 1.0) and suggests the
subsequent saturated break flow (for a saturated discharge coefficient of 0.9) may
be high, particularly after the broken loop seal clears at ~25 s. (1hese subcooled and
saturated discharge coefficient values were chosen to give good agreement for the
peak break flow and the time that the | MPa primary pressure setpoint was reached,
respectively.) A high saturated break flow would help explain why the pressure in
the first 100 s is in such excellent agreement with data despite the fact that the
calculated initial temperatures (and associated saturation pressures) are greater
than measured; overpredicted saturated break flow would also be consistent with the
greater depressurization calculated starting at -~ 100 s. However, the data is not
adequate for true quantitative judgement.
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As mentioned above, though, the more rapid depressurization calculated during
the middle of the transient could as easily be due to general underpredictiocn of
vapor generation and superheat (due to underprediction of core heatup). Comparison
of measured and calculated fluid temperatures throughout the loops show this
discrepancy (with vapor superheat and/or liquid subcooiing visually inferred from the
deviations of either the measured or calculated temperatures from a smooth
saturation curve corresponding to the measured or calculated system pressure). The
best agreement with data is seen in the cold legs, as shown for the broken loop cold
leg liquid and vapor temperatures in Figure 3.2.5; the large vapor superheat
throughout most of the transient due to steam generator reverse heat transfer is
well-predicted, and the small vapor superheat near the break after about 100 s is
alternatively under- and overpredicted.

The general underprediction of vapor superheat is much more visible in the hot
legs. Figures 3.2.4 and 3.2.5 give the liquid and vapor temperatures in the broken
and intact loop hot legs, respectively. Although some superheat is calculated at
about the right times, it is much less than measured. The intact loop cold leg liquid
and vapor temperatures in Figure 3.2.6 show that the superheat due to reverse heat
transfer in the intact loop is also underpredicted. These intact loop cold leg
temperatures also show a small degree of liquid subcooling after the onset of
accumulator injection.

Accumulator injection begins when the primary system pressure falls below the
accumulator pressure of 2.6 MPa, at 163 s in the test. Due to the lower pressures
predicted during the ~100-200 s period, this setpoint is reached at (38 s in the
calculation and accumulator injection is thus predicted to begin early. Figure 3.2.7
shows the measured and calculated accumulator injection flow rates. In addition to
beginning early, the calculated injection is both qualitatively different and not as
smooth and well behaved as the data, although the integrated flow rate of injected
liquid is nearly that observed by the end of the period analyzed. The discrepancies in
the calculated accumulator injection rate are a direct consequence of the
discrepancies between the calculated and measured primary system pressures
(Figure 3.2.1). The accumulator injectior rate is controlled by the pressure
difference between the accumulator gas and the primary system. The initially higher
predicted accumulator injection is due to the lower pririary system pressures being
calculated at those times; the lower predicted accumulator injection later in the
transient, when the measured and calculated primary system pressures come back to
agreement, is due to a depleted accumulator driving pressure due to the earlier
overpredicted injection. The higher calculated injection after about 300 s is again
due to lower primary system pressures being calculated than were measured.

3.3 Loop Inventory Distribution

The early onset of accumulator injection in the calculation and the subsequent
alternating over- and underpredictions of the injection rate are mirrored in the
calculated intact loop cold leg densities in the latter part of the transient. Figure
3.5.1 shows the densities at and downstream of the accumulator injection port. This
figure also shows that the effect of the intact loop seal clearing at ~ 100 s on the
cold leg densities is correctly calculated.
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The intact loop seal clearing is shown in more detail in Figures 3.3.2 and 3.3.5,
which give the intact loop pump suction leg collapsed liquid levels and selected
localized densities, respectively. (All collapsed liquid level data shown in plots in
this section are digitized from experimental data report figures (10,21]) rather than
plotted from experimental data tapes.) The data shows the loop seal completely
clearing ‘rom 100 to 150 s, while the calculation shows only a partial clearing at
100 s with some liquid remaining in the unflow side throughout the transient. With
the lower calculated primary pressures after ~100 s, this may also be due to
underpredicting the core heatup and subsequent steam generat ion and superheat.

Figure 3.3.4 gives calculated and measured intact loop steam generator primary
side U-tube collapsed liquid levels. In the upflow (hot-leg) side where Gata is
available, the agreement is generally very good, although the oscillations are
somewhat out-of-phase in the test and calculation.

Although the intact loop steam generator U-tubes appear to drain correctly in
the calculation, there are some discrepancies in the predicted hot leg draining, as
shown in Figure 3.3.5. This figure gives measured and calculated intact loop hot leg
densities near the vessel (on the left) and near the steam generator (¢ . the right).
Besides a delayed draining of the entire horizontal portion after 25 s, the vertical
portions of the hot leg do not empty in the calculation until after ~200 s, while the
data suggests much earlier complete draining.

The delay in the early-time hot leg draining (as well as the delay in core
uncovery and heatup, discussed in the next section) is due to higher calculated intact
loop (and vessel) flows after ~25 s than measured. Intact loop hot leg mass flow
rates are shown in Figure 3.3.6. As mentioned in the previous section, mass flow
rates were not given on the experimental data tape. The mass flow rate data in this
and subsequent sections were generated by multiplying center or middle
densitometer traces with turbine flowmeter and/or drag screen data, and
multiplying by a constant chosen to give the initial flow rate shown in the
corresponding experimental data report plots. This procedure is not to be considered
highly reliable. However, there is very clearly significantly more flow calculated
from 25 to 70 s than measured.

The measured intact loop mass flows stagnate suddenly and completely to
near-zero velocities at about 15-25 s, when the intact loop pump head is fully
degraded due to cold leqg liquid flashing. The calculation instead shows a flow
decrease at that time due to the density decrease as the fluid flashes followed by a
more gradual flow stagnation. A number of sensitivity studies were done
concentrating on this discrepancy, as discussed below in Section 5.2. Our conclusion
was that this discrepant behavior was more likely due to errors in the Semiscale
pump curves used (in their applicability rather than in their implementation) than to
code errors, and that the inadequacy and uncertainty in the pump modification
descriptions precluded any significant improvement in calculated results.

The problem appears to be associated with the intact lcop pump head
degradation and flow stagnation nnly, as evident from the broken loop hot leg mass
flow rates shown in Figure 3.3.7 where there is good agreement between calculation
and data. This good agreement in broken loop flow stagnation results in good
agreement in broken loop hot leg draining, with Figure 3.3.8 giving measured and
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calculated broken loop hot leg densities. The horizontal portions of the broken loop
hot leg correctly drain before ~75 s, although again the draining of the vertical
portions of the hot leg are somewhat delayed.

Figure 3.3.9 shows the broken loop steam generator U-tube collapsed liquid
levels in the calculation. Figures 3.3.10 and 3.3.11 give the broken loop pump suction
leg densities and collapsed liquid levels, respectively, showing the broken loop seal
clearing at 25-75 s. The broken loop seal clearing during this period is also visible in
the broken loop cold leg densities, shown in Figures 3.3.12 and 3.3.13 for the
pump-side and vessel-side of the break, respectively. These density plots also
suggest that the calculated break flow may be high in the 25-75 s period due to
more liquid in the broken loop cold leg fluid mixture than observed in the
experiment. (The calculated increase in the vessel-side broken loop cold leg density
late in the transient is due to ECC liquid flowing around the downcomer inlet
annulus from the intact to the broken loop cold leq.)

3.4 Vessel Inventory

The problems in matching the intact loop flow stagnation early in the transient
are also visible as discrepancies in predicting the vessel and downcomer responses
correctly. Figure 3.4.1 shows measured and calculated downcomer mass flow rates.
As with the intact loop flows in Figure 3.3.6, the predicted decrease in flow to
near-stagnation is more gradual than that observed in the test; the data shows zero
flow by 25 s while the calculation does not reach zero flow until after 50 s. The
calculation also exhibits more flow oscillations later in the transient than measured.

The delayed intact loop and downcomer flow stagnation after ~25 s shows up as
a delayed vessel level depression at the same time, as seen from the vessel and
downcomer collapsed liquid levels in Figure 3.4.2. (The experimental levels are
based on Ap measurements and are not reliable during steady state and the very
early transient, when flow effects are dominant.) The predicted vessel level is
higher than occurred from ~25 to ~75 s while the downcomer level is lower than
measured, with the small recovery in downcomer level after ~29% s not predicted.
The calculated vessel level is then correctly depressed to the observed minimum
level after the 75 s period. The subsequent vessel level recovery predicted at ~ 100 s
is only half that observed, probably due to the partial intact loop seal clearing
calculated contrasted to the total intact loop seal ciearing in the test (shown in
Figures 3.3.2 and 3.3.3).

After intact loop seal clearing, the calculation has more water in the
downcomer and less in the vessel than measured. This discrepancy is then
exacerbated by the differences in observed and predicted accumulator injection
flows, given in Figure 3.2.7. Earlier and higher accumulator injection causes both
levels to begin rising earlier than in the test, and is responsible for the higher
calculated downcomer liquid levels after ~ 150 s; subsequent underprediction of
accumulator injection around 200 s causes the levels to then rise more slowly so
that, by the end of the transient analyzed, the agreement between measured and
predicted levels is generally good.

Despite the quantitative discrepancies just noted, all the correct qualitative
behavior is being calculated. Fiqure 3.4.3 shows the densities at the downcomer
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midplane, for example. The agreement for the first 150 s closely mirrors the
measured vs calculated downcomer collapsed liquid level behavior. The voiding
during the 150-250 s period is predicted, although the calculation has somewhat
more water in the downcomer than measured, again parallelling the collapsed levei
behavior. However, aithough both measured and calculated responses change at
~250 s, the calculatinon does not show a steadily increasing density afterwards but
instead a sudden jump in density at 350 s occurs after a long period of relatively low
and steady two-phase mixture density. (A number of our calculated downcomer and
vessel densities show such quasi-steady mixture densities bracketed by sudden shifts
to and from nearly pure liquid or vapor; the reason for this behavior has not yet been

determined.)

Figure 3.4.4 shows the vessel response in more detail; it gives the lower plenum,
core heated length and upper plenum collapsed liquid levels. (As with the vessel and
downcomer collapsed liquid levels, the data are derived from Ap measurements and
are not accurate at the start of the transient. Also, the instrumentation zero does
not always correspond exactly to the physical boundaries between lower plenum,
core and upper plenum.) These calculated component liquid levels show delayed level
drops after ~25 s, in the core heated length and upper plenum. However, the data
shows the lower plenum staying essentially full throughout the transient; the
calculation shows substantial void in the lower plenum starting after about 20 s,
with significant liquid in the core heated length above the lower plenum. Late in the
transient, at ~250 s, the calculation shows liquid appearing in the upper plenum,
above a substantially voided core heated length. These results suggest that, in the
calculation, more phase separation is needed in the vessel to help ensure the liquid
inventory being distributed correctly, and suggests that the interfacial shear
carrelations used may be overpredicting liquid entrainment substantially.

Measured and calculated lower plenum densities are given in Figure 5.4.5, for
an elevation 6 cm below the bottom of the core heated length. The level depression
at ~75 s reaches this point in both the calculation and the test. Afterwards, the
calculation does not show either a slow boiloff from 125 ta 175 s or a gradual vessel
refill after 175 s, but maintains a nearly-constant two-phase mixture density.
Although there is no density data for lower vessel elevations, the calculated
densities throughout the four lower plenum levels all show similar two-phase
mixtures during most of the transient, while the lower plenum Ap measurement
shows the lower plenum mostly full of liquid (somewhat inconsistent with the lower
plenum density trace shown here in Figure 3.4.5, although that measurement is near
the very top of the lower plenum).

Figures 3.4.6 through 3.4.8 show representative measured and calculated
densities at various elevations within the core, 1.13 m above the bottom of the
heated length, at the core midplane and 0.24 m from the top of the heated length.
These density comparisons show the same phenomena already described in the
discussion of the collapsed liy. id level comparisons earlier in this section. The
delayed vessel voiding after ~25 s is seen in all the heated length densities (and in
the upper plenum, also). The partial recovery after intact loop seal clearing is also
visible in the densities in the lower half of the core heated length, with the
calculated recovery being too early (Figure 3.4.6) and too little (Figure 3.4.7). No
slow boiloff and later gradual refill are seen in the density predictions after this
level recovery; instead, the calculation shows \arious lavels in the core
progressively filling to and stabilizing at a two-phase mixture density corresponding
to a~0.7 (actually ranging from 0.68 to 0.75 in the various axial levels).
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The two-phase fluid mixture in a number of vessel levels was predicted to
remain very near a void fraction of C.7, simultaneously, for prolonged periods of
time. This suggests that this value of void fraction is a "magic number” in the vessel
flow regime map and/or one of the vessel constitutive packages, or that a
discontinuity in some correlation exists at this value, causing the "hang-up”. The
only place we found a void fraction of 0.7 in the TRAC manuial (1] was inside the
nucleate boiling heat transfer correlation suppression factor (although, given the
size of the manual, we may not have found all occurrences); we did not check the
coding itself. The rods adjacent to these vessel levels were in the nucleate boiling
regime during the relevant times, but how this could have the effect observed is not
known. Alternatively, because the TRAC flow regime assumes annular flow starting
from a void fraction of 0.75 with interpolation to slug or bubbly flow at somewhat
lower void fractions, the code may be having difficulties switching to pure annular
flow and thus "hanging up™ at void fractions just below 0.75.

Uncertainties in the upper head flow paths (in particular for the support
columns, supposedly plugged but with a flow area of undocumented size accidentally
provided by removed instrumentation [10,22]) made modelling the upper head
geometry a matter of trial and error. Figure 3.4.9 shows the measured and
calculated upper head collapsed liquid levels. The upper head in the calculation
initially drains too quickly, but at later times has more water remaining than was
measured. A few studies with different support column, guide tube and bypass flow
areas and resistances were done in attempts to determine why discrepant upper head
draining was being predicted in the calculation, but the discrepancies were not
judged important enough to justify the resources required for resolution. The
discrepancies are believed to be due primarily to inadequate modelling of the upper
head drainage paths, due in turn to inadequate facility geometry and modifications
descriptions [10,21].

3.5 Core Response

The calculated core thermal response reflects the discrepant vessel hydraulic
response discussed in the previous section, and feeds back to the overall primary
system hydraulic response described in Section 3.2. The dulayed flow stagnation and
ass ciated retarded vessel level depression and core uncovery results in a delayed
core rod heatup. This later predicted dryout and heatup, combined with intact loop
seal clearing and vessel level recovery at the correct time, produces lower core
temperatures. The underprediction of core heatup results in less steam generation
and superheat helping to maintain primary system pressure in mid-transient. The
lower pressures predicted cause earlier and more accumulator injection than
occurred, resulting in more water in the vessel and an earlier total quench by the
end of the transient period analyzed.

Figure 3.5.1 shows the input core power and the total rod heat transfer to the
core fluid. The core power exceeds the rod heat transfer rate only during the period
from ~65 to ~ 100 s. The maximum core rod temperature in Figure 3.5.2 confirms
that it is during this period that core heatup occurs. The delay in core dryout and
heatup is clearly seen as is the overall underprediction of the core heatup and the
premature core quench in the calculation.
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Measured and calculated rod temperatures at various core elevations are shown
in Figures 3.5.3 through 3.5.9. The vessel level depression reaching the bottom of
the heated length in both calculation and experiment can be seen in Figure 3.5.3. At
all the core levels, the calculated heatup starts later than observed. With the heatup
rate determined by the power input and with the slightly early level recovery due to
intact loop seal clearing, the core heatup predicted in the 50-100 s period is
evervwhere lass than measured.

Figure 3.5.6 shows that the rod rewet due to the intact loop seal clearing and
associated vesse! level recovery reached above the core midplane (1.e., |.83 m core
elevation) in the test, but barely touched this elevation for one of the two rods in
the calculation. Figure 3.5.5 shows that, at a lower core elevation of |.36 m, both
calculated and measured rod temperatures showed a total rewet as the intact loop
seal cleared; Figure 3.5.7 shows that, at a higher core elevation of 2.30 m, neither
the calculated nor the measured rod temperatures showed a rewet as the intact loop
seal cleared.

The calculated rod temperatures are progressively more discrepant compared to
data both in transient time and in core elevation. The temperature deviations seen
in the lowest core levels, after the initial heatup and rewet, are primarily due to
differences in saturation temperature due to mispredicting the primary system
pressure in the 100-200 s time period (e.g., Figure 3.5.3). At slightly higher core
elevations, there is also a discrepancy at later times due to underestimating the
amount of liquid boiloff after loop seal clearing (clearly visible in Figures 5.5.4 and
3.5.5); the duration of this late-time inventory boiloff hefore accumulator-driven
refill is also underpredicted (e.g., Figures 3.56 and 3.5.7). The lower rod
temperatures throughout the core in the calculation result in less steam generation
and allow more of a two-phase mixture to exist in the core so that, at the higher
core elevations, the calculated rod temperatures are lower (as seen in Figures 5.5.8
and 3.5.9) due to less depleted heat removal capacity of the fluid flowing past the

rods.




Table 3.1.1 Steady State Initial Conditions

Variable

Core Power (MW)
System Pressure (MPa)

IL Cold Leg Temperature (K)
IL AT (K)

IL Cold Leg F low (kg/s)

IL Pump Speed (rad/s)

BL Cold Leg Temperature (K)
BL AT (K)

BL Cold Leg Flow (kg/s)

BL Pump Speed (rad/s)

SG Feedwater Temperature (K)

IL SG Pressure (MPa)
IL SG Liquid L.evel (m)

BL SG Pressure (MPa)
BL SG Liquid L.evel (m)

Data

1.451
15.5%

560

36
6.18 (8.02 U/s)
L7

566

51
2.13(2.74 U/s)
8712

494

* Slow oscillations of ~0.1 m present in calculation

24

2.13%
1281

494

6.30
~7.5%

1.40
~7.1®



Table 3.1.2 Experimental Boundary Conditions

Break Opens 0- s
Core Power 0- 1.2s 100%
1.2- 3.2s 1%
5.2- 5.2s 51%
5.2- 10.1s 33%
10.1- 15.1s 16%
15.1- 20.1s 1%
20.1- 100.1 s 7%
100.1- 2%
Intact Loop Pump Speed Os 100%
0-30sramp to 37%
30- 37%
Broken Loop Pump Speed Os 100%
0-30 s ramp to 52%
30-240 s 52%
240- s ramp to 0%
I SG Feedwater F low rampto0in 30 s
BL SG Feedwater F low full flow for | s
rampte0in 1.5s
IL SG Steam Valve close at | MPa
BL SG Steam Valve close at | MPa

.27
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4.0 NODING STUDY

A purely (-D model was developed for the Semiscale Mod-2A facility and the
S-IB-3 test, using the {-D CORE, TEEs, PIPEs and two PLENUM components to
connect the hot and cold legs to the vessel and downcomer, respectively (as
described in Section 2.2). This was intended to allow us to assess the new PLENUM
component by comparing final results to those obtained with our corresponding 3-D
VESSEL model, and tc allow us to run sensitivity studies with a faster running model.

This section presents the results of both our "original® and “final" |-0 model
results, and compares them to the results from cur basecase 3-0 model analysis
(already described in Section 3). Here, "original® does not mean the first |-D model
calculation but rather the calculation done with the same code and the same input
and default options as the 3-D model analysis; "final" refers to a later 1-D run with
more code error corrections and some different input options implemented.

4.1 Basecase 3-D vs Original 1-D Model Results

Figure 4.1.1 shows the intact and broken loop cold leg pressures for our 3-0D and
original 1-D model calculations, together with the experimental data. The pressures
from the |-D are generally lower than those from the 3-D model calculation, visible
after ~ 100 s. Because, a< will be shown below, this |-D model gave even lower core
temperatures than the 3-D model had, this helps confirm the idea that the lower
calculated pressures (relative to the observed p:essures) are due to underpredicting
the core heatup and associated steam generation and superheat.

There are very few differences in the break flows predicted using these two
input models, as shown in Figure 4.1.2. The 3-D madel calculation, with its slightly
higher pressures, has slightly higher break flow rates except when the higher
accumulator injection in the 1-D model calculation (Figure 4.1.3) causes higher ECC
bypass to show up in the break flow; this higher accumulator flow for most of the
injection period is due to the lower pressures predicted using the |-D model.

The biggest difference in results calculated is for the vesse! inventory. Figure
4.1.4 shows the vessel and downcomer liquid levels calculated using our 3-D and |-D
models, compared with data. There is a growing divergence between the levels in
the two calculations, with the 3-0 model results generally in better agreement with
data (although the |-D model results are in better quantitative agreement on the
vessel level recovery after intact loop seal clearing at ~ 100 s). Throughout most of
the transient, the |-D model shows substantially more liquid in both the downcomer
and the vessel than either the 3-D model or the Lest, especially at later times.

Figure 4.1.5 shows the individual lower plenum, core heated length and upper
plenum liquid levels for the 3-D and |-D model calculations. While there are some
small differences in the upper plenum and while the lower plenum is more voided in
the 3-D model, most of the discrepancy lies within the core heated length. The
collapsed liquid level there both drops later initially and subsequently recovers more
quickly after loop seal clearing. However, both models give almost identical
minimum overall vessel and core heated length levels. These level minima are
controlled by the amount of liquid in the loop seals and the steam generator U-tubes




before clearing, and the agreement on the minimum level values in the two
calculations is a result of very similar loop hydraulic behavior being predicted using
these two input models.

The differences in the core heated length liquid content are mirrored in the
core teaperatures predicted using the two models. F igure 4.1.6 shows the maximum
rod clad temperatures (i.e., the maxima of all the thermocouple measurements
throughout the core at any qiven time), and Figure 4.1.7 shows the individua! heater
rod tamperatures at the cr.e midplane, from the 3-D and 1-D model calculations. In
bot ficures, the core heatup is slower in the |-D CORE (due to the difference in
collapsed liquid levels in the ~25-65 s time periad), the recovery after PCT mare
rapid (due to the greater level recovery in the |1-D calculation after intact loog seal
clearing), and the second heatup late in the transient aimost fully suppressed in the
{~-D model (due to the approximately-doubled core | quid inventory after -~ 100 s).
After quench, the 1-D model rod temperatures are lower due to the lower system
pressures and associated saturation temperatures predicted.

4.2 Density Gradient Inversion at Component Boundary

The qualitative behavior of the |-D model vessel inventory distribution differs
marked!s from the corresponding local 3-D model behavior, in addition to the
quantitative difference in magnitude already discussed.

Figure 4.2.1 gives the mid-downcomer densities for the 3-D and | -D models. As
discussed earlier in Section 3.4, the 3-D mode results correctly show the
downcomer partially voiding during the ~150-250 s period, although the calculated
vaiding dres not extend as far down as was measured; in contrast, the |-D model
results show a density increase (rather than decrease) at about 150 s. The
downcomer refilling at about 250 s is seen in the 1-D model calculation, as well as
in the 3-D model calculation and in the test, but more rapidly in the calculations
than in the data.

The lower plenum densities calculated with the 3-D and |-D models are shown
in Figure 4.2.2, with the corresponding measurement. In this location, although
neither calculation shows the boiloff measured from 125 to 200 s, the 1-D model
generally gives better agreement with data, particularly for the refill late in the
transient (while the 3-D model tends to hold a more-or-less constant density after
~ 100 s).

In one sense, the original 1-D model densities in the core heated length also
show better qualitative agreement with the test data than the 3-D model densities,
albeit with more liquid present in the equivalent region. As shown in Figures 4.2.3
and 4.2.4 for the lower and middle core regions, respectively, the |-D model
calculation shows increasing densities during vessel refill late in the transient where
the 3-D model densities stabilize once a void fraction of ~0.7 is reached. Besides
the discrepancy in the amount of liquid present at any location after the first 100 s
of transient, the 1-D muaiel shows liquid appearing earlier than either the 3-D model
or the data in the iniddle and upper core (shown in Figures 4.2.4 and 4.2.5,
respactively).

Despite some local improvaments in qualitative behavior, the |-D model results

for the vessel inventory have one major defect, which can be inferred from
comparing Figures 4.2.2 and 4.2.3, but is better shown in Figure 4.2.6. This figure
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gives the vessel void fraction profiles at 125 s in the transient from the 3-D and 1-D
models, as a function of vessel elevation. (Similar behavior is seen at most times in
the transient.) The vertical dashed lines correspond to the houndaries between the
lower plenum, core heated length and upper plenum; upper head results are not
included in this plot. The 3-D VESSEL component gives two void fractions at each
axial level for the two azimuthal sectors; these have been volume-averaged before
plotting. The resulting 3-D model void fractions show a gradated two-phase region
extending from the bottom of the lower plenum to near the middle of the core, with
mostly steam above, at this time. The 1-D model, however, has a gradient inversion
at the top of the lower plenum. so that cells in the 1-D CORE component (higher in
the vessel) have substantially more liquid present than cells in the upper haif of the
lower plenum TEE component (lower in the vessel). Such a profile appears highly
unphysical, and we have discovered that this behavior is a numerical artifact
associated with the component boundary. (There is no difference in either volume or
junction flow areas between the top cell in the lower plenum and the bottom cell 1n
the core: there is no additiona! flow resistance or any other geometric reason for

such behavior.)

Figure 4.2.7 shows details of the lower plenum/core region nodalizations used in
this basecase -0 model, and in a modified |-D model where the component
boundary between the lower plenum TEE and CORE was moved down one cell. That
cell's geometry was unchanged; essentially, only the relative locations of the
external and internal component junctions were switched. The results obtained using
this modified 1-D model are shown in Figure 4.2.8, superimposed on the void
fraction profiles from Figure 4.2.6. The gradient inversion has moved down one call,
just as the external component boundary was moved down one cell. The rest of the
new results calculated with this modified 1-D model are very similar, although not
identical, to those from the basecase |-D model.

This result, togather with the two i-D model input decks, was given to the code
developers at LANL. After some examination, they determined that the key
difference in the two runs lay in the cade assumption of inverted annular flow in the
1-D CORE component. This inverted annular flow regime is not documented in the
TRAC manual. It is limited to 1-D components with generalized heat slabs, and is
explicitly disallowed at the component boundaries (explaining the dependence of our
results on the location of the component boundary). The use of this inverted annular
flow regime can be affected by changing an undocumented NAMELIST variable,
INVAN. The default value of zero causes the inverted annular flow regime to be
considered whenever the wall temperature is greater than saturation; setting this
flag to one causes this flow regime to be allowed only when the temperature is
greater than the critical heat flux temperature, T-CHF (which to us seems more

physically reasonable).

When LANL changed the value of INVAN and reran our input decks, they found
the results shown in Figure 4.2.9; the void fractions in the lower part of the lower
plenum TEES are virtually unchanged, but the void fractions at the top of the lower
plenum and the two-phase region of the core are nearly constant (at ~0.7, the 3-D
model's "magic” void fraction) and, where before the [-D and 3-D models’
two-phase froth level were at the same elevation, LANL's results show a higher
two-phase mixture level in the 1-D core. The new void fraction profiles are almost
perfect step functions rather than resembling the maore smoothly varying 3-0
profile, but at least the unphysical density inversion has been eliminated.
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4.3 Inverted Annular F low Modelling Option

Before we could duplicate the LANL runs and compare the overall results to
those of our previous 3-D and 1-D calculations, we had to obtain additional error
corrections from LANL, as discussed in Section 5.1, correcting the T-CHF
calculation so that the INVAN flag would have the proper effect. This correction set
(either EC3 or EC12.3, as the nomenclature changed) was developed in June 1985
and obtained at Sandia in October 1985. After this was done, we reran our basecase
1-D model calculation for the transient period being analyzed, with the new code
error corrections, setting INVAN=1; we did not rerun the modified 1-D model
because our "final" 1-D results, and LANL's two calculations, strongly suggested no
new and different results would be obtained.

Figure 4.3.1 shows the vessel void fraction profiles calculated with our basecase
1-D model using the different inverted annular flow logic paths, at the same
transient time as the void fraction profiles given in Figure 4.2.6. As with the LANL
results shown in Figure 4.2.9, the void fractions in the lower part of the lower
plenum TEE are virtually unchanged in our "final® |-D run, but the void fractions at
the top of the lower plenum and the two-phase region of the core are nearly
constant (at ~0.7 again), and the void fractions in the upper core show a higher
two-phase mixture level in the 1-D core than either our 3-D or “original® 1-D
calculations' twc-phase froth level. The new void fraction profiles are more like
step functions than the more smoothly verying 3-D profile, but there is no
unphysical density inversion.

The lower plenum densities for our original and final basecase |-D model
calculations are given in Figure 4.3.2, together with experimenta! data. There are
minor differences only in the calculated densities at this level, most notably in the
vessel level depression during the 50-75 s period. The new |-D calculation shows
slightly lower densities from ~100 to ~200 s, and slightly higher densities from
~225 to ~325 s, than our original 1-D calculation, but neither result is obviously
better.

A more substantial difference is seen in the predicted core densities, shown in
Figures 4.3.3 through 4.3.5 for lower, middle and upper core elevations,
respectively. The behavior prior to intact loop seal clearing at ~100 s is only
marginally different (e.q., the more rapid level drop in the lower core with the new
1-D calculation). However, the behavior after that loop seal clearing and associated
partial vessel level recovery is both qualitatively and quantitatively different for
the tvio 1-D calculations (e.qg., the quasi-steady densities corresponding to a~0.7 in
the two-phase regions of the core in our final 1-D calculation). The timing of liquid
reappearance in the middle and upper core is also different for the two |-D
calculations.

To summarize the differences in vessel inventory distribution, Figure 4.3.6
gives the lower plenum, core heated length and upper plenum collapsed liquid levels
for these two calculations with our basecase |-D model, using different inverted
annular flow logic. The lower plenum response is only slightly affected, mostly late
in the transient. The core heated length contains significantly less liquid throughout
most of the transient with the new code logic than with the default logic. In
contrast, the upper plenum contains substantially more liquid after ~150 s in our
final calculation than in our original 1-D calculation for about 100 s, after which
both runs show a similar amount of upper plenum liquid present.
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Figure 4.3.7 shows the corresponding overall vessel ana downcomer collapsed
liquid levels. The final |-D calculation predicts generally only slightly lower vessel
and downcomer levels except at late times, where its results begin diverging
substantially from those of the original 1-D model, L.ooking back at Figure 4.3.6,
most of the divergence in vessel level is due to less liquid in the core heated length
in our final calculation.

Although there is less overall liquid present within the ccre, the void fraction
profiles and the local densities show that this liquid is much more spread out through
the core heated length in the new calculation, resulting in somewhat less overall
core heatup being predicted. Figure 4.3.8 gives the maximum rod clad temperatures
for our two basecase |-D calculations. The initial core heatup due to vessel level
depression is very similar in the two calculations, but the final calculation then
shows the temperature dropping more rapidly; neither 1-D calculation shows the
substantial late-time core heatup due to level boiloff measured in the test. (The
late-time difference in calculated temperatures in this and the next figure is due to
different primary system pressures and associated saturation temperatures.) Figure
4.3.9 shows individual measured and calculated core heater rod clad temperatures at
the core midplane (1.83 m core elevation), for calculations using our basecase |-D
model and the different inverted annular flow logic. As in the maximum rod clad
temperatures in the previous figure, the clad temperatures in the final |-D
calculation are slightly lower than those in the original |-D calculation, with the
older results showing a slight core heatup due to late-time level boiloff where the
new results show nore at all; both calculations, however, substantially underpredict

the core heatup observed in the test.

4.4 Basecase 3-D vs Final 1-D Modei Results

The value of the INVAN flag should not affect the results of our 5-O model
calculation, because the inverted annular flow regime is only considered in certain
1-D components. The error corrections added to the code may or may not affect the
3-D results calculated, but we did not have the resources for yet another rerun of
the transient. Thus, this section does not compare results only for different input
models using the identical code, but instead compares resuits for different input

models using slightly different codes.

Figure 4.4.1 shows intact and broken loop cold leg pressures for our 3-D and
final 1-D models, together with the measured data. Compared with Figure 4.1.1, the
final 1-D model gives higher late-time system pressures, in better agreement with
both our 3-D model results and the data. However, all our calculations show much
lower system pressures during the 100-200 s period than observed in the test.

Figure 4.4.2 gives the accumulator injection flow rates calculated with our 3-D
and final |-D models (on the same scale as Figure 4.1.3 to facilitate comparison).
The large injection spike in the original 1-D model calculation just after 150 s is no
longer predicted, an unexpected difference for changing the use of the inverted
annular flow regime in the CORE component; this may be due to slightly different
time step histories in the two |-D calculations, or the spike may still be present but
between plot edits in the final |-D calculation. Also, the accumulator injection in
the original 1-D calculation was always higher than measured, resulting in a
substantial overprediction of the total liquid injected by 350 s. The final 1-D
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calculation (because of the different pressure calculated) has lower accumulator
injection after ~200 s, resulting in better agreement with both data and the 3-D
model result for overall liquid injection.

The final |-D calculation still overpredicts the accumulator injection,
particularly during the middle period of the transient (~ 150-225 s). The effect of
this is seen in Figure 4.4.3, in the vessel and downcomer collapsed liquid levels in
the 3-D and final |-D models. The final 1-D model has both vessel and downcomer
levels still substantially higher than either the 3-D model result or the measured
data, although changing the use of the inverted annular flow regime from the
default did result in improved agreement with data (as seen by comparing this figure
with Figures 4.1.4 and 4.3.7).

Figure 4.4.4 gives the lower plenum, core heated length and upper plenum
collapsed liquid levels calculated for our 3-D and final | -D modeis. All three regions
of the vessel generally have maore liquid present in the 1-D model, particularly later
in the transient, contributing to a higher vessel liquid level. The new | -D core liquid
level is in better agreement with the 3-D maodel result and the data than the original
1-D model result (although still high), but the upper plenum response is significantly
waorse.

The final 1-D maodel core liguid inventary is especially high relative to the data
(or the 3-D model level) during the ~150-25G s period. This is reflected in the core
heatup calculated in each calculation. Figure 4.4.5 shows the maximum rod clad
temperatures, and Figure 4.4.6 shows individual rod clad temperatures at the core
midplane, predicted with our 3-D and final |-D models. Both calculations greatly
underpredict the overall core heatup observed. However, the final |-D calculation
completely misses the secondary heatup later in the transient, both qualitatively and
quantitatively, while the 3-D model only misses the magnitude and timing.

The mid-downcomer densities for the 3-0D and final |-D models in Figure 4.4.7
show the |-D model calculating much more liquid in the downcomer than observed
or predicted by the 3-D model (also seen in the downcomer collapsed liquid levels in
Figure 4.4.3). The external downcomer nodalization in the two models is the same;
the differences are all driven by the vessel modelling.

Figure 4.4.8 gives the lower plenum densities predicted using our 3-D and final
1-D models. At this location, the |-D model results are in better qualitative and
quantitative agreement with data than those of the 3-D model (unlike the majority
of the results studied). Figure 4.4.9 shows the lower core densities (1.13 m core
elevation) for the two calculations. At this location, there is very little difference
between the results of the two models, with both maintaining a quasi-steady density
(corresporiding to a~0.7) after intact loop seal clearing rather than the inventory
boiloff and subsequent refill measured. Figure 4.4.10 shows sirnilar behavior in the
core midplane densities, except for the timing (with the 3-0 model result more like
the data); the upper core densities in Figure 4.4.11 mirror the mid-core behavior.
These density plots clearly show that there is something special in the code about
void fractions near 0.7, with cell after cell in either the 3-D or 1-0 vessel model
reaching such values and then remaining nearly constant for long periods of time.

The vessel void fraction profiles at 125 s into the transient in our 3-D and final
1-D models are given in Figure 4.4.12. As with the collapsed liquid levels in Figure
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4.4.4, the final 1-D model calculation has more liquid in the lower plenum and in the
core, with a two-phase mixture level significantly higher than that calculated in the
3-D model. Both curves (but more so with the 1-D maodel, at this particular time)
also suggest that there is something special about a void fraction around 0.7,
maintaining nearly this value for a number of axial levels extending over substantial
reaches of space. (Void fraction profiles at other, later, times show this "hang-up"
extending over almost the entire vessel.)
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