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ABSTRACT

The Los Alamos National Laboratory is developing the Transient
Reactor Analysis Code (TRAC) under the sponsorship of the Office of
Nuclear Regulatory Research, US Nuclear Regulatory Commission
(USNRC). The code provides an advanced, best-estimate analysis
capability for pressurized water reactors and for many thermal-
hydraulic test facilities. The most recent publicly released version
of TRAC is TRAC-PF1. This code version includes a full two-fluid
modeling capability in both the three-dimensional vessel component
and the one-dimensional components. We have improved the numerical

methods 1n the one-dimensional components to provide a more stable
solution and to permit the code to run faster. The Los Alamos
report, "TRAC-PF1: An Advanced Best-Estimate Computer Program for
Pressurized Water Reactor Analysis,” LA-9944-MS (NUREG/CR-3567).
provides a detailed description of the code.

This report documents the Los Alamos results of the second
assessment phase, independent assessment for TRAC-PF1. We documented
the results of the developmental assessment for TRAC-PF1 in an
earlier report. This report described calculations run with the
released versions of TRAC-PF1. We analyzed separate-effects tests in
the Semiscale facility to investigate natural-circulation and reflux
cooling. We analyzed integral tests from the Semiscale and the Loss-
of -Fluid Test facilities to explore the small- and intermediate-break
loss-of-coolant-accident (LOCA) capability and the non-LOCA
capability. We also analyzed the loss-of-feedwater transient in the
Crystal River plant. The results show reasonably good agreement with
the data, but indicate that improvements are required for the
critical-flow mode] and the interphasic-condensation model.




EXECUTIVE SUMMARY

This report documents the independent assessment of the TRAC-PF1 code at
the Los Alamos National Laboratory. The Transient Reactor Analysis Code
(TRAC) is an advanced best-estimate systems code for anmalyzing light-water
reactor accidents. The Office of Nuclear Regulatory Research, USNRC, sponsors
the development of the code at Los Alamos. We released TRAC-PF1 to the
National Energy Software Center at the Argonne National Laboratory in the fall
of 1981. This version of TRAC is the fourth in a series of publicly available
codes intended primarily for the analysis of pressurized water reactors
(PWRs). The code is capable of performing small-, intermediate-, and large-
break loss-of-coolant-accident (LOCA) analyses and non-LOCA analyses. The
generality of the code permits direct application to a large variety of
analyses such as blowdowns in simple pipes, integral LOCA tests in multiloop
test facilities, and separate-effects tests. Integral tests involve the
simulation of multiple system components, and generally cover several phases
of a LOCA transient.

The TRAC-PF1 code is based on a developmental derivative of TRAC-PD2
with a complete two-fluid hydrodynamic model in both the one- and three-
dimensional components. In the TRAC-PF1 code we have provided the capability
to track a noncondensable gas in the gas phase and a solute in the liquid
phase. The code is completely modular by component and function. The one-
dimensional components implement a new numerical technique [the stability-
enhancing two-step (SETS) numerics] that permit the time step to exceed the
material Courant limit; this numerical technique replaces both the semi-
implicit and fully implicit numerics in the one-dimensional components that
were available in the TRAC-PD2 code. The three-dimensional VESSEL component
uses semi-implicit numerics and is therefore subject to the material Courant
limit. Relative to its predecessors, this code also provides a generalized
trip capability and a new critical-flow model. The critical-flow model
eliminates the requirement for detailed noding of breaks and the accompanying
problems associated with the interphase mass-transfer model (lack of a
delayed-nucleation capability). The code continues to provide a consistent
code input and thermal-hydraulic analysis capability for generating the
steady-state conditions and calculating entire transient sequences. While the
code permits renoding on restart, renoding is not required at any time during
the complete analysis.

We have previously reported the final TRAC-PF1 developmental-assessment
results. Because we performed these analyses with the released version of the
code, the results constitute the initial set of independent-assessment
results. The developmental-assessment analyses covered large- and small-break
LOCA tests and natural-circulation and reflux cooling tests. This current
report does not describe the developmental-assessment work but rather provides
the necessary reference.

Following the release of TRAC-PF1, we provided updates in the form of
two newsletters. These updates made error corrections and further generalized
the input, based on early analyses performed after the code release. The
input changes permit better representation of material properties in the heat




slabs and improve the representation of boundary conditions for several
experiment facilities. The independent assessment uses these updates.

For independent assessment, we analyzed four tests from the Semiscale
natural-circulation test series, three Semiscale small-break LOCA tests, two
Loss-of -Fluid Test-Facility (LOFT) intermediate-break LOCA tests, two LOFT
non-LOCA transients, and the loss-of-feedwater transient in the Crystal River
plant. The four tests from the Semiscale natural-circulation test series
investigated single- and two-phase natural-circulation and reflux cooling
without a noncondensable gas, reflux cooling with noncondensable injection,
two-phase natural circulation with noncondensable injection, and asymmetries
in the coolant-loop behavior due to asymmetric control of the steam-generator
secondaries. The three Semiscale small-break LOCA tests investigate the
sensitivity of the break size and the effects of vpper-head safety injection
on the transient. The two LOFT intermediate-break LOCA tests investigate the
effect of reduced emergency core-cooling system ECCS) capacity and pump
operation during the transient. The two LOFT non-LOCA transients simulate a
loss-of -feedwater transient with delayed scram and a turbine-trip transient.
The Crystal River tramsient tests the code at full scale during a transient
induced by the loss of feedwater.

The report discusses the various analvses in detail and provides a
description of the facility and test, the TRAC input, and comparisons to data.
After each set of analyses, the report provides conclusions based on that
particular set of analyses, with summary conclusions contained in the final
section. Because of the diverse nature of the transients analyzed with
TRAC-PF1 and because we have defined key parameters for only a subset of the
transients, we have discussed the key parameters separately in each section.
Tables ITI, VI, IX, and X together with the discussion in Sections I11.F.6 and
IV.E.S highlight the key parameters. The key parameters for small-break LOCA
are in Tables IIl1 and VI and in Sections III.E.6 and IV.E.S. Tables IX and X
summarize the key parameters for intermediate-break LOCA.

Computer timing statistics for all analyses except the Crystal River
transient are discussed in Section IX, with specific information given in
Table XIX and Figs. 217-224.  Although the timing comparisons are not
rigorous among the facilities, Table XIX makes it evident that the code runs
faster for larger-scale facilities for the same type of transient and similar

noding. Table XVIII and Fig. 215 provide the timing statistics for the
Crystal River calculation.

The calculation of the LOFT small-break-LOCA Test L3-7 (from the
developmental assessment) required ~2 s of central-processor unit (CPU) time
in the computer for every second of transient time, although the first 2500 s
of the transient ran much faster than real time. An interesting comparison in
Table XIX involves the three- and one-dimensional analyses of LOFT large-
break-LOCA Test L2-2 (again from the developmental assessment). Relative to
the three-dimensional modeling of the LOFT vessel, the results with the one-
dimensional representation of the LOFT vessel lose the detailed flow patterns
in the wvessel and the multidimensionality in the core thermai response;
however, the one-dimensional calculation is an order of magnitude faster than
the three-dimensional calculation and is only ~30 times slower than real time.



The TRAC-PF1 code calculates many phenomena very well. The major
discrepancies in the data comparisons generally can be traced to the critical-
flow model and to the interphasic condensation model. The critical-flow model
does not yield the correct dependence of critical flow on void fraction. The
condensation model appears to underpredict the condensation rate under certain
conditions and overpredict it in others.

The Semiscale natural-circulation comparisons show that the code
calculates the magnitude of the natural-circulation flows as a function of
system inventory reasonably well. The code also correctly makes the
transition from natural-circulation cooling to reflux cooling. The
comparisons indicate that the wall-condensation heat transfer in (he rvleased
code is low. The reflux test with the noncondensable in,ection shows that the
calculated behavior of the noncondensable gas is correct, although the
natural-circulation test with the noncondensable-gas injection shows that the
code does not predict the measured flow recovery well.

The Semiscale small-break LOCA comparisons confirm the problems with the
critical-flow model. However, when the multipliers to the critical-flow model
are adjusted to offset the errors in the model, the comparisons throughout the
primary system are reasonably good. The code calculates the core dryouts to
occur early and the peak cladding temperature to be high, by as much as 50 K.
Because the core volume is very small, small changes in the primary-system
liquid inventory have significant impact on the core inventory and
consequently on the thermal response.

The comparisons for the LOFT intermediate-break LOCA tests show that the
core should be noded more finely in the axial direction to track better the
core liquid level and its effect on core dryout. Conversely if an
interpolative scheme were used to distribute the fluid along the fuel rod,
then the coarser noding scheme in the core would be acceptable. If the
interface-sharpener logic were incorporated in the one-dimensional CORE
component, these types of testr could be successively run in a one-dimensional
calculation. The comparisons offer further confirmation of the inadequacy of
the critical-flow model. An underprediction of condensation at high-
subcooling and low void fraction adversely affected the system pressure
calculation, causing the calculated pressure not to drop as rapidly as the
data when the cladding temperature exceeded the saturation temperature
(subcooled nucleate boiling generated vapor, which later failed to condense in
the upper plenum). This problem does not occur with the one-dimensional CORE
coryonent because the subcooled nucleate-boiling heat-transfer mode does not
exist in the one-dimensional components. Sensitivity calculations conducted
as a part of the L5-1 and L8-2 analyses show the calculated results to be
remarkably insensitive to the time-step size, and the mass errors are
negligible.

The code calculated well the behavior of the two non-LOCA transients in
LOFT. The results indicate the importance to the overall system response of
modeling all structural mass and heat-transfer area, together with the leakage
paths in the vessel, because of the impact on the energy balance. The heat-
and mass-transfer mechanisms in the steam-generator secondary and in the
pressurizer are also important factors in these tests.



The Crystal River analysis is significant in showing the application of
the code to a real reactor transient. The code calculated the sequence of
events very well and the calculated pressures, flows, and temperatures compare
well with the data. The refill of the hot legs shows an adverse effect of
interphase condensation on filling individual cells. The code requires a
combined wali- and interphasic-condensation model to smooth the condensation
process as cells fill and the pressure increases.

The overall results of the independent assessment of TRAC-PF1 indicate
that, while the code has some problems, the user can successfully apply the
code to a variety of transients. The problem areas, primarily dealing with
deficiencies in the critical-flow model and in the interphase-condensation
model, can be overcome trrough judicious choice of multipliers for the
critical-flow model and noding in areas where the condensation problems are
likely to occur. The TRAC-PF1 code provides significant improvements over
TRAC-PD2/MOD1  with regard to trip capability and user convenience in
applications to small-break LOCAs and non-LOCA transientc; however, until the
problems with the critical-flow and condensation models are corrected, the
TRAC-PD2/MOD1 code provides superior large-break LOCA capability.



I. INTRODUCTION

The Transient Reactor Analysis Code (TRAC) is an advanced best-estimate
systems code for analyzing light-water reactor (LWR) accidents. The Office of
Nuclear Regulatory Research, USNRC, sponsors the development ol the code at
the Los Alamos National Lavoratory. We released TRAC-PF1 (Ref. 1) to the
National Energy Software Center at the Argonne National Laboratory in the fall
of 1981. This version of TRAC is the fourth in a series of publicly available
codes intended primarily for the analysis of pressurized water reactors
(PWRs). The code is capable of performing small-, intermediate-, and large-
break loss-of-coolant-accident (LOCA) analyses and non-LOCA analyses. The
generality of the code also permits direct application to a large wvariety of
analyses such as blowdowns in simple pipes, integral LOCA tests in multiloop
test facilities, and separate-effects tests. Integra! tests involve the
simulation of multipie system components, and generally cover several phases
of a LOCA transient. The Idaho National Engineering Laboratory (INEL) s
developing a TRAC wversion for application to boiling-water reactors (BWRs ) :
this BWR version of TRAC is based on a developmental derivative of TRAC-PD2
with a complete two-fluid hydrodynamic model in both the one- and three-
dimensional components. The TRAC-PF1 code is based on the same derivative of
TRAC-PD2 with substantial changes in the numerics and component modeling. We
will make improvements to various models and the numerical techniques in
future wversions of TRAC to facilitate and enhance applications to various
reactor transients.

Reference 1 describes the TRAC-PF1 code. The code is completely modular
by component and function. Both the one- and three-dimensional components
utilize a full two-fluid thermal-hydraulic model with the capability to track
a noncondenszble in the gas phase and a solute in the liquid phase. The one-
dimensional components implement a new numerical technique |[the stability-
enhancing two-step (SETS) numerics| that permit the time step to exceed the
material Courant limit. The three-dimensional VESSEL component uses semi-
implicit numerics and therefore is subject to the material Courant limit. The
code provides a consistent code input and thermal-hydraulic analysis
capability for generating the steady-state conditions and calculating entire
transient sequences. While the code permits renoding on restart, renoding 1s
not required at any time during the complete analysis.

The assessment of TRAC is a two-stage process. The first stage is the
developmental assessment and is coupled closely to the code development
process. Developmental assessment principally involves posttest analyses of a
variety of thermal-hydraulic experiments. The primary objectives of
developmental assessment are to define the limits of validity of the methods,
modeis, and correlations in the developmental version of the code and to
establish values for wvarious empirical parameters; these objectives are
achieved by comparing the calculated results with experiment data. Other
objectives include the determination of code sensitivity to input data, model
assumptions, and solution techniques: recommendation of standard calculational
procedures for wvarious classes of problems: and identification of code .nd
mode | improvements.




Independent assessment is the second stage of the assessment process.
This second stage begins following the release of the code for external use.
Independent assessment uses publicly available and documented versions of
TRAC. The primary objective is to determine the predictive capability of the
code when applied to new tests involving different scales and facility
configurations or different initial and boundary conditions. All of the
developmental assessment objectives also apply to independent assessment;
however, in independent assessment, the results are factored into the future
code development without updating the current, released code. Discrepancies
between the calculations and data are resolved by performing additional
posttest analyses as required. Code changes related to better representation
of boundary conditions and improved editing of output information are allowed
in the independent-assessment process if the basic modeling and calculational
techniques are not changed.

We reported the final TRAC-PF1 developmental-assessment results in
Ref. 2. We performed the analyses with the released version of TRAC-PF1:
these analyses, therefore, constitute the initial set of independent-
assessment results for TRAC-PF1, The developmental-assessment analyses
covered large- and small-break LOCA tests and natural-circulation and reflux
cooling tests.

Following the release of TRAC-FF1, tv~ aewsletters’'* provided a series
of updates to the code to correct errors and to generalize the input. The
input changes permit better representation of material properties in the heat
slabs and improve the representation of boundary conditions for several
experiment facilities. The independent assessment uses these updates.

For independent assessment, we analyzed four tests from the Semiscale
natural-circulation test series, three Semiscale small-break LOCA tests, two
Loss-of ~Fluid Test Facility (LOFT) intermediate-break LOCA tests, two LOFT
non-LOCA transients, and the loss-of-feedwater transient in the Crystal River
plant. The four tests from the Semiscale natural-circulation test series
investigated single- and two-phase natural-circulation and reflux cooling
without a noncondensable gas, reflux cooling with noncondensable injection,
and two-phase natural circulation with noncondensable injection. The three
Semiscale small-break LOCA tests investigate the sensitivity of break size and
the effects of wupper-head injection on the transient. The two LOFT
intermediate-break LOCA tests investigate the effect of reduced emergency
core-cooling system (ECCS) capacity and pump operation during the transient.
The two LOFT non-LOCA transients simulate a loss-of-feedwater transient with
delayed scram and a turbine-trip transient. The analyses are discussed in the
order just described, with the Crystal River transient described last.

The figures showing the compar.sons between the TRAC calculations and
the data follow the general rule that a solid line represents the calculation,
and a dashed line represents the data unless otherwise stated in the text.
Most of the comparison figures will contain a legend box on the right-hand
side of the figure: this legend normally gives information such as the TRAC
component number, cell (or interface}! number, the component type, and an
indication of the data symbols. For the figures relating to the TRAC VESSEL
component, the cell designation is replace by counts of rings (R), azimuthal
segments (TH), and the axial levels (Z). Figures showing calculated



temperatures in the rods will show the axial elevation (Z = XXX.), the
calculational rod number (ROD), and the radial node location count (R). The
data will be indicated by the word DATA or by an instrument designation that

18 faci1lity deflined.



I1. COMPARISON OF TRAC-CALCULATED RESULTS WITH SEMISCALE NATURAL-CIRCULATION
S-NC-2B, S-NC-5, S-NC-6, AND S-NC-7C TEST DATA

We assessed the capability of TRAC-PF1 to make accurate posttest
predictions for Semiscale Natural-Circulation Tests S-NC-2B, S-NC-§5, S-NC-6,
and S-NC-7C. These experiments involve single- and two-phase natural
circulation and reflux, all of which are important heat-rejection mechanisms
in PWR accidents. Test S-NC-2B is a base-case test that covers three core
power levels and several system inventories: single- and two-phase natural
circulation and reflux are observed. The TRAC-calculated results for mass
flow compare well with the experiment results. Test S-NC-S examines the
effect of a noncondensable gas on two-phase natural circulation, The code
could not predict the results for Test S-NC-5 because the nitrogen in the
experiment dissolves in the water, a phenomenon that TRAC currently cannot
calculate. Test S-NC-6 is a reflux test with various amounts of nitrogen
injected into the hot leg of the system. The TRAC-predicted reflux rate is
close to the test value when there is no nitrogen in the system. Ultimately,
the maximum TRAC-predicted reflux rate is ~20% higher than the measured rate.
Test S-NC-7C, a two-loop experiment, examines the imbalances between the
intact and broken loops. The TRAC-calculated results are reasonable while the
primary system drains, but they do not predict correctly the oscillations in
the flow between the intact and broken loops as the biuken-loop steam
generator drains.

In the following sections, the TRAC input models are described briefly,
comparisons are made between the TRAC predictions and the experiment data, and

a concise analysis of the TRAC results is presented.

A. Facility and Experiment Description

The Semiscale natural-circulation tests provide a natural-circulation
and reflux data base to assess best-estimate codes. Tests S-NC-2B, S-NC-§,
S-NC-6, and S-NC-7C were selected because they cover a broad spectrum of the
natural-circulation and reflux tests. These tests use an abridged version of
the Semiscale facility.

For Test S-NC-2B, only the vessel and the intact ioop are used. The
intact-loop pump 1is replaced by a spool piece with orifices to avoid
uncontrolied primary-fluid loss through the leaky pump:® the orifice does not
block the lower half of the pipe.* The upper head of the vessel is removed to
avoid a nonuniform heating of the entire system and to avoid condensation on
the upper-head structures.” The core power is stabilized at ~30 kW. The data
cover the 1004 inventory condition. Some liquid is drained from the lower
plenum. After the system stabilizes, measurements are made for various system
inventories. The core power stabilizes at ~60 kW and the system i1s refilled
to 100% inventory. Measurements are made again at various inventories. The
process is repeated for a 100 kW core power.

*This information was provided by David Shimeck, EG&G Idaho, Inc. on
August 17, 1982.



In Test S-NC-5, the system configuration is the same as in Test S-NC-2B
except that nifrogen is injected just below the steam-generator inlet plenum.
In this test, an initial steady state is established with a full liquid
inventory: the system is drained to 88.5% of full Jiquid inventory and a new
steady state is established. Thereafter, wvarious amounts of nitrogen are
injected into the hot leg just below the steam-generator inlet plenum.
Throughout the test, the core power is maintained at a nominal 33 kWw.

In Test S-NC-6, the system configuration is the same as in Test S-NC-5.
Because this 1s a reflux test, additional measurement techniques are used to
measure the reflux rate; a reflux meter is attached to the steam-generator
inlet piping. This meter consists of a tee in the primary piping with a weld
bead around the inside circumference and a stand pipe that collects and
measures the reflux fluid.® To offset this net loss of liquid from the
system, water is injected into the lower plenum. The core power is maintained
at a nominal 30 kW. Measurements are made when there is no nitrogen in the
system and again as increased amounts of nitrogen are injected into the
system.

Test S-NC-7C is the only one of the four tests that uses both the intact
and the broken loops of the Semiscale facility.’  The intact loop is the same
as that described above for Test S-NC-2B. The broken loop i1s the same as that
normally used in the Semiscale facility: the broken-loop pump is left in the
loop but the rotor is locked during the test. The core power level is
maintained at ~100 kW. The test consists of two main segments. In the (first
segment, the primary inventory is reduced discretely through a drain in the
vessel lower plenum: measurements are made when each inventory reaches steady
state, In the second segment, the primary inventory remains at 73.1%. The
broken-loop steam generator 1s drained to discrete inventories: as before,
measurements are made when each broken-loop secondary inventory achieves
steady state.

During all the tests, the pressurizer establishes the initial steady
state for each core power level. Then, wvalves are used to isolate the
pressurizer from the system before measurements are made and before the system
inventory is reduced. Further, no emergency core coolant (ECC) is required.

B. TRAC Mode |

The TRAC noding for Test S-NC-2B (Fig. 1) reflects the simplicity of the
abridged Semiscale facility. The noding for Tests S-NC-5 and S-NC-6 (Fig. 2)
is similar except that an extra hot-leg TEE component allows nitrogen
injection just below the steam-generator inlet plenum.

The TRAC-PF1 one-dimensional CORE component is wused as part of the
overall one-dimensional vessel representation for simplification. Because the
height of the Semiscale core is large compared to its horizontal width, the
one-dimensional core model works well. Also, the one-dimensional CORE
component uses the faster "two-step” numerics, whereas the three-dimensional
vessel does not: thus, considerable central-processing-unit (CPU) time is
saved. Although the upper head is not modeled in the TRAC model, the capped
core support tube and guide tube are modeled explicitly with the TEE
components above the CORE component. The draining of the primary system s
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accomplished with a FILL component attached to the bottom of a TEE that
represents the lower plenum.

The recirculation path, steam dome, and main steam-line valve are
modeled specifically for the steam-generator secondary side. The steam-line
valve, represented by a VALVE component controlled by a trip, maintains a
secondary pressure that 1s within 0,005 MPa of the experiment value. The
feedwater is supplied by a FILL component that is controlled by the collapsed
level in the steam generator: the feedwater maintains a level of 9.4 m.

Although the Semiscale external-loop piping heaters are designed to
offset the system heat loss, the data indicate that this technic ¢ is
insufficient for these tests. For example, in the intact-loop pump suction,
the heaters generally increase the fluid temperature for these experiments;
further, the S-NC-2B experiment data report” states that the pump-suction and
cold-leg heaters were deactivated when boiling was observed in the steam-

generator primary-outlet piping. Accordingly, the TRAC model incorporates
both the external heat losses and the external heaters to simulate more
accurately the actual experiment. The heater power for each component is

taken directly from the experiment data. The heat losses are not specified
sufficiently to distribute accurately the heat losses for each component in
the model. Yet the distribution and magnitudes of these losses are important
for a natural-circulation test. To distribute these losses properly, several
steady-state TRAC runs were made and the individual component heat losses were
varied until the liquid temperatures throughout the model closely matched
those in the data.

When the intact-loop pump is replaced by an spool piece with orifices,
the TRAC model represents this section by a two-cell pipe with a large
additive friction factor FRIC (on the order of 10) at the second face.
Because this orifice does not block the lower half of the pipe, it is
impractical to calculate FRIC: instead, FRIC was determined by adjusting its
value in several TRAC runs to achieve the test mass flow for the full liquid
system at steady state.

The TRAC input model for the Test S-NC-7C (Fig. 3) is similar to those
for Tests S-NC-2B, S-NC-5, and S-NC-6. The main difference is that the
$-NC-7C mode! includes the broken loop, which is similar to the intact loop
except for two changes. The broken loop has a PUMP component with a locked
rotor (that i1s, no angular velocity). On the secondary side, the steam-line
valve is open fully so that the secondary pressure is controlled by a pressure
vs time table incorporated into the BREAK component. The reason for using a
BREAK rather than a steam-line valve is discussed in Sec. I1.C.4. The steam-
generator models for this test are changed slightly from the preceding ones to

incorporate more recent geometry information in the riser and downcomer
sections,

Be ~use the natural-circulation flows, especially reflux, are of such a
low magnitude, any spurious flows resulting from eclevation errors could mask
the true flows. A null transient, where all wall heat transfer is deactivated
and any pump is disabled, was run before the TRAC prediction runs.
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Fig. 3.
TRAC noding for Sem.=cale Test S-NC-7C.

C. Results

1. Test S-NC-2B. As shown in the pressure-history comparison for
Test S-NC-2B (Fig. 4), the TRAC transient truacks the experiment data as
closely as possible. This duplication included executing the primary drains
as indicated by the data and changing the core power level at the time and in
the manner displayed by the data. The 30-kW core-power segment extends
from 0-15000 s. The 60-kW nominal core-power segment encompasses
16000-26000 s whereas the 100-kW case runs from 26500 s to the end of the

test. In general, the TRAC prediction followed the test data well. The TRAC

prediction for the 30-kW segment of the test does not follow the data history
as well as it does for the remainder of the test because the timing of the
system drains for this segment is difficult to determine. In the remainder of
the test, the timing of the drains is reasonably clear. The dips in the data
trace of the pressure that correspond to dips in the secondary-side pressure
result from the intermittent influx of cold feedwater.
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Comparison of the TRAC-calculated and measured pressure histories for

Test S-NC-2B.

Figures 5-7 show the hot-leg mass flows as a function of system

inventory both for TRAC and for the experiment data. In gener:!, the
peak-in-mass flow occurs just before the voids are entrained biyond the tops
of the tubes for the steam-generator primary side. For the 30-kh case

(Fig. 5), the peak mass flow occurs for a higher system inventory than in the
data. However, the magnitude and subsequent behavior are close to that of the
data. The TRAC prediction of the mass-flow peak (Fig. 6) occurs at a slightly
smaller inventory than in the data. Still, the general prediction compares
very well with the data. 1In the high-power case, 100 kW (Fig. 7), TRAC tracks
the data closely.

Figures 8-10 show the primary pressure as a function of system inventory
for the three power levels. In all three cases TRAC does a reasouable job of
predicting the system pressure above a 77% invertory. Be€lo« that wvalue, the
TRAC pressure prediction in the reflux regime is always high because the
TRAC-PF1 condensation heat-transfer model wunderyredicts the heat transfer,
When the TRAC-PF1/MOD1 model is used, the system pressure behaves prugerly.
The experiment does not measure the reflux rate.

Overall, the comparison of the S-NC-2B test data with the TRAC-

calculated results shows that TRAC predicts wel! single- and two-phase
natural-circulation behavior.
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to find other ways to remove the nitrogen blockage in the steam-generato:
tubes. Currently, we think that a significant portion of the nitrogen may
have dissolved into the water during the ~5.5 min of stagnation. The TRAC-
predicted partial pressure is 264 psia with a 523F° temperature wher the flow
should be reestablished. In the TRAC predictions, which are not at
equilibrium, Henry’'s law coefficient is ~0.3 psia/cc-solute/kg-water (obtained
from Fig. S in Ref. 9). From Henry's law, the nitrogen concentration should
be ~881.0 cm’-nitrogen/kg-water at equilibrium. The first nitrogen injection
is 2020.1 cm.’ Obviously, this rough analysis with nonequilibrium quantities
implies that a significant portion of the nitrogen could have dissolved into
the water in the experiment and could have reduced the blockage in the top of
the steam-generator tubes. In fact, one TRAC run was made with only half of
the prescribed nitrogen injection; the prediction went smoothly and the flow
reestablished at the time shown in the data. In addition to the primary water
available for nitrogen dissolution in the steam generator, the delta-P taps
contain cold water at high pressure that should have a greater affinity for
nitrogen. In any event, the current TRAC version cannot model the dissolution
of a noncondensable gas into the liquid,

3.  Test S-NC-6. The TRAC run for Test S5-NC-6 tracks the experiment
data as closely as possible. Figure 15 compares the measured and TRAC-
calculated pressure histories. In addition to the TRAC and data curves, a
third dotted curve plots the pressure history obtained from the TRAC-PF1
condensation heat-transfer model. Because this model underestimates the heat

transfer, it maintains an excessive primary pressure during reflux. The TRAC
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Comparison of the TRAC-calculated and measured pressure histories for
Test S-NC-6.

predictions for this experiment are based on an update of the TRAC-PF1 code
that uses the TRAC-PF1/MOD1 model. The solid curve in Fig. 15 shows that the
updated condensation heat-transfer model substantially improves the TRAC
pressure prediction.

Figure 16 shows the reflux rate as a function of the injected nitrogen
(air in the case of TRAC) for the upside of the steam generator. The circular
and triangular symbols represent the individual reflux rates for TRAC and for
the data, respectively. The dashed line is the maximum vapor flow rate into
the steam generator, and thus the maximum reflux rate for the TRAC prediction:
the chain-dot line is the maximum reflux rate for the data. When there is no
nitrogen in the system, the TRAC prediction and the data are quite close but
the TRAC prediction is ~10% lower. When nitrogen constitutes 0.86% of the
primary volume, the TRAC prediction and the data are even closer: the TRAC
prediction is only 3% higher than the data. When the nitrogen volume is 2.984
or higher, both the TRAC prediction and the data have reached the maximum
reflux rate, but the TRAC prediction is ~20% higher. No data for the downside
of the steam generator exist, but Fig. 17 shows the TRAC prediction. The
dashed line represents the maximum reflux rate, and the circular symbols
represent the individual reflux rate. When there 1is no nitrogen in the
system, slightly more than half of the reflux flow occurs in the downside of
the steam generator. This wvalue is the same as that observed in the
experiment.”® As the amount of nitrogen increases, more of the reflux occurs
in the upside of the steam generator. When the nitrogen volume is 2.98% or
above, all the reflux occurs in the upside of the steam generator.
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Currently., we cannot explain the higher TRAC-predicted maximum ref lux
rate. One possible cause may be that the TRAC model does not model exactly

the way in which the reflux liguid 1s removed from the system and then
replaced. In the TRAC model, the reflux liguid simply 1s allowed to run
unimpeded into the core. An alternative possibility is that 4 significant

ortion of the nitrogen 1s dissolved in the water, and 1s thus removed f(rom
L

the reflux region.

4. Test S-NC-7C. Figures 18 and 19 compare the TRAC-calculated and
measured primary pressure histories and the broken-loop steam-generator
secondary-side pressure histories, respectively, for Test S-NC-7C. The TRAC-
predicted pressure (Fig. 18) drops rapidly when the system drains.

By the final system drain, the TRAC prediction 18 close to the
experiment data. The TRAC broken-loop steam-generator secondary-side pressure
(Fig. 19) tracks the data because of a controlling BREAK component. In the
preliminary runs for this experiment, the secondary pressure was maintained at
a constant pressure with a steam control valve: from these runs, it became
obvious that the secondary pressure has a significant effect on the split of
the mass flow between the intact and broken loops. Thus, for the runs
presented here, the secondary pressure for the broken-loop steam generator
only is controlled by a BREAK component. The intact-loop steam-generator
secondary-side pressure is maintained by a steam control valve. Figures 20
and 21 compare the mass flows in the intact- and broken-loop cold legs,
respectively. Obviously, the TRAC code fails to predict the proper
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Fig. 18.

Comparison of the TRAC-calculated and measured primary pressure histories for
Test S-NC-7C.
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Comparison of the TRAC-czlculated and measured broken-loop cold-leg mass flows
for Test S-NC-7C.

oscillations in the fiow split observed in the experiment for system
inventories below 7% when the broken-loop steam-generator level 1s varied.
This discrepancy was anticipated because some of the characteristics of theses
oscillations are attributed to the differences in height of the broken-loop
steam-generator tubes.® The code models only a single average tube. This may
also be the reason why no decoupling is calculated by TRAC between the intact
and broken loops. Figures 22, 23, and 24 summarize the mass flows for the
TRAC prediction and the experiment for system inventories above 70%: the
circular symbols represent the TRAC prediction, whereas the triangular symbols
represent the data. For the intact loop, the TRAC predictions for this
experiment are good. For the broken loop, the peak in the TRAC prediction 1S
higher and occurs at a larger inventory than in the data. Because the broken
loop represents such a small amount of the mass flow compared to that in the
intact loop, the TRAC-predicted downcomer mass flow compares favorably with
the data; however, the peak in the TRAC prediction does occur at a higher
inventory.
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Comparison of the TRAC-calculated and measured downcomer mass flows for system
inventories above 70% for Test S-NC-7C.

D. Conclusions

Overall, the TRAC predictions for the Semiscale natural-circulation
tests in this report are good. The results for Test S-NC-2B show that TRAC
can predict single- and two-phase natural circulation. From Test S-NC-6, it
is obvious that TRAC can model reflux behavior adequately even though the
input mode] may require refinemert to simulate this particular experiment
better. The S-NC-7C test results show that TRAC can predict adequately
natural circulatior in a two-loop system even though the model for this
experiment may require some refinement. However, 1rn experiments where a
noncondensable gas may be dissolved in the liquid, as occurs in Test S-NC-§,
TRAC may have difficulty because the code has no provision for the dissolution
of gasses in the liquid.
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Fig. 25.

Semiscale Mod-2A system isometric (cold-leg-break configuration).



Fig. 26.
Semiscale Mod-2A system for cold-leg-break configuration--schematic.
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B. Test Description

Semiscale small-break Test S-UT-2 (Ref. 13) simulated a LOCA resulting
from a 10% communicative break in the cold leg of a PWR. The primary objective

was to investigate the distribution of UHI water (and its influence on
transient behavior) through comparisons between Semiscale Mod-2A Tests S-UT-1
and S-UT-2. The break size for each test was 0.2278 ¢cm*, which wi s

volumetrically scaled to represent a 22.2-cm-diam pipe break in a PWR. The
Mod-2A system for Test S-UT-2 was configured to simulate a PWR with E(X
injection into the wvessel wupper head. The wupper-head accumulator was
pressurized to 8.5 MPa and the loop accumulator pressures were set at 2.98 MPa,
as is nominally specified for UHI plants. The initial test conditions were
equivalent to or scaled from typical PWR operating conditions. The tests were
conducted as specified. '’

et TRAC Version

All calculations were performed using TRAC-PF1 7.0/EXTUPD 7.6.*

D. TRAC Mode |

The TRAC input model for the Semiscale Mod-2A facility is shown in
Figs. 27 and 28 in 1ts cold-leg-break configuration. The input model
consisted of 49 one-dimensional components containing a total of 198
computationai cells. Table 1 1lists the components. The input  model
corresponded "o the Semiscale Mod-2A hardware configuration with the following
exceptions.

1. The pressure-suppression system was modeled indirectly. A
BREAK  component was introduced, and the pressure and
temperature at the break were specified as boundary
conditions.

2. The secondary feedwater systems, both main and auxiliary,
were represented by FILL components 7 and 26 for the intact
and broken loops, respectively.

3. The high-pressure injection system (HPIS) was represented by
FILL components 13 and 43 for the intact and broken loops,
respectively.

4. The UHI coolant was delivered at a discrete elevation in the
upper head, but the physical system was designed to
distribute the coolant uniformly over the full height of the
upper head,

*This information was provided by Thad D. Knight, Los Alamos National
Laboratory, Energy Division, Safety Code Development Group (June 1982).
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Component

Component

Numbe r* Type
1 TEE
2 STGEN
3 PIPE
4 PUMP
5 TEE
6 PRIZER
7 FILL
8 VALVE
9 BREAK
10 TEE
11 VALVE
12 ACCUM
13 FILL
14 TEE
15 TEE
16 FILL
21 PIPE
22 STGEN
23 PIPE
24 PUMP
25 TEE
26 FILL
27 VALVE
28 BREAK
34 TEE
35 TEE
40 FILL, BREAK
41 TEE
12 TEE
43 FILL
44 VALVE
45 ACCUM

TABLE 1

TRAC MODEL COMPONENTS

Intacy-loop
Intact-loop
Intact-loop
Intact-loop
Intact-loop
Intact-loop
Intact-loop

feedwate
Intact-loop
Intact-loop

pressure
Intact-loop
Intact-loop
Intact-loop
Intact-loop
Intact-loop

Description

hot ng

steam generator
pump suction
pump

cold leg
pressurizer
steam-generator
r

steam line

steam-generator-secondary

set point
ECC line

accumulator valve

accumulator

high-pressure injection system
steam-generator-secondary

steam dome

Intact-loop steam-generator-secondary

downcome
Pressurizer
Broken-loop
Broken-loop
Broken-loop
Broken-loop
Broken-loop
Broken-loop

feedwate
Broken-loop

Brokcn-loop steam-generator-secondary

pressure

Broken-loop steam-generator-secondary

r
inlet

hot leg

steam generator
pump suction
pump

cold leg
steam-generator
r

steam line

set point

ste.m dome

Broken-loop steam-generator-secondary

downcome
Fill for st

break fo
Broken-loop
Broken-loop
Broken-loop
Broken-loop
Broken-loop

r
cady-state run,
r transient run
cold leg

ECC line

HPIS

accumulator valve

accumulator

Number of

Fluid Cells
(Primary Side
Secondary Sldc)b

3
12, 6
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o= LN
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TABLE 1 (cont.)

Number of
Fluid Cells
Component Component (Primary Side b
Numbe r* Type Description Secondary Side)
65 TEE Upper section of upper plenum el
70 TEE Middle section of upper plenum ), 2
75 TEE Lower section of upper plenum I
and guide and core support tubes
80 CORE Core 9
83 TEE Lower plenum and lower downcomer 35 2
54 FILL Bottom lower plenum 1
85 FILL Bottom upper head 1
86 TEE Lower section of upper head ) IR
87 TEE Lower mid section of upper head i, 2
90 TEE Intact-loop side downcomer inlet 2, 10
and downcomer
92 TEE Broken-loop side downcomer inlet . 2,
and upper-head bypass
94 PIPE Upper-head injection tube 2
95 VALVE Upper-head injection valve 2
96 ACCUM Upper-head injection accumulated 4
97 TEE Middle upper section of upper head 3, 2
98 TEE Upper section of upper head s &
99 FILL Top upper head 1

“The total number of components is 49,
PThe total number of cells is 198,

The TRAC-PF1 choked-flow mode] was used to calculate the break flow. The
break orifice had a sharp entrance with a length-to-diameter ratio of 0.27
(length, 1.45 mm: diameter, 5.38 mm). The secondary side of break TEE 25 for
this test was modeled using two cells with the second cell representing the
break orifice.

A new pipe material was defined for the downcomer tube (TEE 90 secondary)
and the vessel lower plenum (TEE 83) to simulate the thermal conductivity of a
composite steel wall clad with honeycomb insulation. Primary-system heat
losses to the environment were set to the wvalues reported in Ref. 15, The
intact- and broken-loop steam generators were modified to reflect the geometry
and heat-transfer characteristics of the Type-Il steam generator installed 1in
the Mod-2A facility.

The primary data base for the input model geometric specifications
included the system design description,’ '*'" the Semiscale Mod-3 draw:ngs.‘i
and the RELAPS standard model description for the Semiscale Mod-2A system.
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The data base for the initial and boundary conditions incorporated in the TRAC
input model included the experiment data report'® and the quick-look report, '®

E. Results

The following sections present and discuss results obtained during
posttest calculations of Semiscale Mod-2A Test S-UT-2. The counterpart non-UHI
test (S-UT-1) was not calculated as part of the assessment activity but will be
included in the assessment set for TRAC-PF1/MOD1. °

1. General System Behavior. The initial conditions and specified test
parameters for Test S-UT-2 are presented in Table II. The intact- and
broken-loop flows differ from those measured, and further loop flow balancing
could be performed. The calculated and measured primary-loop temperatures
compare well.

Table I11 presents the calculated event times for the base and parametric
cases, The latter varies from the former in the use of two multipliers on the
critical flow model. The first multiplier (value 3.5) increased the break flow
during the subcooled and two-phase blowdown phases. The second multiplier
(value 0.45) decreased the break flow for the remainder of the transient. The
intent of the parametric study was to specify the measured break flow (or a

TABLE 11

TEST S-UT-2 INITIAL CONDITIONS

Parameter Actual Calculated

Core Power (MW)? 1.907 1.907°
Pressurizer pressure (MPa) 15.55 15. 550
Pressurizer liquid mass (kg) 10. 4 10.2
Intact-loop flow (1/s) 10.6 9.6
Intact-loop cold-leg temperature (K) 557. 556. 3
Intact-loop hot-leg temperature (K) 590. 589.6
Broken-loop flow (1/s) 3.6 4.3
Broken-loop cold-leg temperature (K) 558. 558.5
Broken-loop hot-leg temperature (K) 590. 589.8
Intact-loop pump speed (rad/s) 225.4 23S.
Broken-loop pump speed (rad/s) 1714, 1830, °
Intact-loop steam-generator-secondary pressure (MPa) 5.74 5.45"
Intact-loop steam-generator-secondary

feedwater temperature (K) 501. 501."
Broken-loop steam-generator-secondary pressure (MPa) 5.78 4.1
Broken-loop steam-generator-secondary

feedwater temperature (K) 501. 501.°

TFlat radial profile.
Specified as input parameter.
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TABLE 111

TEST S-UT-2 EVENTS

Time (s)

Event Actual Base Case Parametric Case
Pressure trip 5.6 4.4 4.0
Intact-loop main-feedwater

valves begin to close 6.4 4.4 39
Broken-loop main-feedwater

valves begin to close 6.2 5.0 4.5
Intact-loop main-steam

valves begin to close 6.4 S.1 4.8
Broken-loop main-steam

valves begin to close 6.4 4.9 4.5
Intact-loop pump coastdown

initiated 7.3 6.6 5.8
Broken-loop pump coastdown

initiated 7.6 6.4 6.0
Upper-head injection begins 17. 19.6 17.8
Intact-loop pump-suction

downflow leg clears 73. 77. 56.
Upper-head accumulator

injection ends 158, 140. 105.
Intact-loop accumulator

injection begins 345. 301. 341.

intent of the parametric study was to specify the measured break flow f(or a
close approximation) as a boundary condition. However, because a reliable
break flow measurement was not available, the multipliers were chosen to
produce a calculated pressure history close to the measured pressure history.
The multipliers are not interpreted to have a physical meaning (for example,
discharge coefficients). Small wvariations from the measured timing were
calculated during the first 10 s of the base-case transient, but the variations
are not considered significant. The calculated time of intact-loop accumulator
injection was early because the calculated system pressure was underpredicted,
resulting in an early accumulator trip. A partial core dryout was both
measured and calculated, but the calculated time of dryout was late, occurring
after clearance of the intact- and broken-loop pump seals. In the test, the
dryouts occurred early and were terminated by the influx of liquid 1into the
core following clearance of the intact-loop pump-suction seal. For the
parametric case, the system pressure history calculation was improved and the
-predicted time of accumulator injection was better. The calculation of core
hydraulics also was improved.

F Break Flows. The measured instantaneous break {low for
Test $-UT-2 was not reliable.* In a previous assessment of Tests S-UT-6 and 7

*These data were provided by M. L. Leonard, EG&G ldaho, Inc.
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(Ref. 19), both the instantaneous and integrated break flow measurements were
available and proved to be valuable in the assessment study. In the absence of
reliable break flow measurements, the multipliers in the parametric study were
set to produce a close match to the total pressure transient., The approach
used in Ref. 19 was followed: break flow was increased during the subcooled and
two-phase blowdown phases (multiplier wvalue 3.5) and decreased (value
0.45 thereafter). The calculated base-case and parametric-case instantaneous
and integrated break flows are presented in Figs. 29 and 30, respectively.

3, System Pressure. The calculated base-case, parametric-case, and
measured system pressure responses for Test S-UT-2 are compared in Fig. 31.
The calculated base-case and measured pressures compare well for ~100 s, but by
~200 s the calculated pressure is underpredicted. The parametric calculation
offers an improved overall comparison to the data. The dominant factor in
underpredicting the base-case system pressure response appears to be the timing
and rate of discharge through the break.

4. Loop Hydraulic Response. Predictions of loop hydraulic response
generally displayed the correct qualitative behavior, but quantitative
differences existed. The calculated base-case and measured mixture densities
in the broken-loop hot leg, broken-loop cold leg, and intact-loop cold leg are
shown in Figs. 32-34, The data show a rapid decay of density early in the
transient: TRAC-PF1 calculates the density decrease to occur later in each
case. The density oscillations after 400 s are due to accumulator injection of
subcooled liquid into the intact-loop cold leg. Similar oscillations were
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Fig. 29.
Calculated break flows for Test S-UT-2.
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Fig. 34.
Intact-loop cold-leg density for Test S-UT-2,

measured. '®* For the parametric case, the calculated density decay occurs
earlier than in the base case but is still later than the data.

The collapsed liquid levels in the intact-loop pump-suction downflow and
upflow legs are shown in Figs. 35 and 36. It can be seen that the initial
clearance of the loop seal in both legs 1s delayed when compared to the test.
It also can be observed that more liquid remained in each of the legs than was
measured and that complete clearance of the intact-loop pump-suction seal was
not calculated. The predicted initial clearance of the intact-loop
pump-suction seal was improved in the parametric case but, again, the amounts
of ligquid remaining in each of the legs was similar to the base case. The
collapsed liquid levels in the broken-loop pump-suction downflow and upflow
legs are shown in Figs. 37 and 38. Both show the delayed clearance of the loop
seal. Timing of the initial loop-seal clearance was improved for the
parametric calculation of both the intact and broken loops. Measured and
calculated base-case mass flows in the broken-loop hot and pump-suction legs
are presented in Figs. 39 and 40,

. Upper-Head Fluid Behavior. The behavior of the fluid in the upper
head was not calculated well for Test S-UT-2. The initial flows for the
bypass, guide, and core support tubes were 0.443 1/s, 0.334 1/s, and 0.108 1/s
compared to the measured wvalues of 0.43 I/s, 0.305 I/s, and 0.100 /s,
respectively. The summed result of the various upper-head inflows and outflows
is shown in Fig. 41 for the base case. TRAC-PF1 calculates a rapid and early
drain of the liquid in the upper head compared to the test. This liquid
entered the top levels of the core as will be discussed in Sec., IIl.E.6. It
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Collapsed liquid level in the upper head for Test S-UT-2.

appears that the wupper-head modeling is not correct. The same trends were
reported in Ref. 19 for Test S-UT-7.

6. Core Behavior. Insight r.garding core behavior can be obtained by
reviewing the vessel collapsed liquid levels for the base and parametric cases
shown in Figs. 42 and 43, respectively. For the base case, the measured and
calculated minimum collapsed liquid levels are close but the history i1s quite
different. The calculated minimum occurred late and persisted for over 100 s,
The minimum occurred early in the test and was terminated by the clearance ol
the intact-loop pump-suction seal that injected fluid into the core. This
phenomenon was not calculated in the base case. The calculated refill after
accumulated injection (~300 s) was both measured and calculated.

An improved vessel liquid level history was calculated for the parametric
case shown in Fig. 43. TRAC-PF1 still calculated the early depression of the
vessel ligquid level to occur slightly late, but the refill following the
loop-seal clearance was shown. The calculation of refill following accumulator
injection was improved. Low-frequency oscillations in the core were toth
measured ard calculated following accumulator injection of subcooled liquid
into the intact loop. The parametric calculation of wvessel liquid level 1s
another strong indication that the break flow predicted by the TRAC-PF1
critical-flow model needs additional review and revision. Clearly, the
parametric case displays an improved calculation of vessel hydraulics.
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Calculated and measured cladding temperatures at the 1.37-m, 2.27-m, and
3.21-m levels in the core for the base case are presented in Figs. 44-46,
respectively. A short dryout was both measured and calculated at the 2.27-m
level. However. the calculated dryout was late. That the ca<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>