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ABSTRACf

'I
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-II 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 in 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 forII
Pressurized Water Reactor Analysis," LA-9944-MS (NUREG/CR-3567),
provides a detailed description of the code.

I 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

I 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-I of-Fluid Test facilities to explore the small- and intermediate-break
loss-of-coolant-accident (LOCA) capability and the non-LOCA

f 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 model and the interphasic-condensation model.

I
I
I
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EXECUTIVE SLAMARY

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 analyzing 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 3
codes intended primarily for the analysis of pressurized water reactors g
(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
simulat ion of mult iple system components, and generally cover several phases
of a LOCA transient.

developmental derivative of TRAC-PD2 gThe TRAC-PF1 code is based on a
with a ' complete two-fluid hydrodynamic model in both the one- and three- g
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- E
implicit and fully implicit numerics in the one-dimensional components that g
were available in the TRAC-PD2 code. The three-dimensional VESSEL component
uses semi-implicit numerics and is therefore subject to the material Courant

generalizedlimit. Relative to its predecessors, this code also provides a
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 g
code permits renoding on restart, renoding is not required at any time during g
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 E
LOCA tests and natural-circulation and reflux cooling tests. This current g
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 c:ade 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

I
2
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I
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

I 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

I 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 theI sensitivity of the break size and the effects of Upper-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 pumpI 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 transient tests the code at full scale during a transient
induced by the loss of feedwater.

The report discusses the various analyses 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

I TRAC-PF1 and because we have defined key parameters for only a subset of the
transients, we have discussed the key parameters s e pa ra t e l y in each section.
Tables III, VI, IX, and X together with the discussion in Sections III.E.6 and
IV.E.5 highlight the key parameters. The key parameters for small-break LOCAI are in Tables III and VI and in Sections III.E.6 and IV.E.5. Tables IX and X
summarize the key parameters for intermediate-break LOCA.

I 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

I 1rigorous among the facilities, Table XIX makes it evident that the code runs
ifaster for larger-scale facilities for the same type of transient and similar
!noding. Table XVIII and Fig. 215 provide the timing statistics for the
lCrystal River calculation.I
'

The calculation of the LOFT small-break-LOCA Test L3-7 (from the
developmental assessment) required ~2 s of cent ral-processor unit (CPU) time

I 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 toI 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 vessel and the multidimensionality in the core thermal response;I 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.

I
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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 crit ical-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 B
transition from natural-circulation cooling to reflux cooling. The g
comparisons indicate that the wall-condensation heat transfer in ihe released
code is low. The reflux test with the noncondensable injection 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. Ilowever, when the multipliers to the critical-flow model
are adjusted to offset the errors in the model, the comparisons throughout the g

gprimary 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
I calculation. The comparisons offer further confirmation of the inadequacy of E,

the critical-flow model. An underprediction of condensation at high- E
subcooling and low void fraction adversely affected the system pressure
calculation, causing the calculated pressure not to drop as rapidly as the g
data when the cladding temperature exceeded the saturation temperature 5
(subcooled nucleate boiling generated vapor, which later failed to condense in
the upper plenum). This problem does not occur with the one-dimensional CORE
cor7onent 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. W
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I
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 compareI well with the data. The refill of the hot legs shows an adverse effect of
i'nt e r pha s e condensation on filling individual cells. The code requires a
combined wall- 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

I that, while the code has some problems, the user can successfully apply the
code to a varie ty of transients. The problem areas, primarily dealing with
deficiencies in the critical-flow model and in the interphase-condensation
model, can be overcome through judicious choice of multipliers for theI critical-flow model and noding in areas where the condensat ion problems are
1ikely to occur. The TRAC-PF1 code provides significant improvements over
TRAC-PD2/ MODI with regard to trip capability and user convenience in

I applications to small-break LOCAs and non-LOCA transients; however, until the
problems with the critical-flow and condensation models are corrected, the
TRAC-PD2/ MODI code provides superior large-break LOCA capability.

I
I
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1. INTRODUCTION

The Transient Reactor Analysis Code (TRAC) is an advanced best-estimate B
systems code for analyzing light-water reactor (LVR) accidents. The Office of g
Nuclear Regulatory Research, USNRC, sponsors the development of the code at
the Los Alamos National Lacoratory. We released TRAC-PF1 ( Re f. 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 E

codes intended primarily for the analysis of pressurized water reactors
(PWRs). The code is capable of performing small , intermediate , and large- g
break loss-of-coolant-accident (LOCA) analyses and non-LOCA analyses. The g
generality of the code also 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 Lt)CA t ra ns i e nt . The Idaho National Engineering Laboratory (INEL) is

a TRAC version for application to boiling-water reactors (IlWRs): Edeveloping
this llWR version of TRAC is based on a developmental derivative of TRAC-PD2 E
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 g
TRAC-PD2 with st.bstant ial changes in the numerics and component modeling. We g
will make improvements to various models and the numerical techniques in

future versions 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 E
utilize a full two-fluid thermal-hydraulic model with the capability to track 3

i

a noncondensable 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 |
Wcapability 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.

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,
gmodels, and correlations in the developmental version of the code and to

establish -values for various empirical parameters; these objectives are W
achieved by comparing _the calculated results with experiment data. Other
objectives include the determination of code sensitivity to input data, model g
assumptions, and solution techniques; recommendation of standard calculational g
procedures for various classes of problems; and identification of code and
model improvements. I

6
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I 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 ofI 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

I 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

I Ref. 2. We performed the analyses with the released version of TRAC-PFl;

these analyses, therefore, constitute the initial set of independent-
assessment results for TRAC-PF1. The developmental-assessment analyses

I covered large- and small-break LOCA tests and natural-circulation and reflux
cooling tests.

3''Following the release of TRAC-1F1, te newsletters 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, twoI 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 j

i
Semiscale sn.all-break LOCA tests investigate the sensitivity of break size and j
the effects of upper-head injection on t h e. transient. The two LOFT 1

intermediate-break LOCA tests investigate the effect of reduced emergency
core-cooling system (ECCS) capacity and pump operation during the transient.

|I 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 comparisons between the TRAC calculations and
the data follow the general rule that' a solid line represents the calculation.

g and a dashed line represents the data unless otherwise stated in the text. |g 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 (T11), and the axial levels (Z). Figures showing calculated

'
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I
I II. COMPARISON OF TRAC-CALCULATED RESULTS WITil SEMISCALE NATURAL-CIRCULATION

S-NC-211, S-NC-5, S-WC-6, AND S-NC-7C TEST DATA

We assessed the capability of TRAC-PFI to make accurate posttest

predictions for Semiscale Natural-Circulation Tests S-NC-211. S-NC-5, S-NC-6,

and S-NC-7C. These experiments involve single- and two-phase natural

I 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

I circulation and reflux are observed. The TRAC-calculated results for mass
flow compa re well with the experiment results. Test S-NC-5 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 theI 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

I 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

I 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 bioken-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. lacility and Experiment Description

The Semiscale natural-circulation tests provide a natural-circulation
and reflux data base to assess best-estimate codes. Te s t s S-NC-211, S-NC-5,
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.

I
For Te s t S-NC-211, only the vessel and the intact loop are used. The

intact-loop pump is replaced by a spool piece with orifices to avoid
uncontrolled 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 toI avoid a nonuniform heatin
the upper-head structures.'g of the entire system and to avoid condensation onThe core power is stabilized at ~30 kW. The data
cover the 1001 inventory condition. Some liquid is drained from the lower

I -plenum. After the system. stabilizes, measurements are made for various system
inventories. The core power stabilizes at ~60 kW and the system is refilled
to 1004 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. onI August 17, 1982.

I
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I
In Test S-NC-5, the system configuration is the same as in Test S-NC-2B

except that nitrogen 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 liquid inventory and a new
steady state is established. Thereafter, various 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 kW.

,

in Test S-NC-6 the system configuration is the same as in Test S-NC-5.
Because this is 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 is 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 3
state. In the second segment, the primary inventory remains at 73.1%. The E
broken-loop steam generator is drained to discrete inventories; as before,
measurements are made when each broken-loop secondary inventory achieves g:
steady state. g:

( During all the tests, the pressurizer establishes the initial steady
| state for each core power level. Then, valves 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 Model

l 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 used 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 is

; 10
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I
accomplished with a FILL component attache'd to the bot tom 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 aI secondary pressure that is within 0. 005 MPa o f t he e x pe r irre n t 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 e is

'

insufficient for these tests. For example, in the intact-loop pump suction,I the heaters generally increase the fluid temgerature for these experiments;
further, the S-NC-2B experiment data report states that the pump-suct ion and
cold-leg heaters were deactivated when boiling was observed ir the steam-
gene ra t o r 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, severalI steady-state TRAC runs were made and the individual component heat losses were

' va r i ed 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

I 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 liquidI system at steady state.

The TRAC input model for the Test S-NC-7C (Fig. 3) is similar to those

I for Tests S-NC-2B, S-NC-5, and S-NC-6. The main difference is that the
S-NC-7C model 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 is, no angular velocity). On the secondary side, the steam-lineI 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. II.C.4. The steam-I generator models for this test are changed slightly from the Freceding ones to
incorporate more recent geometry information in the riser and downcomer
sections.

Bec.?use the natural-circulation flows, especially reflux, are of such a
low magnitude, any spurious flows resulting from elevation 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 rans.

I
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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 trucks the experiment data as W

| 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 g
| the manner displayed by the data. The 30-kW core-power segment extends g

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

prediction for the 30-kV segment of the test does not follow the data history
as well as it does for the remainder of the test because the .timitg of the
system drains for this segment is difficult to determine. In the remainder of E
the test, the timing of the drains is reasonably clear. The dips in the data 3
trace of the pressure that correspond to dips in the secondary-side pressure

j result from the intermittent influx of cold feedwater.

!
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Te s t S-NC-211.

a

Figures 5-7 show the hot-leg mass flows as a f *inc t i on of system

I inventory both for TRAC and for the experiment data. In ge ne r sj , the
peak-in-mass flow occurs just before the voids are entrained bayond the tops
of the tubes for the steam-generator primary side. For the 30-kh case

I (Fig. 5), the peak mass flow occurs for a higher system inventory than in the
data. Ilowe ve r , the magnitude and subsequent behavior are close to tha,t 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 comparesI very well with the data. In the high-power case, 100 kW (Fig. 7), TRAC t racks
the data closely. 4

'

I 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 reasonable job,of
predicting the system pressure above a 77% invettory. 11(107 that value, the
TRAC pressure prediction in the reflux regime is always high because theI TRAC-PF1 condensation heat-transfer model undergredicts the heat transfer.

When the TRAC-PF1/ MODI model is used. the system pressure behaves properly.
The experiment'does not measure the reflux rate.

Overall, the comparison of the S-NC-211 test data with the TRAC-
calculated results shows that TRAC predicts well single- and two-phase
natural-circulation behavior.
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2. Test S-NC-5. In Test S-NC-5, nitrogen is injected into the hot

leg just below the steam generator inlet plenum during two-phase natural
circulation. Figure 11 compares the measured and TRAC-calculated pressureI histories. Figure 12 compares the hot-leg mass flows. Clearly, TRAC

correctly predicts the steady-state mass flow, the rise in mass flow after
11.5G of the primary liquid is drained, and the stagnation in the flow whenI the nitrogen is first injected. Iloweve r , TRAC cannot predict the mass-flow

recovery ~5.5 min after the nitrogen is injected. Consequently, TRAC
overpredicts the system pressure for each subsequent nitrogen injection.

I Loomis and Soda' claim that in the experiment the nitrogen bubble, which
blocks the top of the steam-generator- tubes, is compressed by the increasing

bridging of the flow reestablishes naturalsystem pressure until a

circulation. Certainly, if this were the case, TRAC should be able to predict
that phenomenon and duplicate the experiment. We believe that the nitrogen in

the experiment was carried away from the top of the steam generator tubes by
other means, either e nt ra i r.me n t or dissolution in the water. At first we

thought that the TRAC interfacial drag was insufficient to entrain the
nitrogen and to carry it away from the top of the steam-generator tubes.
Therefore, the interfacial drag coefficients, bubble and droplet, were
increased by a factor of 10 000, which effectively increased the drag by 100.I Figures 13 and 14 show the results obtained f rom this change for only one
nitrogen injection; the drag was increased where stagnation occurred in the
flow. With the drag increased, the flow-recovery prediction is correct andI the pressure prediction improves. Ilowever, running TRAC with such a high drag
causes severe oscillations (Fig. 14). Therefore, the experiment was studied
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to find other ways to remove the nitrogen blockage in the steam generator
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 when the flow
should be reestablished. In the TRAC predictions, which are not at
equilibrium, llenry's law coefficient is ~0.3 psia /cc-solute /kg-water (obtainedI from Fig. 5 in Ref. 9). From llenry's law, the nitrogen concentration should
be ~881.0 cm -nitrogen /kg-water at equilibrium. The first nitrogen injection3

is 2020.1 cm. 3 Obviously, this rough analysis with nonequilibrium quantities

I 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

I 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 forI nitrogen. In any event, the current TRAC version cannot model the dissolution
of a noncondensable gas into the liquid.

I 3. Test S-NC-6. The TRAC run for Test S-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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predictions for this experiment are based on an update of the TRAC-PF1 code
that uses the TRAC-PF1/ MOD 1 model. The solid curve in Fig. 15 shows that the
updated condensation heat-transfer model substantially improves the TRAC g
pressure prediction. 3

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 g
i primary volume, the TRAC prediction and the data are even closer; the TRAC g
I prediction is only 3% higher than the data. When the nitrogen volume is 2.98%
| 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 is no nitrogen in the
system, slightly more than half of the reflux flow occurs in the downside of
the steam generator. This value is the same as that observed in the

j 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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I
explain the higher TRAC-predicted maximum refluxCurrently, we cannot

rate. One possible cause may be that the TRAC model does not model exactly
the way in which the reflux liquid is removed f rom the system and then g

5replaced. In the TRAC model, the reflux liquid simply is allowed to run

An alternative possibility is that a significantunimpeded into the core. thus removed fromportion of the nitrogen is dissolved in the water, and is
the reflux region.

4. Test S-NC-7C. Figures 18 and 19 compare the TRAC-calculated and
g|measured primary pressure histories and the broken-loop steam-generator g

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 is 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
pressure with a steam control valve; from these runs, it became

a constant
the secondary pressure has a significant effect on the split ofobvious that

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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| oscillations in the flow split observed in the experiment for system

inventories below 7% when the broken-loop steam generator level is 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 g
mass flows for the g

and broken loops. Figures 22, 23. and 24 summarize the
|

. TRAC prediction and the experiment for system inventories above 70%; the
i circular symbols represent the TRAC prediction, whereas the triangular symbols

represent the data. For the intact loop, the TRAC predictions for this
I experiment are good. For the broken loop, the peak in the TRAC prediction is

higher and occurs at a larger inventory than in the data. Ilecause the broken
in theloop represents such a small amount of the mass flow compared to that

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.

;

I
.
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D. Conclusions
;

i

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 model may require r e f i neme r.t to simulate this particular experiment E
better. The S-NC-7C test results show that TRAC can predict adequately g

natural circulatior. in a two-loop system even though the model for this
| experiment may require some refinement. Iloweve r , in experiments where a E,

! noncondensable gas may be dissolved in the liquid, as occurs in Test S-NC-5, g
TRAC may have difficulty because the code has no provision for the dissolution
of gasses in the liquid. I

I
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I
III. TRAC-PF1 POSTTEST ANALYSIS OF SEMISCALE TEST S-UT-2

I An experiment conducted in the Semiscale Mod-2A facility at INEL has
be.en selected as one element in the TRAC-PF1 assessment program. The testselected was S-UT-2. which simulated a small-break LOCA resulting from a 104

I communicative break in the cold leg of a PWR. The test included upper-head
injection ( UllI). TRAC-PF1 (Ref. 10) is the latest version of the TRAC
computer code developed for predicting L(X:A events in a PWR. While retaining
all the essential features of earlier code versions. TRAC-PF1 specifically wasI developed as a fast-running version for long transients such as small-break
LOCAs.

I Several Semiscale small-break LOCA experiments were used earlier in the
deve lopment a l assessment of TRAC-PF1. * Iloweve r, these experiments were run
with the Semiscale facility in the Mod-3 configuration. Test S-UT-2 was run

I after the Semiscale facility was modified to the Mod-2A configuration.Therefore, it was necessary to modify the existing TRAC-PF1 model before
performing assessments. Detailed assessment results for Ull! Test S-UT-2 are
presented, as well 4.s results of a parametric study.

A. Semiscale Mod-2A System Description

I The Semiscale Mod-2A system'''' is a scaled integral test facility atINEL used to obtain thermal-hydraulic data for a variety of postulated
transients and operating conditions. The Mod-2A system (Fig. 25) is atwo-loop PWR primary-coolant-system simulator. The intact loop is scaled tosimulate three loops of a large PWR, and the broken loop simulates a singleloop in which a break is postulated to occur. Geometric similarity has been
maintained between a PWR and Mod-2A. most notably in the design of aI full-length (3.66-m) electrically heated core, full-length upper plenum and
upper head, component layout, and relative elevations of various components.
The instrument spool pieces for the cold-leg break tests are identified ascircled numbers in Fig. 26. Major configura t ion changes between the Mod-2A

. configuration and the previous Mod-3 configuration resulted f rom:
'-

1. installation of a new intact-loop steam generator,

2. modification of the broken-loop steam generator.
.

I 3. installation of insulation inside the downcomer and lower
pressure vessel plenum, and

I of external heaters on the outside surfaces of the4. addition
coolant piping. These heaters were not operated for
Test S-UT-2.

*This information was provided by M. S. Sahota, Los Alamos Na t ional Labora tory,
Energy Division, Safety Code Development Group (January 1982).

I
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I
1

11 . Test Description

Semiscale small-break Test S-UT-2 (Ref. 13) simulated a LOCA resulting
from a los communicative break in the cold leg of a PWR. The primary objective
was to investigate the distribution of Uill water (and its influence on

transient behavior) through compa risons between Semiscale Mod-2A Test s S-UT-1
2

and S-UT-2. The break size for each test was 0.2278 cm , which was

volumetrically scaled to represent a 22. 2-cm-diam pipe break in a PWR. The

configured to simulate a PWR with ECCMod-2A system for Test S-UT-2 was
injection into the vessel upper head. The upper-head accumulator was
pressurized to 8.5 MPa and the loop accumulator pressures were set at 2.98 MPa,
as is nominally specified for Ulil plants. The initial test conditions were
equivalent to or scaled f rom typical PWR operating conditions. The tests were

conducted as specified.''

C. TRAC Version

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

D. TRAC Mode 1

The TRAC input model for the Semiscale Mod-2A facility is shown in

Figs. 27 and 28 in its cold-leg-break configuration. The input model
a total of 198consisted of 49 one-dimensional components containing

computational cells. Table I lists the components. The input model
corresponded to the Semiscale Mod-2A hardware configuration with the following
exceptions.

1. The pressure-suppression system was modeled indirectly. A

11REAK component was introduced, and the pressure and
as boundarytemperature at the break were specified

conditions.

i

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 (llPis) was represented by
FILL components 13 and 43 for the intact and broken loops,
respectively. .

4. The UllI 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.
I

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

TRAC MODEL COMPONENTS

Number of I

Fluid Cells I
Component Component (Primary Side

Number Type Description Secondary Side)b

I 1 TEE Intact-loop hot leg 6, 3
2 STGEN Intact-loop steam generator 12, 6
3 PIPE Intact-loop pump suction 8
4 PUMP Intact-loop pump 2
5 TEE Intact-loop cold leg 5, 1
6 PRIZE 3 Intact-loop pressurizer 5
7 FILL Intact-loop steam generator 1

feedwater
8 VALVE Intact-loop steam line 2
9 IIREAK Intact-loop steam-generator-secondary 1

pressure set point
10 TEE' Intact-loop ECC line 2, 1
11 VALVE Intact-loop accumulator valve 2
12 ACCUM Intact-loop accumulator 4
13 FILL Intact-loop high-pressure injection system 1
14 TEE Intact-loop steam-generator-secondary 2, I

steam dome

I 15 TEE Intact-loop steam generator-secondary 6, 1

downcomer
16 FILL Pressurizer inlet 1
21 PIPE Ilroken-loop hot leg 5
22 STGEN llroken-loop steam generator 12, 6
23 PIPE Ilroken-loop pump suction 7
24 PUMP Ilroken-loop pump 2
25 TEE Ilroken-loop cold leg 3, 2
26 FILL Ilroken-loop steam generator 1

feedwater
,

27 VALVE Ilroken-loop steam line 2 |28 IIREAK Ilroken-loop steam generator-secondary 1
!

pressure set point
!34 TEE Ilroken-loop steam generator-secondary 2, 1 I

steem dome
l35 TEE Ilroken-loop steam-generator-secondary 6, 1 {downcomer
|I 40 FILL, 11REAK Fill for steady-state run, 1

break for transient run j41 TEE Ilroken-loop cold leg 2, 1
,42 TEE Ilroken-loop ECC line 2, 1 )I 43 FILL Ilroken-loop ilPIS 1
|44 VALVE ilroken-loop accumulator valve 2 )45 ACCUM Ilroken-loop accumulator 4

|

1
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TABLE I (cont.)

Number of
Fluid Cells

Component Component tPrimary Side

Seconda rv Side d'Number" Type Description

65 TEE Upper section of upper plenum 1, 1

70 TEE Middle section of upper plenum 1, 2 g
75 TEE Lower section of upper plenum 1, 1 E

and guide and core support tubes
80 CORE Core 9

83 TEE Lower plenum and lower downcomer 3, 2

84 FILL Bottom lower plenum 1

85 FILL Bottom upper head 1*

86 TEE Lower section of upper head 1, 2

87 TEE Lower mid section of upper head 1, 2

90 TEE Intact-loop side downcomer inlet 2, 10

and downcomer
2, I92 TEE Broken-loop side downcomer inlet *

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 1, 2

98 TEE Upper section of upper head 2, 2

99 FILL Top upper head 1

^The total number of components is 49.
bThe total number of cells is 198.

(

The TRAC-PF1 choked-flow model was used to calculate the break flow. The
length-to-diameter ratio of 0.27

|
break orifice had a sharp entrance with a

i (length, 1.45 mm; diameter, 5.38 mm). The secondary side of break TEE 25 for
l 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)
I 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 values 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 in

the Mod-2A facility.

The primary data base for the in model geometric specifications
included the system design description,'''''putthe Semiscale Mod-3 drawings,''

|
| and the RELAP5 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'3 and the quick-look report.''

E. Results

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

1. General System Behavior. The initial conditions and specified test
parameters for Test S-UT-2 are presented in Table 11. 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.

I Table 111 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

I 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 b
1.90gPressurizer pressure (MPa) 15.55 15.55

Pressurizer liquid mass (kg) 10.4 10.2Intact-loop flow (1/s) 10.6 9. 6
|Intact-loop cold-leg temperature (K) 557. 556.3 '

Intact-loop hot-leg temperature (K) 590. 589.6Broken-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.gIntact-loop pump speed (rad /s) 225.4 235.
Broken-loop pump speed (rad /s) 1714. 1830.b
Intact-loop steam generator-secondary pressure (MPa) 5.74 5.45b

I Intact-loop steam generator-secondary
feedwater temperature (K) 501. 501.b

Broken-loop steam generator-secondary pressure (MPa) 5.78 4.71 b

I Broken-loop steam-generator-secondary
feedwater temperature (K) 501. 501.b

|" Flat radial profile.
bSpecif ed as input parameter.

37



TABLE III

TEST S-UT-2 EVENTS

Time (s)
Event Actual Base Case Pa rame t r i c Ca s e

Pressure trip 5. 6 4.4 4. 0
3Intact-loop main-feedwater

6.4 4.4 3. 9 g, valves begin to close
Broken-loop main-feedwater

valves begin to close 6. 2 5. 0 4. 5

Intact-loop main-steam
valves begin to close 6.4 5.1 4. 8

Broken-loop main-steam
valves begin to close 6.4 4.9 4.5 g

3Intact-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.
E

Upper-head accumulator
injection ends 155. 140. 105.

Intact-loop accumulator
injection begins 345. 301. 341.

intent of the parametric study was to specify the measured break flow (or a
as a boundary condition. Ilowever, because a reliableclose approximation)

break flow measurement was not available. the multipliers were chosen to
t

calculated pressure history close to the measured pressure history.produce a
The multipliers are not interpreted to have a physical meaning (for example,
discharge coefficients). Small variations 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 into 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.
~

2. Break Flows. The measured instantaneous break flow for

| Test S-UT-2 was not reliable.* In a previous assessment of Tests S-UT-6 and 7 .

I

| *These data were provided by M. L. Leonard, EG&G Idaho, Inc. El

|
|
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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 '

close match to the total pressure transient. The approachset to produce a
used in Ref. 19 was followed; break flow was increased during the subcooled and
two-phase blowdown phases (multiplier value 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.

I 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 calculationI 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 Ilydraulic 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-PFI 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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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 is 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 liquid 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. 13oth show the delayed clearance of the loop
seal. Timing of the initial loop-seal clearance was improved for the E
parametric calculation of both the intact and broken loops. Measured and E
calculated base-case mass flows in the broken-loop hot and pump-suction legs
are presented in Figs. 39 and 40.

5. Upper-licad Fluid Ilehavior. 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 values of 0.43 1/s, 0.305 1/s, and 0.100 1/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. l i l . E. 6. It
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appears that the ug,per-head modeling is not correct. The same trends were
, reported in Ref. 19 for Test S-UT-7.
|

| 6. Core llehavior. Insight rcgarding core behavior can be obtained by
i reviewing the vessel collapsed liquid levels for the base and parametric cases
i shown in Figs. 42 and 43, respectively. For the base case. the measured and

calculated minimum collapsed liquid levels are close but the history is quite

j 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 of

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 liquid 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 both
measured and calculated following accumulator injection of subcoole.d liquid
into the intact loop. The parametric calculation of vessel liquid level is
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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I
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. Ilowe ve r , the calculated dryout was late. That the calculated dryout |*
should persist to a la t e r t ime can be unde rs tood f rom l'ig. 42 which shows the

=

near mininum vessel liquid level continued until fluid from the accumulator
injection reached the core at ~350 s. Ilowever, the initiation of the dryout g
occurred well af ter the early minimum vessel liquid level was calculated 3
(-150 s). This delay appears to be related to the presence of subcooled liquid
from the Ulli system at the top of the core. The presence of subcooled Ulli
fluid at the top of the core can be seen in l'ig. 46 as a depression of the
cladding temperature. At the 2.27-m level, the measured time of dryout and the

53 s and 617 K; the corresponding calculatedpeak cladding temperature were
parameters were 128 s and 605 K, respectively. Calculated parametric-case and
nessured cladding temperatures at the same level are presented in Figs. 47-49.
At the 1.37-m level an incipient dryout is calculated but at the 2.27-m and
3.21-m levels the penetration of Ulli liquid produced a depressed cladding 3

g |itemperature. and thus the early dryout was not predicted. The depressed
cladding temperature for the parametric case is greater than in the base case
because the Ulli accumulator discharge wds more rapid (Table 111).

,

7. Timine Data. The CDC-7600 CPU time required for the 1500 s
base-csse transient was 5837 s. Thus, the ratio of CPU to real time for the

'

transient was 3.9
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TRAC-PF1 calculated the features of Semiscale Ulli Test S-UT-2 well, but

I after effectively decoupling the critical-flow model using multipliers toonly

alter the calculated break flow. The calculated base case did not predict the
system pressure response or vessel hydraulics well, but both were markedly
improved in the parametric calculation. It is recommended that the TRAC-PF1I critical-flow model and its coupling to upstream nodes be reviewed.

Upper-head dynamics were poorly calculated. It appears that the TRAC-PF1I input model of the Semiscale Mod-2A upper-head region is not correct. As the
model now exists, the upper head rapidly passes UIll fluid to the upper core

,

through the core support tubes. A smaller flow through the support tubes ismeasured, resulting in a slower drain of Ulli liquid into the upper core. TheI too-rapid introduction of subcooled Ulil fluid into the upper core suppressed
the early dryout observed in the test. The upper-head model is consistent with
the system description in Ref. 17; in the future, noding-sensitivity studiesI for the upper-head modeling should be made to investigate the upper-headdraining.

| I
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IV. TRAC-Pil POSTTEST ANALYSIS OF SEMISCALE TESTS S-UT-6 AND S-UT-7

A paired experiment set conducted in the Semiscale Mod-2A facility at g

gINI.L has been selected as one element in the TRAC-PF1 assessment program. The

tests selected were S-UT-6 and S-UT-7. which simulated a small-break LOCA
resulting from a 54 communicative break in the cold leg of a PWR. The test

specifications were identical except for Ulli in Test S-UT-7. TRAC-PFl

(Ref. 10) is the latest version of the TRAC computer code developed for
predicting LOCA events in a PWR. While retaining all thc essential features of
earlier code versions. TRAC-PF1 specifically was developed as a fast-running
version for long transients such as small-break LOCAs.

Several Semiscale small-break LOCA experiments were used earlier in the

developmental assessment of TRAC-PF1.* Ilowe ve r , these experiments were run
with the Semiscale facility in the Mod-3 configuration. Tests S-UT-6
and S-UT-7 were run after the Semiscale facility was modified to the Mod-2A
configuration. Therefore, it was necessary to modify the existing TRAC-PF1 |
model before performing assessments. Detailed assessment r e s u l t s fo r UIll Te s t 3
S-UT-7 are presented. whereas results for non-Ull! Test S-UT-6 are presented to
highlight the primary differences.

A. Semisca1e Mod-2A Svstem Description

The Semiscale Mod-2A system'''' is a scaled integral test facility at |
INEL used to obtain thermal-hydraulic data for diverse postulated transients E

and operating conditions. The Mod-2A system (Fig. 50) is a two-loop PWR
primary-coolant-system simulator; the intact loop is scaled to simulate three E

large PWR and the broken loop simulates a single loop in which a gloops of a
break is postulated to occur. Geometric similarity has been maintained between
a PWR and Mud-2A. most notably in the design of a full-length (3.66-m) g
electrically heated core; full-length upper plenum and upper head; component g
layout; and relative elevations of various components. The instrument spool
pieces for the cold-leg break tests are identified as circled numbers in

Fig. 51. Major configuration changes between the Mod-2A configuration and the
; previous Mod-3 configuration resulted from*
l

1. installation of a new intact-loop steam generator, g
g,

|

2. modification of the broken-loop steam generator.

3. addition of external heaters on the outside surfaces of the
( coolant piping. and

4. installation of insulation inside the downcomer and lower g
pressure vessel plenum. 5

*This information was provided by M. S. Sahota. Los Alamos National Laboratory,
Energy Division, Safety Code Development Group (January 1982).

I
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j B. Test Description
!
)

Semiscale sma l l-break Tes t s S-UT-6 and S-UT-7 ( Re f. 20) simulated a LOCA'

resulting from a 51 communicative break in the cold leg of a PWR. The primary
objective was to investigate the dist ribut ion of bill water (and it s influencei

on transient behavior) through comparisons between Semiscale Mod-2A tests
2S-UT-6 and S-UT-7. The break size for each test was 0.1123 cm . which was

t volumetrically scaled to represent a 15.6-cm-diam pipe break in a PWR. The
Mod-2A system for Test S-UT-7 was configured to simulate a PWR with ECC
injection into the vessel upper head. The upper-head accumulator was
pressurized to 8.6 MPa and the loop accumulator pressures were set at 2.86 MPa,
as is nominally specified for UllI plants. Initial conditions for S-UT-6 were
identical to S-UT-7, except Ulil was not specified. The remaining initial test

!I conditions were equivalent to or scaled from typical PWR operating conditions.
?'The tests were conducted as specified except that the broken-loop high- and

low-pressure injection pump was mistakenly not operated during Test S-UT-7.

C. TRAC Version

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

D. TRAC Modei

The TRAC input model for the Semiscale Mod-2A facility is shown in
Figs. 52 and 53 in its cold-leg-break configuration. The input model consisted
of 49 one-dimensional components containing 187 computational cells. Table IV

I lists the components. The input model corresponded to the Semiscale Mod-2A
hardware configuration with the following exceptions.

I 1. The pressure-suppression system was modeled indirectly. A
BREAK component was introduced and the pressure and
temperature downstream of 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 IIPIS was represented by FILL components 13 and 43 for
the intact and broken loops, respectively.

4. lhe Ulli coolant was delivered at a discreet elevation in the
upper head. but the physical system was designed toI distribute the coolant uniformly over the full height of the
upper head.

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

TRAC MODEL COMPONENTS

Number of
Fluid Cells

Component Component (Primary Side

Number Type Description , Secondary Side)b

1 TEE Intact-loop hot leg 6, 3

2 STGEN Intact-loop steam generator 12, 6

3 PIPE Intact-loop pump suction 8

4 PUMP Intact-loop pump 2

5 TEE Intact-loop cold leg 5, 1

6 PRIZER Intact-loop pressurizer 5

|7 FILL Intact-loop steam-generator 1

feedwater u
8 VALVE Intact-loop steam line 2

9 BREAK Intact-loop steam-generator-secondary 1 g
pressure set point g

to TEE Intact-loop ECC line 2, 1

11 VALVE Intact-loop accumulator valve 2

12 ACCUM Intact-loop accumulator 4

13 FILL Intact-loop IIPIS 1

14 TEE Intact-loop steam-generator-secondary 2, I

steam dome B
15 TEE Intact-loop steam generator-secondary 6, 1 5

downcomer
16 FILL Pressurizer inlet 1 3
21 PIPE Broken-loop hot leg 5 g
22 STGEN Broken-loop steam generator 12, 6

23 PIPE Broken-loop pump suction 7

|24 PUMP Broken-loop pump 2

25 TEE Ilroken-loop cold leg 3, 2 e
26 FILL llroken-loop steam-generator 1

feedwater g
27 VALVE Ilroken-loop steam line 2 3
28 BREAK Broken-loop steam-generator-secondary 1

'

pressure. set point g
34 TEE Broken-loop steam-generator-secondary 2, 1 g

steam dome
35 TEE Broken-loop steam-generator-secondary 6, 1

downcomer |
40 FILL, BREAK Fill for steady-state run, 1 5

break for transient run
41 TEE llroken-loop cold leg 2, 1 3
42 TEE Broken-loop ECC line 2, 1 g
43 FILL llroken-loop llPIS 1

44 VALVE Broken-loop accumulator valve 2
45 ACCUM Broken-loop _ accumulator 4
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TABLE IV

TRAC MODEL COMPONENTS

Number of
Fluid Cells

Component Component (Primary Side

Number" Type Description Secondary Side)b

1 TEE Intact-loop hot leg 6, 3

2 STGEN Intact-loop steam generator 12, 6

3 PIPE Intact-loop pump suction 8

4 PUMP Intact-loop pump 2

5 TEE Intact-lo'op cold leg 5, 1

6 PRIZER Intact-loop pressurizer 5

|7 FILL Intact-loop steam-generator 1

feedwater u
8 VALVE Intact-loop steam line 2

9 BREAK Intact-loop steam-generator-secondary 1 g
pressure set point g

10 TEE Intact-loop ECC line 2, 1

11 VALVE Intact-loop accumulator valve 2

12 ACCUM Intact-loop accumulator 4

13 FILL Intact-loop IIPIS 1

14 TEE Intact-loop steam generator-secondary 2, I

steam dome B
15 TEE Intact-loop steam generator-secondary 6, 1 m

downcomer;

16 FILL Pressurizer inlet 1 3
21 PIPE Broken-loop hot leg 5 g
22 STGEN Broken-loop steam generator 12, 6

,

| 23 PIPE Broken-loop pump suction 7

|24 PUMP Broken-loop pump 2

25 TEE Broken-loop cold leg 3, 2 W
26 FILL 14roken-loop steam-generator 1

feedwater g
27 VALVE Broken-loop steam line 2 3
28 BREAK Broken-loop steam-generator-secondary 1

'

pressure set point
34 TEE Broken-loop steam-generator-secondary 2, 1

steam dome
35 TEE Broken-loop steam generator-secondary 6, 1

|downccmer
40 FILL, BREAK Fill for steady-state run, 1 m

break for transient run
41 TEE Broken-loop cold leg 2, 1 3
42 TEE Broken-loop ECC line 2, 1 g
43 FILL Broken-loop IIPIS 1

44 VALVE Broken-loop accumulator valve 2 1

45 ACCUM Broken-loop accumulator 4
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I
TABLE IV (cont.)

. Number of
Fluid Cells

Component Component (Primary Side
Number" Type Description Secondary Side)b

65 TEE Upper section of upper plenum 1, 1

I 70 TEE Middle section of upper plenum 1, 2

75 TEE Lower section of upper plenum 1, 1

and guide and core support tubes
80 CORE Core 9
83 TEE Lower plenum and lower downcomer 3, 2
84 FILL Bottom lower plenum 1

85 FILL Bottom upper head 1

86 TEE Lower section of upper head 1, 2
87 TEE Lower mid section of upper head 1, 2
90 TEE Intact-loop side downcomer inlet 2, 10

I and downcomer
92 TEE Broken-loop side downcomer inlet 2, I

and 'ipper-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 1, 2

I
98 TEE Upper section of upper head 2, 2
99 FILL Top upper head 1

I
"The total number of components is 49.
bThe total number of cells is 198.

The TRAC-PF1 choked-flow model was used to calculate the break flow. The
break orifice had a rounded entrance with a length-to-diameter ratio of 3.35
(length, 12.65 mm; diameter, 3.78 mm). Thus, the secondary side of breakI TEE 25 for this test was modeled using two cells with the second cell

'representing the break orifice.

II Power tables were defined for the PIPE and TEE components representing -

the primary-loop piping to simulate the external heaters used during the test.
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 values reported in Ref. 15. The
intact and broken-loop steam generators were modified to reflect the geometryI and heat-transfer characteristics of the Type-Il steam generator installed in
the Mod-2A facility.
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I
The primary data base for the input model geometric specifications

included the system design descript ion, ''' '' the Semiscale Mod-3 drawings, "
and the RELAP5 standard model description for the Semiscale Mod-2A system.''
The data base for the initial and boundary conditions incorporated in the TRAC |
input model included the experiment data report.2' the quick look reports,ri,22 m

and the experiment operating specification.
'

E. Results

The following sections present and discuss the results obtained during a
posttest predictions of Semiscale Mod-2A Tests S-UT-6 and S-UT-7. Results for g
Test S-UT-7 will be emphasized, and Test S-UT-6 results will be presented to
highlight the primary differences in system response resulting from not using
UH l.

1. General System Behavior. The initial conditions and specified test

parameters for Test-S-UT-7 are presented in Table V. The pump speeds were set 3
to yield primary-loop hot-leg temperatures close to those measured; the g
steam-generator-secondary pressures also were set to yield primary-loop
cold-leg temperatures close to measured. Both the specified pump speeds and
steam-generator secondary pressures differed from the measured values, with the
largest deviations for the intact- and broken-loop pump speeds being 151 and

TABLE V

TEST S-UT-7 INITIAL CONDITIONS

Pa rame t e r Actual Calculated

b
Core Power (MW)a 3,994 3,9g4
Pressurizer pressure (MPa) 15.5 15.5
Pressurizer liquid mass (kg) 10.4 10.2 g
Intact-loop mass flow (kg/s) 6.77 _6.72 g
Intact-loop cold-leg temperature (K) 558. 559.2-
Intact-loop hot-leg temperature (K) 599. 598.2 g

gBroken-loop mass flow (kg/s) 2.1 2.1
Broken-loop cold-leg temperature (K) 559. 557.4
Broken-loop hot-leg temperature (K) 598. 598.2

229. bIntact-loop pump speed (rad /s) 198.3
1250.gBroken-loop pump speed (rad /s) 974.3

Intact-loop steam-generator-secondary pressure (MPa) 5.7 5.1
Intact-loop steam-generator-secondary a

feedwater temperature (K) 502. 502.b g
Broken-loop steam-generator-secondary pressure (MPa) 5.9 5.5
Broken-loop steam-generator-secondary

feedwater temperature (K) 497. 497.b

" Flat radial profile.

Specified as input parameter.
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I
I 28%. respectively. This suggests that further review of the Semiscale pump

correlations and the steam-generator secondary-side heat-transfer correlations
is warranted. The primary-system steady state calculated by TRAC matched theI test conditions well.

Table VI presents the calculated event times for the base case and a
parametric case. The latter varies from the former in the use of two
multipliers on the critical-flow model. The first multiplier (value 2.1)
increased the break flow during the subcooled and two-phase blowdown phases.

I The second multiplier (value 0.85) 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 close approximation) as a boundary condition. The
multipliers are not interpreted to have a physical meaning (for example,I discharge coefficients). Timing during the first 150 s of the transient was
predicted quite well. The predicted timing of loop dynamics after was
generally improved in the parametric study by matching closely the measured
break flow. A partial core dryout was both measured and predicted with the
largest cladding temperature increase calculated for Test S-UT-6 (no UllI). In
each case the dryout resulted from the slow boil-of f of liquid from the top of

terminated following initiation of intact- andthe core and the dryout was

TABLE VI

TTST S-UT-7 EVENTS

I Time (s)

Event Actual Base Case Parametric Case

Blowdown initiated O. O. O.
Pressure trip 8. 6 7. 5 7.1I Intact-and-broken loop
main steam valves
begin closing 10.8 9. 6 9. 3

I Core power decay initiated 12.4 11.3 10.9
Intact-and broken-loop pump
coastdown initiated 14.2 13.1 12.7

Upper-head injection begins 21. 21.9 21.4I Intact-and-broken loop main
feedwater valves begin to j
close 34. 33.9 32.9

I Broken-loop pump stops 77. 76.0 75.4 |Intact-loop pump stops 136. 133.7 133.3 j
Intact-loop pump suction |

I blows out 220. 289. 208. )Upper-head accumulator
injection ends 296. -366. ~284.

Intact-leop pump suctionI cleared of liquid 650. no no
intact-and-broken loop

accumulator injection begins 738. 745. 753.

I 1
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I
broken-loop accumulator injection. The same dryout and rewet phenomena were
observed in the test.

|2. Ilreak Flows. The calculated and measured instantaneous and
| integrated break flows for the base and parametric cases are shown in Figs. 54 m
I and 55, respectively. A comparison of the measured and calculated
i instantaneous break flows showed that TRAC-PF1 underpredicted the rates of g
| subcooled and two phase break flow to ~225 s. The integral result of the 3

underprediction is shown in Fig. 55. After 225 s the measured instantaneous

break flow was reduced sharply because the loop seal in the intact-loor
,

pump-suction, pipe cleared and uncovered the break orifice to the passage of'

vapor only.'' The calculated break flow between 225 and 450 s was too large.

For the parametric study, the break flow was treated as a boundary condition;
improved instantaneous and integrated break flows were calculated as shown in
Figs. 54 and 55. There is a clear indication that the critical-flow model and

' the coupling of the model to upstream cells require additional review.

3. System Pressure. Tne calculated base-case, parametric-case, and
measured system pressure responses for Test S-UT-7 are compared in Fig. 56.
The calculated base-case pressure was overpredicted until ~450 s. This
corresponds closely to the underprediction of integrated break flow shown in
Fig. 55. The increased rate of system depressurization beginning at ~300 s for
the base case was due to a steep drop in density upstream of the break g
following the initial clearance of the intact-loop pump-suction seal. An 3
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I
improved pressure history was calculated for the parametric case, a direct

result of more closely matching the measured break flow.

I
4. Loop llydraulic Response. I' red i c t i ons of loop hydraulic response

generally displayed the correct qualitative behavior, but quantitative

differences existed. The calculated and measured mixture densities in the
are shownbroken-loop hot leg, broken-loop cold leg. and intact-loop cold leg

in Figs. 57-59. Iloth tangential and bottom gamma densitometer measurements are
presented when available. The two-dimensional stratification of liquid and g
vapor in the horizontal pipe runs is clearly shown in Fig. 57. The rapid g
voiding of both the intact- and broken-loop cold legs was predicted to occur

The collapsed liquid levels in the intact-loop pump-suction downflow and
upflow legs are shown in Figs. 60 and 61, where it can be seen that the initial
clearance of the loop seal in both legs is 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

improved in the parametric case but, again, the amountspump-suction seal was
of liquid remaining in each of the legs was similar to the base case.

Figures 62 and 63 show the calculated and measured mass flows in the hot
and cold legs of the intact loop, respectively. Following establishment of the
loop seal during the test, flow through the intact loop stopped. Flow was
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I
reestablished following clearance of the loop seal. Ileca us e liquid remained in
the upflow leg following the initial clearance of the loop seal, no such
reesta'lishment of flow was calculated. The large flow surges in the

o
intact-loop cold leg to -200 s are not calculated.

The collapsed liquid levels in the broken-loop pump-suction downflow and
upflow legs are shown in Figs. 64 and 65. In the downflow leg, the calculated |
clearance of the loop seal was slightly delayed. The data also show a slight E
refil1ing of the downflow 1eg between 400 a'id 1400 s that occurred over a
longer time than calculated. In the upflow leg a teore rapid initial clearance g
of the loop seal was calculated. Liquid remained in the upflow leg during the g
test while complete clearance was predicted by TRAC-PF1. Figures 66 and 67
show the calculated and measured mass flows in the hot- and pump-suction legs
of the broken loop. The flow surges in the pump-suction leg to ~400 s were not
calculated.

5. Core llehavior. The use of Ulli did not radically affect the break
flow, system pressure history. or loop hydraulics. Ilowe ve r , its impact can be
observed in the core behavior. The measured and calculated collapsed core g

liquid levels for Test S-UT-7 are shown in Fig. 68. Although the calculated g
liquid level does not display each turn of the data, the overall prediction is
good. A minimum collapsed liquid level of approximately 180 cm was calculated
and 170 cm measured. The calculated decrease in core liquid inventory |
terminated imniediately following operation of the intact- and broken-loop 5

delay of ~60 s was observed in the test. The measuredaccumulators. while a
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and calculated core 1iquid levels for Test S-UT-6 are compared in Fig. 69. The
calculated minimum collapsed liquid level of 133 cm occurred at 667 s. and the
corresponding measured values were 118 cm a t 790 s. The calculated refill is

I slower than measured in both tests and shows surges in and out of the vessel
not observed in the test data. Thus, an increased margin against core heatup
was both measured (0.52-m increase in collapsed liquid level) and calculated
(0.47 m).

Figures 70 and 71 compare the calculated and measured core fluid
densities for Tests S-UT-7 and S-UT-6 at a level 2.03 m above the bottom of the
heated core.

Calculated ana measured cladding temperatures at the 2.27-m, 2.53-m, and

I 3.21-m levels for Test S-UT-7 are presented in Figs. 72-74. A dryout is
neither calculated or measured at the 2.27-m level, measured but not calculated
at the 2.53-m~ level. and both measured and calculated at the 3.21-m level. At
the 3.21-m level, the dryout was predicted to occur ~85 s early and the peak
cladding temperature was overpredicted by ~S K. Calculated and measured
cladding temperatures at the same levels are presented for Test S-UT-6 in
Figs. 75-77. TRAC-PF1 correctly predicts that the drvout has proceeded to

I lower core elevations for the non-Ulll case as seen by comparing Figs. 72.

and 75. At the 3.21-m level the dryout was predicted to occur ~100 s early and
the peak cladding temperature was overpredicted by 50 K.

I
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I
6. Upper-liead Fluid Behavior. The behavior of the fluid in the upper

head was not calculated well for Test S-UT-7. The initial flows for the

bypass, guide, and core support tubes were 0.42 1/s. 0.32 1/s, and 0.10 1/s
compared to measured values of 0.33 1/s, 0.242 1/s, and 0.088 1/s,

respectivelv. The summed result of the various upper-head inflows and outflows
is shown in Fig. 78 for Test S-UT-7, which displays the collapsed liquid level
in the upper head. TRAC predicted an early initial drain of the upper head
that was caused by calculated support tube flew exceeding the measured by a
significant margin.

The prediction of fluid behavior in the upper head was improved for the
non-Ulll ca se . Te s t S-UT-6. The calculated and measured collapsed liquid levels
in the upper head for Test S-UT-6 are presented in Fig. 79. It is evident that

further review of the upper-head modeling is needed to improve the calculated
dynamics of Ulll in the upper-head region.

7. Timine Data. A complete transient was calculated for Test S-UT-7 g
only. The CDC-7600 CPU time required for the 4500 s transient was 18061 s. g
Thus, the ratio of CPU to real time for the transient was 4.01.

F. Conclusions

TRAC-PF1 predicted many of the features of Semiscale Ulli Tests S-UT-6 and
S-UT-7 well. The correct mode of core dryout was calculated, although |
predicted dryout times were early and predicted peak cladding temperatures were u

no . . . .
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d

high. Given the small volume of the Semiscale core, the calculated results are
considered to be acceptable.

This assessment has identified features of the code that should be
studied further. First, to obtain the correct steady-state primary-loop
hot-leg temperatures, it was necessary to specify pump speeds that exceeded
those measured. Further review of the Semiscale pump correlations may be
required, although these correlations generally are used only for assessment
calculations. Second, to obtain the correct steady-state primary-loop cold-leg
temperatures, it was necessary to set the steam-generator-secondary conditionsI at values different from those measured. This suggests a further review of
steam generator secondary-side heat transfer is required. Third, t h,:
critical-flow modeling and its coupling to the upstream nodes should be

'
reexamined to determine why the subcooled and two-phase saturated blowdown
rates were underpredicted.
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I
V. TRAC-PF1 POSTTEST ANALYSIS OF LOFT liffERMEDI ATE-BREAK EXPERIMENTS

L5-1 AND L8-2

Two eyperiments have been conducted at the LOFT (Ref. 24) at INEL.
These tests investigated the thermal-hydraulic phenomena resulting from the
rupture of a single 14-in.-diam accumulator injection line in a commercial
four-loop PWR 'and evaluated the ef fect of primary-coolant-pump restart on core
cooling when the primary-coolant system is in a highly voided condition. The
data from these two experiments, designated as LOFT Experiments L5-1 and L8-2
(Ref. 25), were used to assess the analytical capability of the Transient
Reactor Analysis Code.'

In this section, a brief description of the LOFT facility is presented,
which is followed by a brief summary of the experimental conditions and test
results. The TRAC-PF1 input model is discussed, and comparisons between code
calculations and experiment results are presented. Conclusions are drawn
regarding adequacy of the code to model LOFT intermediate breaks, and

suggestions for future model development are provided.

A. LOFT System Description

The LOFT facility is a 50-MW(t) PWR with instrumentation to measure the
thermal-hydraulic conditions within the system. Operation of LOFT is
representative of large commercial PWR operations. The LOFT facility consists
of

1. a reactor vessel with a nuclear core;

2. an intact loop with an active steam generator, pressurizer, and
two primary-coolant pumps connected in parallel;

3. a brcken loop with a simulated pump, simulated steam generator,
and two quick-opening blowdown valve (QOBV) assemblies;

4. a blowdown suppression system consisting of a header, suppression
tank, and a spray system; and

5. an ECC injection system consisting of two low-pressure-injection-,

system (LPIS) pumps, two llPIS pumps, and two accumulators.

For LOFT Experiments L5-1 and L8-2, the broken-loop hot-leg components;

t were blind flanged off just downstream of the reflood-assist bypass piping

| tee. The break nozzle in the broken-loop cold l e g wa s scaled to that of a
ruptured _14-in. accumulator line in a commercial PWR.

Figure 80 . shows the LOFT major components. Additional information
concerning the LOFT facility may be found in Refs. 24 and 25.
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I
B. Test Descrir, tion

brought to the initial powerFor LOFT Experiment L5-1, the plant was
level, temperature, and pressure approximately 40 h before experiment

initiation. Experiment L5-1 was initiated when the cold-leg QOBV was opened.
The reactor scrammed on low hot-leg pressure (14.19 MPa ) at 0.17 ! .01 s.
When it was determined that the control rods were fully inserted, the primary-
coolant pumps (PCPs) were t r ipped manually (4.0 0.5 s) by terminating power

to the pump motor-generator sets. The PCPs then coasted down under the
influence of the generator-flywheel system until 19.3 0.1 s, when power to
them was disconnected. One of the PCPs stopped fairly quickly, while the
other continued to turn.

IIPIS injection, initiated by a hot-leg pressure setpoint of 10.6 MPa,
commenced at 2.88 0.1 s and delivered a scaled flow of 0.5 0.2 L/s into

the intact-loop cold leg. The secondary main-feedwater pumps tripped on
receipt of the scram signal, and the secondary steam-control valve commenced
to close. The steam-control valve fully shut at 12.1 2 0.2 s. At

0. 2 0.1 s, the reactor-vessel upper plenum reached saturation pressure and
voiding began. The pressurizer emptied at 15.5 0.5 s. A thermal excursion
began at the top of the active core region at 108.4 1.0 s and continued to
move further down into the core until 184.0 2 1.0 s. At this time, the

primary coolant system (PCS) pressure had decreased sufficiently

(1.66 0.05 MPa) to allow the accumulator injection system to commence core

reflood. A maximum fuel-cladding temperature of 715.0 2 3Kwas reached at
198.0 2.0 s. The core reflood was assisted by the scaled LPIS, which began
injecting ECC wa t e r to the intact-loop cold leg when the PCS pressure had
decreased to 1.08 0.06 MPa at 201.0 0.5 s. Core reflood was complete and
the experiment was terminated at 214.0 2 1.0 s, when all fuel-cladding

temperature measurements were at or below the saturation temperature.

The operating procedure and sequence of LtFT Experiment L8-2 essentially
were identical to Experiment L5-1 until the t i n.e when the accumulator began
injecting water in the PCS. In Experiment L8-2, the accumulators were
isolated so that automatic coolant injection would not occur. The fuel-

l cladding-thermocouple temperature excursion began at 112.0 2 0.5 s. and

progressed to the lowest thermocouple elevation by 240.0 2.0 s. The PCPs
restarted when the highest monitored fuel-cladding thermocouples reachedwere

the 811-K setpoint at 234.5 2 0.5 s. The highest fuel-cladding thermocouples
reached 950.0 3. 0 K a t 286.0 0.5 s, whereupon the operators tripped the
PCP power (291.0 1.0 s) and initiated Accumulator-A injection

(294.0 ! 1.0 s). Cladding temperatures continued to rise and at 299.2 2 2.0 s
reached 978 K, at which time the test was terminated by the automatic safety

,

| system.

C. TRAC Mode 1

The code version for the analysis reported here was TRAC-PF1. The

TRAC-PF1 LOFT input models were converted f rom TRAC-PD2 models for the same
experiments. These were set up for both experiments using one- as well as
three-dimensional representations of the LOFT reactor vessel. As the
three-dimensional vessel models are more extensively run and analyzed, our

|

i discussion concerning the modeling details will concentrate on tnem.

|
"
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Figures 81-83 show the TRAC-PF1 noding for LOFT Expe riment L8-2. The
noding for LOFT Experiment L5-1 was identical to L8-2 except for the modeling
of ECC system B (compcnents 71-76). The B system was not modeled in the L5-1
a,nalysis because that system was not used during the L5-1 experiment.

Figure 84 shows a diagram of the break spool piece installed in the LOFT
broken-loop cold leg for these two experiments. Figure 85 shows the TRAC-PF1
noding of this component for the final calculations.

As part of model development for these tests, several early calculations
- were performed to evaluate the relative merits of modeling the break orifice

with a separate hydrodynamic fluid cell. It was found that if the saturated
break discharge were overpredicted by a constant amount, the correct break
flow could be predicted in both subcooled and saturated regimes by not

- '

modeling the break orifice explicitly and by using a saturated break-discharge
coefficient of less than 1.0. As will be discussed in more detail in the next
section, a nonconstant discharge coefficient is necessary to calculate the

L. observed break flow accurately. Because of these difficulties in modeling the
critical-flow processes through this component, it was necessary to control
the break flow with a valve. Trips were used to adjust the valve area such

*

that the calculated break flow approximated the measured break flow during the
transient.

Table VII compares the key initial conditions for LOFT Experiment L5-1.
L The corresponding table of information for LOFT Experiment L8-2 is shown in

Table VIII.

D. Results

in this section, results f r'om t hr e e calculations will be discussed in
-

detail: (a) an L5-1 base-case calculation where the break flow was not
controlled to match the experiment results, (b) an L5-1 posttest analysis
calculation, and (c) an ' L8-2 posttest calculation. The latter two cases

_ employed a valve that controlled the break area such that the calculated break
flow would approximate the measured break flow.

L
E

. In performing the initial analysis of experiment L5-1, a one-dimensional
vessel calculation was run. In these one-dimensional calculations, dryout of
the core did not occur. The three-dimensional models were used in the final

_ calculations to take advantage of the interphase sharpener model, which is
_ available in the three-dimensional vessel component.

1. Base-Case Results. Figure 86 compares the calculated and measured
break flow for the L5-1 base case. The calculated primary-system pressure

- declines much faster than the measured data for the majority of theE experiment. Figure 87 shows the calculated break flow. The flow is
L g significantly larger than the measured data for the majority of the transient
- g and accounts for the too-rapid pressure decline. Figure 88 compares the

calculated and measured fluid densities just upstream of the break to be in
= relatively good agreement for the majority of the period calculated,

l'igure 89 shows the calculated vapor fraction just upstrear of the break, and
Fig. 90 shows the calculated break flow plotted as f function of the
calculated vapor fraction.

--
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TAllLE VII

KEY INITIAL CONDITIONS FOR LOFT EXPERIMENT L5-1

Initial Condition LOFT TRAC-PF1

Intact-loop hot-leg temperature (K) 579.1 0. 9 580.8

Intact-loop cold-leg temperature (K) 552.3 20.9 552.8

PCS mass flow (kg/s) 308.2 4.0 305.2

Reactor power (hN) 45.9 1. 2 45.9

Ilot-leg pressure (MPa) 14.93 0.08 14.93

SGS steam dome pressure (MPa ) 5.05 0.06 5.09

TAllLE VIII

KEY INITIAL CONDITIONS FOR LOFT EXPERIMENT L8-2

Initia1 Condition LOFT TRAC-FF1
_ _ _

Intact-loop hot-leg temperature (K) 579.3 0. 8 579.9

Intact-loop cold-leg temperature (K) 552.4 0. 9 551.8

PCS mass flow (kg/s) 311.2 4. 0 305.9

Reactor power (kN) 46.0 !1.2 46.0

Ilot-leg pressure (MPa) 14.86 0.06 14.87
i

SGS steam dome pressure (MPai 5.08:0.06 S.01
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Note that in Fig. 90 an increasing trend in calculated mass flow occurs ,

between a vapor f ract ion of 0.5 and 0.7. During the period of increasing mass
flow, fluid pressure declines. This result is nonphysical, and results in an
unrealistic calculation. Not only is the pressure decline too rapid, but the
core dryout occurs too rapidly, along with a too-rapid initiation of ECC.
Ile c a u s e of this serious discrepancy in the calculation of break flow, it is
difficult to interpret other features of the code comparisons to experiment
results. Subsequent calculations, therefore, used the measured break flow to

'
:

| control the area of the valve just upstream of the break, such that the
calculated break flow would be in better agreement with the experiment
results. The break-flow model in subsequent versions of TRAC-PF1 has been
modified and should correct the problems observed in these results.

2. L5-1 Posttest-Analysis Results. Figure 91 con:pa r e s the predicted
and measured break flows for LOFT Experiment L5-1. The valve at the break

I plane controls the minimum area at the break, shown in Fig. 92, to approxima te
the measured break flow. The calculated break flow is within the uncertainty
of the data, but it is slightly higher than the mean of the data early in the

| transient and slightly lower later in the transient. Th,s was done

deliberately by altering the valve trip setpoints for the best mrtch of time
|to core uncovery and the measured depressurization. In the early analysis of

this experiment, a valve was used that was controlled to the mean of the a
measured break flow; this resulted in more rapid depressurization in the
calculations than in the experiment results. and the calculations resulted in
delayed core uncovery. The L5-1 posttest calculations were found to be
extremely sensitive to small changes in break flow. When these occurred
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during the early portion of the experiment, when the break discharge was
mostly liquid, significant differences resulted in the timing of the beginning
of core uncovery, Small changes in the break flow later in the transient,
when the break discharge was mostly vapor, had significant effects on the rate
of depressurization.

Figures 93-95 coripare the predicted and measured pressures at different
points in the LOFT sys tem. The pressure in the primary system is somewhat
higher than the data during the first 10.0 s of the transient, then falls
below the experiment results. The calculated pressurizer pressure is in
better agreement with the experiment results for the period of liquid
discharge from the pressurizer; but as the pressurizer pressure approaches
primary system pressure, the calculated results fall somewhat below the
experimental results. The calcula*.ed pressure in the steam generator
secondary does not reach as high a peak as observed in the experiment results,
nor does it decay as rapidly. The LOFT steam-generator secondary
steam-control valve probably leaked during this transient and accounts for the
more rapid than predicted pressure decay. Because the secondary is not
important in breaks of this size, no attempt was made to model this probable
leakage.

Figure 96 shows a comparison of the data shown in Fig. 93 on a smaller
time scale. The TRAC-PF1-calculated primary-sys tem pressure response during
the early portion of the transient differs considerably from the measured
results. Examination of the output revealed that the cause of this

discrepancy is probably an underprediction of the rates of steam condensation

m
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Fig. 93.
Comparison of TRAC-calculated and measured primary-system pressures.
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in the vessel. Almost immediately after the start of the transient, the
average rods switch into a subcooled, nucleate-boiling heat-transfer mode,
which starts vapor formation in a condition of a highly subcooled bulk fluid

| state. The vapor formed is slow to condense in the three-dimensional vessel
I component and apparently causes the overprediction of the early system
l pressure.

Figures 97-99 compare the calculated and measured fluid densities at
several locations in the LOFT primary system. The calculated fluid density is
within the uncertainty bands of the measured results for the majority of the,

! transient. In the broken-loop cold leg, some core bypass was calculated late
in the transient (Fig. 97) that was not observed in the experiment results.

Figure 100 shows a comparison of calculated and measured vapor
velocities in the intact-loop cold leg. The calculated results are within the

| uncertainty bands of the experiment results for the majority of the transient.
The sharp drop in the calculated velocity occurs when the break area is

!. reduced sharply at 125.0 s.

Most of the LOFT fluid thermocouple data is subject to hot-wall effects
during the transient. One measurement that did not show early hot-wall
effects is the measurement in the broken-loop cold leg (shown in Fig. 101).
The TRAC-PF1 calculations follow the general trends of the experiment results. g
Ilecause the calculated primary-system pressure was lower than the experimental g
pressure and- because the fluid temperature follows the corresponding
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saturation temperature, the calculated temperature was somewhat lower than the
measured results. The early rise in measured fluid temperature, wh i c h wa sI accurately characterized by TRAC-Pfl. can be traced to fluid exiting the steam
generator. Early in the transient, before the primary-side tubes void,
heat-transfer effects couple the primary and secondary sides. As the pressure
rises in the steam generator (due to the closure of the steam control valve),
the fluid temperature in the secondary rises. This results in increased
primary-system fluid temperature early in the experiment.

,

Figures 102-104 compare time history plots of the calculated fuel rod
cladding for the average , high . and low-power rods, respectively. Dryouts j
and rewets of the rods occur when the void fraction in the adjacent fluid cell
crosses 98% void fraction. The active core region was modeled fairly coarsely
with four axial levels, so the dryouts and rewets occurred in groups
corresponding to the locations of the fluid cells. Figures 105 and 106 show
the axial temperature profile of the high-power rod during the blowdown and
reflood port ion of the transient, respectively. The unusual sawtooth pat tern
in the rod axial profile is caused by simultaneous dryout of all rods adjacent
to a particular fluid cell, which is followed by temperature increases that
are proportional to the axial power distribution.

No dryouts occurred in the lower portion of the core in the TRAC-PFI
calculation. This is contrary to the experiment results, where dryouts
occurred to the very bottom of the heated core, as shown in Figs. 107-110.

i

Figures 111-114 compare the rods in the next higher level within the core.
|
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I!
fIlo t h the dryout and quench occur early, llecause the time the rods are

uncovered is somewhat underpredicted. the peak terperatures are low relative f

jto the experiment results. l'igures 115-119 compare the calculated and
measured fuel cladding temperatures for the region just above the core t

midplane, llo t h the calculation and the experiment cladding temperatures |
peaked in this region. The calculated peak temperature agreed well with the '

experimental value; however, the calculated peak temperature (shown in

l' i g . 115) occurred somewhat lower and earlier than that observed in the
experiment (fig. 117). 1rgures 120 and 121 compare the temperatures for the ,

upper quarter of the core for the high-power fuel rods. The TR AC- Pi l }
calculations exhibited an earlier dryout than observed experimentally for this j

[region of the core.

l'igures 122-126 show the comparisons for the low-power fuel rods.
Figures 127-131 show comparisons for the average-powered fuel rods. The
comparisons are similar to those of the high-power rods. Very few radial j

differences were observed either in the calculation or in the experiment, '

*except those due to the power profiles. !
I

Figure 132 shows the time-step size for the L5-1 calculation. The |
calculation was very cost effective. requiring only 4611 s of CPlJ t inne f or the |

225.0-s simulation; and almost half of that CPil time was spent computing the
last 30.0 s of the calculation. Table IX compa res the key results for Lol'T g(
l' x pe r i me n t L5-1. 5-.
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I
TAllLE IX

KEY PARAMETERS FOR LOFT EXPERIMENT L5-1

Parameter Experimenta1 Results TRAC-PF1

Peak cladding temperature (K) 715. 2 3. 699.

Time to dryout (s) 121. 118.

i 207.5 192.5Time to quench (s

Time to llPIS initiation (s) 2.9 ! .1 3. 5

Tsme to accumulator initiation (s) 164. r 1. 166.5

Time to LPIS initiation (s) 201. 2 .5 201.

"The peak-cladding-temperature. time-to-dryout. and t ime-t o-quench values are
for the location of the peak temperature ir the experiment. The corresponding
values in the calculation are 720 K. 83 s. and 198 s. respectively.

I
3. LS-2 Posttest-Analysis Results. Figure 133 compares the

calculated and measured break flows for the L8-2 posttest calculation. A

valve controlled the break flow to approximate that in the L5-1 posttest
analysis. The resulting break area is shown in fig. 134.

igures 135 and 136 compare the calculated and measured primary and
seconda v pressures. The comparison has many similarities to the L5-1
comparisons discussed earlier, including the overprediction of early

primary-system pressure, followed by an underprediction of the long-term
pressure response. Tne pressure spike in the primary-system pressure curves.
both in the calculation and in the measuremer.ts. occurs when the IXr systems
are initiated, followed by rapid quenching of the core. As was observed in
the L5-1 comparisons, the apparent leakage of the steam generator steam
control valve caused the code to overpredict the long-term steam-generator
pressure behavior.

Figures 137-140 compare the ca lcula t ed ar.d mea su red fluid densities at
different points in the LOFT prima ry system. The calculated fluid densities
are within the expetiment measurement uncertainty bands for the majority of
the transient.

figure 141 compares the broken-loop cold-leg fluid temperatures. The
comparison is similar to the L5-1 comparison discussed earlier. The
experimental measurement is probably subject to hot-wall effects. which would
account for the measurement departure from saturation temperature after 150 s.
llec a u s e of the underpredirtion of primary-system pressure. the fluid-

temperature measurements also are generally underpredicted.
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Figures 142 and 143 compare the calculated arid measured pump speeds for
the LOFT primary-coolant pumps. The approximate 5.0-s offset between
calculations ar.d mea sureme n t s is caused by an input error. The pump speeds
were input into TRAC-Pi l from a table that is used once a trip is set. The
setpoints of the trip were such that the 5.0-s delay occurred between the
start of the transient and the time of trip. As will be discussed later, the
pump plays a relatively minor role in this transient, and this error was not
judged to be significant enough to warrant repetition of the analysis.

Figure 144 shows the calculated fuel-rod-cladding surface temperature
for an average powered rod at different axial locations. As was seen in the
L5-1 results, the dryouts and rewets occurred when the fluid conditions in the
fluid cell adjacent to the rod c ros sed 98'l void fraction. Contrary to the
experiment results, the dryouts did not extend to the bottom of the heated
rods. Figure 145 shows the void fraction in the vessel. The void f raction
near the bottom reached a peak value of 851 but was not high enough to dry
the bottom 1/4 of the fuel rods.

Figures 146-149 compare the calculated and measured fuel-rod-cladding
surface temperature for the high-power rod at different axial elevations up to
the core midplane. The effects of the pump restart were slight, both on the
calculatiens as well as on the experiment results.
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I

| Figure 150 represents the maximum calculated cladding temperature, and
is in reasonably good agreemert with the e x pe r in e n t results. Iigures l$1

| and 152 show compartsons at upper elevations along the high-power rod.
j Figures 153-155 show comparisons lor the low-power rod at different axial

elevations. Figures 156-162 show c empa r i sons for the average powered rod at,

| different axial elevations. The dillerentes between calculated and measured
heating rates after dryout probably are due to differences in radial peaking
factors between the actual fuel red and the calculational rod, l' i g u r e 163
shows the time-step size for the LM-2 posttest calculation. This calculation

)
i was very cost effective in the early portion of the transient, requiring only

37S1 s of CPU time for the simulation of the Iirst 212 s. Table X compares
the key parame*ers for LOFT Experimant LS-2.

E. Conclusions

i.
; Using the three-dimensional vessel component. TRW-Pf1 modeled the Lol T ,

intermediate-breaks L5-1 and LS-2 well. The results in some areas could be'

|
improved further through the code input. This would irclude such items as

; better modeling of the break flow, finer noding of the reactor vessel core in
the axial direction for better simulation of the vertical void distribution,

and use of the actual event times for the trips. The code ran relatively

J fast, considering the large number of fluid cells and heat conductors that (
! were simulated. Early sensitivity studies revealed that the code results were

| remarkably insensitive to time-step size, and raa s s errors for all cases
; ana lyzed we re negligible, in addition, the code never terminated abnormally.

!
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except in a few cases during input processing, where the cause for the
termination was easily determined.

The following items should be investigated.

1. The critical-flow model in subsequent versions of TRAC-PF1 is

E different from that used in this analysis. Thus, results from this'

g new model should receive extensive independent assessment using a,

wide range of separate-effects experiments; if resources permit,
analysis of integral experiments should be repeated where break-flow
modeling is important to results suc h as those reported here.

2. In the present version, it is necessary to use a large number of
fluid cells in the core region of the vessel for adequate tracking
of the liquid-vapor interface if a sharp interface occurs. This
would not he necessary, however, if the rod-to-fluid heat-transfer

model used an interpolation algorithm to estimate the void profile
i along the fuel rod. We recommend that such an algorithm be put into

the code and be evaluated against separate-effects and integral
e x pe r i rce n t s .I.

! 3. The discrepancy in the early primary pressure response should be
evaluated and corrected. The cause may be an underprediction of the
condensation rates in the three-dimensional vessel component. The

! error in the calculation of primary-system pressure during subcooled
blowdown is large. and while not significant to these

I;
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|

|
1

l
i

TAllLI: X

Kl:Y PARAMI:TI:RS 10R LOI T 1:XPI:RIMENT L8-2"

i

Parameter 1.xperirental Results TRW-Pl 1

Peak cladding temperature (K) 978. S75. E

,
Time to dryout (s) 115. 161.

|

Time to quench ( s ) 303. 3319.5

j Time to llPIS inittation (s) 3.05 .1 3.42
1

Time to accumulator initiation (s) 294. 2 1. 293.75

Time to LPIS initiation (s) 303.0 311.25
i

,

!
'

"The peak-cladding-temperature. time-to-dryout, and time-to-quench values are.;

for the location of peak temperature in the experiment. The corresponding
;

; values in the calculation are 990 K. 129 s. and 319 s, respectively. LOFT

Experiment LS-2 was te rmina t ed by automa t i c -sa f e t y-sys t em ac t ion a t 299.2 t 2s
in a manner difficult to characterize analytically. The ca lcula t ion was run

| beyond the time of experiment termination only to evaluate the code's
capabilities to calculate the reflooding processes under very high flooding'

rates.

I
intermediate-break results, would become highly significant to the
results where the calculation of accurate pressures was important.

4. It would be useful if an interphase sharpener were available in the
one-dimensional core component. The one-dimensional core component
has limited usefulness in transients such as L5-1 and L8- 2. where
the accurate t racking of a liquid-vapor interface is significant to
the results. The interphase sharpener could be applied for other
components as well, such as in the steam generator secondary.

5. The velocity fluctuations in the three-dimensional vessel component
require further investigation and correction.

|

|

|

|

|
,
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| VI. TRAC-PF1 ANALYSIS OF 1.0IT STFA4-G111:RATOR ll:ll A TI:R TR ESil.NT L9-1/L3-3
!

The LOFT L9-1/L3-3 data were compared to the TRAC-PI1 calculated results
j as part of the independent assessment of the TRAF code.' This experiment was a
i loss of steat-generator feedwater transient in which decay heat and pump

operation caused the system to heat for a long pe r iod of t inc. The experiment
was divided phenomenally into two time periods. In the first 100 s, the stean'

generator dried out and the resulting high primary-system pressure caused a
reactor scram. To analyze this part of the transient, we had to calculate

. I accurately the heat and mass transfer in the steam-generator secondary and the
pressurizer. We obtained reasonably accurate calculations of this time period

| by varying the input description within the test-data limitations. During the
j g rest of the transient, the decay heat and the pump operation caused the j

E Primary-system temperature to increase. The TRW- Pi l program calculated thiv
i

portion of the test well when its condensation heat-transfer coefficient (llTC ) |

was modified. )
i

A. Test Description

LOIT L9-1/L3-3 simulated a loss-of-feedwater accident (anticipated
t rans ient ) with a delayed reactor scram and no feedwater injection (multiple
failures). Table XI lists a simplified sequence of events that occurred )

| during the experiment.
l

| Several essential phenomena occurred during the L9-1 phase of the
j e x pe r ime n t . When the f e edwa t e r wa s discontinued to the steam generator, the |

| heat transfer from the primary-side fluid degraded. An increase in the,

3 temperature of the average primary-side fluid caused a fluid expansion that
forced water into the pressurizer and increased the primary-side system
pressure. The L3-3 phase of the experiment involved locking open the power-
operated relief valve (PORV) and a pump trip. In response to the pressure
increase, the pressurizer spray syst em was ac t iva t ed. This system temporarily
controlled the increase in the system pressure. but ev-r.tually the steam-
generator heat t ransf er degraded so severely that the primary-system pressure
increase caused the reactor to scram. As a result of the scram signal, the,

, reactor shut down and the steam generator steam cortrol valve began to close.
'

After the valve closed the primary-system pressure increased until the
; pressurizer spray again controlled the primary-system pressure.
i

11 . TRAC-PF1 Input Model Description

! Figures 164 and 165 show the TRAC-Pi l input model used for the intact
a r.d broken loops, respectively. The model included 43 one-dimensional

| components with a total of 150 fluid volumes. This input model was derived,

i m from one used to analyze LOFT L3-7 and L2-2 as part of the TRAC-PF1
i ~'developmental assessment.

The major code-related difficulties encountered in this analysis
| pertained to the model:ng of the trips, the steam generator, and the

pressurizer, in the case of the trips, the main ditficulty was in controlling
'

) the steam-generator-secondary liquid level and the steam control valve during
the steady-state calculation. A quast-steady state was obtained by regulating
the inlet water with a liquid-level-dependent Iill component and by reducing

j 131
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i

| TAllLli XI

i' SI:QUl:hrl: OI 1:VI:NTS IOR LOl'T L9-1/L3-3

Tine after

| Test initiation

1:ve n t (s)

L9-1 Phase

Main feed pump tripred off 0. 0
;

f Pressurizer spray-valve cycling initiated 30.0 0.1

2
Reactor scrammed 65.4 ! '|'gg

77.2 ! 8;(y)Steam-generator s'eam control valve closed

Steam-gererator liquid level reached the bottom of
I?jg|the measurement range (0.25 m above the tube sheet) 190

Pressurizer liquid level reached the top of the
;

i measurement range (1.83 m above the bottom 1090 t 30

of the pressurizer) i

Pressurizer spray-valve cycling ended 1246.0 2 0.1

14)RV c yc l i ng i n i t i a t ed 1467.9 t 0.1 y

I g
I L3-3 Phase
|

PORV opened 3269.9 2 0.1

| | cps tripped off 3284.8 ! fj;[
b

l PCP coastdown completed 3304.2 1 0;g,
I

|

| Upper-plenum fluid reached saturation pressure 3329.4 ! o. 2

| PORY closed 4b49.7 ? O .' 1
i

5114.6 ! f,';[Steam-generator-secondary refill initiated
| -

Prima ry-coolant -syst em na t u ra l c i rc ula t ion es tabl i shed $205 ! I''

5

i Steam-generator-secondary refill completed $746.4 ! f||[

| Pressurizer liquid level reached the bottom of the ,

| measurement range (0.06 m above the bottom) 5915 2 5

26712.2 ! 0;g,Steam-generator-secondary feed and bleed initiated

Test completed (secondary feed and bleed ended) 9517.4i '||2g

,

a

|
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!

greatly the closing and opening rate of the steam control valve during the
steadv-state run. The proportional controllers in the newest version of the
code. TRAC-Pil/ MODI. should alleviate this problem.

In the case of the s eam generator, the pha s e -s e pa ra t i e r and heat-
transfer precesses that occur in the secondary side are very complicated.

.

Accurate calculations for this type of transient require precise analysis of
'

these heat-transfer processes.

The followirg example illustrates how an error in the calculation of E
| these procerses c a r. cause problems in the remaining analysis. Scram 3
; initiation occurs on a high-pressure trip. The timing of that trip depends on

the rate at which the primary-system pressure is increasing. The rate of
i pressure increase reflects two different phenomena: the primary-system heating

resultir.g in the thermal expansion of the primary-system liquid, and the
! effectiveness of the pressurizer spray to counteract the pressure increase.

If inadequate phase-se pa ra t ion mede ls calculate an incorrect distribution in
the steam-penerator secordary, the heat transfer can degrade prematurely andj

; cause an early. calculated reactor scram. l'ollowing scram. vaporization of

! the liquid after the scram removes heat from the primary system. This heat E
f loss causes much lower primary-system pressures and affects the rest of the g

analysis,
,

in the pressurizer modeling we found that the expanding primary-system
fluid forced cold fluid into the pressurizer. The resulting stratification
effects were difficult for the pressurizer component to codel. The new
pressurizer medel in TRAC-Pf1/ MODI was designed specifically to address these
types of problems.

C. Data Comparisons

The primary-system cold-leg temperature comparison was the most
interesting in this analysis. Figure 166 compares the temperatures (at the
steam-generator outlet). The test data and the calculated results agreed well
until ~50 s when the test primary system heated more slowly than shown in the
calculation. The heat-transfer or the phase-separation models in the steam-
generator secondary side probably caused these discrepancies.

After the scram, both the test data and the calculated results
(Fig. 166) showed approximately the same rate of temperature increase. This
agreement implied that TRAC modeled the correct heat addition from the core
and pumps ; the correct amot .it of fluid in the system; and, most importantly,
the correct heat transfer to the metal structure, piping, etc. When these
tests were calculated initially. the predicted rate of t empe ra t u re increase

,as 1/3 greater than the measured rate. To eliminate this discrepancy, wew

added bypass flow paths in the downcomer and core and more detailed modeling
of the steam-generator inlet and outlet plenums; most importantly, we modified g
TRAC so that a 504N/r/ IITC was used when the heat-transfer regime was 3
condensation on the walls. More sophisticated changes to the condensation
heat transfer are included in TRAC-PF1/ MODI. Discrepancies between the test
and the calculated results after 3300 s may be attributed to differences

| between the analytical and the test 10RV mass flow rates.
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Corparison of TRAC-calculated and measured primary-system cold-leg
tem,eratures for Loft L9-1/L3-3.

Figure 167 compares the mass flow rates from the secondary steam flow

I control valve. The test data and the calculated results agreed fairly well.
Differences between the in'tial flow rates were due to the different feedwater
temperatures in the analysis and in the test. In subsequent analyses we used
the same feedwater temperatures and obtained the same initial flow rates.
Figure 165 compares the pressures on the steam-generator secondary side. As
we discussed previously. heat-transfer changes in the steam-generator
secondary caused temperature changes in the primary-system cold-leg fluidI (fig. 166). Figure 169 shows that the inc reased fluid temperature caused the
primary fluid to expand into the pressurizer with a corresponding increase in
pressurizer pressure. Although the measured and the calculated primary-system
fluid-temperature increases correlated closely. note that the pressure traces
diverged quickly. This d i sc re pa nc y was due to the difficulties in modeling
the complex heat- and mass-transfer processes in the pressurizer during the
transient.

In Fig. 170 we see how the cycling pressurizer spray controlled the
system pressure beyond 1(HK) s. The spray was discontinued and the pressure

I increased until the cycling 14)RV began to control the system pressure. This
process continued until ~3260 s when the IURV remained open causing the system
pressure to decrease. In general, the test a r.d the analytical data agreed
well towards the end of the transient. We stopped the analysis at 6000 s of
problem time to reduce cost.
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D. Conclusions

The code calculated the e xpe r in ent well, given the uncertainties in the g
( boundary tonditions. The analysis indicates the need to rnod e l all the flow g
| paths and heat structures and to i r.p r o v e the TRAF condensation heat-trarsler
! rnod e 1. I,
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Vll. TRAC-Pf1 ANALYSIS OF LOFT L6-7/L9-2

As part of our independent assessment of TRAC-Pfl. we analyzed LOFTI L6-7/L9-2 and compared the test data to the calculated results. Test L6-7
simulated a cooldown transient similar to the Arkansas Nuclear one Unit-2
turbine-trip transient.2 During the L9-2 phase of the test. the primary-
coolant pumps were tripped ard natural circulation cooled the core while the
plant cooldown continued. The TRAC results matched the test data well during
the L6-7 portion of the transient (0.0-324 s). Ilowever, during the L9-2
portion. the calculated natural-circulation flow rate in the intact loop was
much higher than the measured rate.

Other analysts'' " have encountered a similar problem in theirI calculations of this test, and they attribute the deficiency to a difference
between the calculated and actual values of the LOFT locked-rotor pump
resistance. Ilowe ve r , the test data exhibit a multidimensional fluid-

I temperature distribution in the downcomer and imply a multidimensional flow
field in the downcomer. We believe that the temperature distribution reduces
the driving head for natural circulation.

TFe calculated vessel and valve leakage rates during natural circulation
have large uncertainties. Also, significant uncertainties in the actual
steady-state leakage rates, which were used as a basis for these calculations.
probably ccmpound the problem.

The primary-system pressure comparison is the most significant. From

I 300-4(X) s, the system pressure was very sensitive to the amount of water
remaining in the pressurizer when the pumps tripped. After 500 s the system
pressure was sensitive to the leakage rate in the reflood-assist bypass valves
(RABVs) during the early portion of the transient. We obtained a reasonableI match between the test and calculated results when we decreased the RAllV
leakage rate to 503 of the approximate values given by LG&G at the INEL.'
Otherwise. the comparison between the test data and calculated system pressure
was good.

The analysis showed that very detailed noding is required in several

I locations to avoid numerical diffusion of liquid energy in the slowly moving
liquid. It was important to calculate the correct distribution of energy in
the system to obtain the correct distribution of vaporizing fluid.

The gradual system cooling during Test L9-2 led to a phenomenon that
would not occur during a natural-circulation test at a constant temperature.
During the later portion of the transient. the heat addition from the vessel
walls was greater than that from the core. The complex flow patterns that
probably resulted from this phenomenon indicate that a three-dimensional
vessel model may yield bet ter results than the one-dimens iona l model used in
these calculations.

'At the Semiscale/ LOFT Modeling Workshop. August 19-20 1981. EGAG Idaho
indicated that the RABV leakage was -1.4% of the total loop flow.,
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The details of the test, analysis. and data comparisons are presented in

the following sections. There, we

e desciibe the test apparatus,
e describe the experiment and experimental |henomera,
e describe the TR\C input.

present and discuss the data comparisons, and*

provide details of corputer use.*

A. Test Appa ra t us

l' i g . 171) is a 50-MW( t ) l'WR , detailedThe Lol T facility (shown in
descriptions of which may be found in Refs. 25, 30 and 31. The description

presented here will be lin.ited to the pa rt ic ula r cent s pura t ion of the facility
|,specifit details of the facilityused for I:x pe r ime n t L6-7/L9-2. as well as

particularly important to this experiment. W

Iig. 172, wereThe reflood-assist bypass lines ( R AllL ) , shown in

particularly important i r. iest L6-7/L9-2. These lires connect the broken hot
and cold legs of the Lol T system through the RAlW. These valves leak at a
rate such that fluid in the lines heats during steady state but only partially
cools during the transient. This trapped hot fluid tonstitutes the major
source of steam generation during the latter part of Test L9-2.

TH leakage paths in the vessel were very important during this test
because they influenced the flow fields and temperature distribution in the
vessel. The two most important ones were: (1) the gap between the downcomer
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filler and pressure vessel (Fig. 173) in which we calculated the fluid to flow
upward during natural circulation and (2) the leakage between the hot and
cold legs (Fig. 174) carrying 5% of the primary-system flow during pump
operation ar.d as much as 20% of the system flow during natural c irculat ion.

In this test, most of the broken hot l e g wa s removed and the warm-up
recirculation lines were closed.

11 . Experimental Phenomena

A description of the important events and phenomena in these tests is
presented below. Table X11 lists the events for Test L6-7/L9-2. These events
may be followed in the primary-system pressure trace of rig. 175. The

I experiment begins as the operator manipulates the steam-generator secondary-
side flow-control valve to give a predetermined rate of steam flow. After the
reactor is manually sc rammed a t 7s, this rate of flow cools the secondary-
system fluid and consequently the primary-system fluid.

The fluid in the primary-system shrinks, drawing water out of the
pressurizer and lowering the pressure in the primary system. This situation
continues until the pressurizer almost empties a r.d the primary-coolant pumps
trip.

I for future reference, note that there is small leakage through the RAlW
while the pump is running, resulting in cooled fluid in the broken loop and
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I TABLI: XII

SEQUENCE 01 EVENTS FOR EXPERIMENT L6-7/L9-2

I Time after
Experiment
Initiation

Event (s)

Measured Calculated

I Experiment L6-7

Experiment initiated 0. 0 0. 0
Rea c t or sc ranr.ed 7.3 2 0.1 7. 3
Pressurizer liquid level reached 278 2 3 272

bottom of range

Experiment L9-2

Primary-coolant pumps tripped off 324 t 2 324
Natural-circulation flow first indicated 341 5 370I Coolant flashing outside the pressurizer 595 ! 2 548

first indicated
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RABL. Also, some fluid in the upper head is cooled as a result of fluid
movement in the upper plenum.

As the hot. saturated fluid in the pressurizer is injected into the hot g
leg. it mixes with the colder fluid in the system. Therefore, when all the E
fluid in the pressurizer is injected. no saturated fluid in the primary system
remains; and further vaporization is precluded. This causes the primary-
system pressure to drop rapidly at ~250 s. Next. the flow rate in the intact
leap drops with the coastdown of the pumps, resulting in a greater temperature
difference across the vessel. This causes the temperature of the intact hot
leg to rise temporarily, with a resulting temporary rise in the primary-system
pressure. This temperature difference establishes natural circulation in the
intact loop that limits intact-loop heating and eventually lowers the system
pressure again at ~370 s.

The experiment date indicate that the natural-circulation patterns
during this time are very complicated. For instance, thermocouples located in
the downcomer show it to be as hot as the core. The TRAC calculation suggests
the presence of significant mass flow in the various leakage paths within the
vessel. Also, a heat balance across the vessel indicates that well over half
of the heat added to the fluid passing through the vessel is from the metal g
structure. Note that if the fluid terope ra t ure in the system as a whole were E

temperature andnot decreasing, the fluid and the s t ructure would be the same
the vessel flow patterns might be much different. The system pressure g
continues to fall as the primary-system fluid cools; then, at 550 s, liquid in g

1
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W the upper head and then in the RABL starts to va po r i ze , stabilizing the
pressure for the rest of the test.

C. Description of TRAC Input

.A component diagram of the input description is presented in l'igs. 176

The input description used for these analyses was derived f rom the one

I used for the L9-1/L3-3 a na lyse s. 3 2 An important change was that the broken
loop and RABL were noded much more finely. In the previous input description,
only one or two vol umes were used to model each of these sections of piping.
Cold water from the main system, which slowly entered tb. broken loop becauseI of RABV leakage, was quickly t ransported by numerical dif fusion throughout the
broken loop and RABL. In the actual test, t h i e, colder fluid appeared to
remain near the entrance to the broken loop. fly using much finer noding, we
minimized this numerical diffusion. In the final description, 7 to 10 volumes
were used to model each of these components. Other changes from the L9-1/L3-3
model were that the PORV, the warm-up recirculation valves, and much of the
broken-loop hot leg were removed.
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| To conserve computer time, the particular input description in these g
| analyses uses a one-d in e ns iona l vessel description. The test data and the g
| analytical results together indicate that important three-dimensional effects

are present in the vessel, especially in the downcomer.

The primary boundary condition used in the analysis was that pressure in
the steam generator secondary side was controlled by a time-dependent break.

mass flow was gUse of a fill to match the steam-generator secondary-side outlet
considered but rejected based on the superior accuracy of the pressure data. 5

The initial pressurizer liquid level was fixed at the lowest value
within the error band of the test data.

| Simulation of the leakage paths within the vessel presented special

| modeling problems. Because of the intricate geometry of these paths, they are |
|

modeled empirically; that is, a parameter within the TRAC input description is E
adjusted until TRAC calculations of the steady-state leakage rate match the'

INEL-supplied da ta. The three changeable parameters are the flow area, the g
hydraulic diameter, and the friction factor. A problem encountered in this g,
test was that the range of flow rates in these leakage paths is many orders of

I
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I magnitude. Therefore, none of the above methods is likeiy te remain valid
during the low flow rates that occur when natural circulation drives the
system. Furthermore. the direction of the flow in several of the leakageI paths reverses under natural-circulation conditions.

There is also some question as to whether the specified steady-state
value of leakage for the RAllV valves is applicable to this particular test.
The calculations of Test L6-7/L9-2 were inproved significantly when the
leakage rate was halved. The way that INEL calculated the leakage rate is

I indicative of its large uncertainty; INEL used the core delta temperature,
power, and intact-loop flow rate to estimate the overall leakage rate of fluid
that was not flowing through the core during steady state. The INEL overall
leakage rate. -114, is accurate to no more than 1-24 of the total loop flow.
Then. based on the geometry of the various leak paths within the vessel, the
individual leakage rates were calculated and subtracted from the overall
leakage rate to obtain the INEL-spec i fied RAllV leakage rate of 1.41.

In these tests. the one-dimensional vessel model presented a problem
regard;ng the upper head, lle c a u s e the upper head is modeled as a dead-end

I stub of pipe, there is little circulation between it and the rest of the
system until it begins to flash. In the experiment, there is actually a small
degree of circulation of fluid in the upper head caused by jets of fluid from
the upper plenum, an additional indication of multidimensional behavier. ThisI circulation lowers the temperature of the fluid in the upper head during the
first 400 s of Test L6-7. To account for this temperature decrease in the
calculation, the fluid in the upper head was set at a lower initial
temperature than was recorded in the test data.

D. Presentation and Discuss'on of Data comparisons.

Figures 178-185 present data comparisons from this study. The
designation in the box at the right of the curves TE-Mi-002 i nd i c a t e s the LOFT
transducer location. (See Ref. 31.) The TRAC component ID = 94 is listed at
the bottom of the box.

The principal boundary condition used during this test was the pressure
in the steam generator secondary side. This then determined the temperature
in the steam-generator secondary side, which in turn determined the
temperature at the outlet of the steam-generator primary side. Not
surprisingly, we see in Fig. 178 that the test and calculated results for theI outlet temperature closely agree.

khile the pump is running. all of the temperatures in the flowing loopI essentially equalize after the reactor scrams. The intact-loop hot-leg
temperature presented in Fig. 179 is typical of these. During Test L6-7 the
experiment and the calculated results are the same.

The data comparisons of the fluid temperatures in the broken loop and
RAllL we re influenced strongly by the leakage rate through the RAllV. In the
initial analysis of these tests in which the LG4G-recommended RAIW leakageI rate was moucled. the calculated rate of temperature decrease in the broken
l oo p wa s twice that in the test data. lie c a u s e I. GAG has indicated that this

I
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I
leakage rate was very uncertain, the TRW model was altered to reduce the rate
by 50%. The results i n l'i g . 180 were from this run.

|The primary-system pressure is presented in Fig. 175. The test and
calculated results agree except in the 280-3SO-s interval. The sudden drop in a
pressure at ~280 s occurs when the pressurizer empties of liquid and no
vaporizing liquid remains in the primary system to moderate the pressure g
decrease. The slight increase in pressure that occurs next results from the g
increase in temperature of fluid in the vessel and intact hot leg when the
coolant pumps coast down. The difference between the test and calculated
results from 280-350 s has been traced to three seperate sources of roughly
equal importance. The decline in pressure caused by the depletion of
saturated liquid in the pressurizer occurs slightly earlier in the test than gin the calculation. The change in the overall system density caused by a
temperature decrease during this time period is slightly smaller in the E
calculation than in the test data. This is indicated by the slope of the

system pressure just before 280 s. Finally, the TRAC steam-table values for g
dp/dT and do/dP of liquid are somewhat inaccurate in this range of the g
pressure and temperature.

The relatively stable pressure after 600 s is. in large part, a result
of vaporization of fluids in the RAllL and broken loop. In initial
calculations of this test using higher RAIW leakage rates, the early

underpredicted significantly. The gtemperature history in the RAllL was
pr ima ry-sys t em pre ssu r e after 600 s also was u nde r p r ed i c t ect. When we roughly g
matched the fluid temperature in this loop by adjusting the RAllV leakage
rates, we obtained reasonably good agreement between the test and the
calculated primary-system pressure. We believe vaporization of the high-
temperature liquid in the upper head and downcome r also helped stabilize the
syttem pressure. Ile c a u s e we could not match these temperature profiles with
the,one-dimensional model used in this analysis, we could not determine their j
significance. 5

Turning our attention to the na t u ra l-c i rc u la t ion-domi na t ed pa r t of the
transient (Phase L9-2), we clearly see in Fig. 181 that the calculat ed mass
flow in the intact-loop hot leg is much greater than in the test data.

| Co r r e s po r.d i ng l y . we see that whereas the calculated steam-generator-outlet
! (Fig. 178) and intact-loop cold-leg (Fig. 182) temperatures match the test

data, the calculated intact-loop hot-leg temperature (Fig. 179) is much lower
than the test data show. When we examine Figs. 183 and 181, we also see that
the measured axial fluid-temperature distributions near the broken-loop cold- - 'g
leg nozzle and the intact-loop cold-leg nozzle, respectively, in the downcomer 3
are far different than those calculated in the model (Fig. 183). I n ra t , the

j test data have an inverse temperature profile to that which we would expect,
| with the hottest fluid at the top of the downcomer (a stable thermal

stratification). This is particularly surprising when one considers the small
distance between the intact-loop cold-leg inlet and downcomer Stalk 2. Also,

note that the temperature distributions measured by the two stalks are
consistent.

A partial explanation for the inverse profile may be that much of the
energy added to the fluid in the vessel is from the gap behind the downcomer,
and the flow in this gap is from the bottom of the vessel to the top. Thus,
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4

t

i g the hot fluid f rort the gap is dumped into the top of the downcomer. Ile c a u s e

i the TRAC model used in this analysis accounted for the downcomer gap flow and
'

g still did not calculate the correct temperature profile, we believe three-

g dimensional flow patterns and streaming of the cold fluid from the intact-loop'

cold leg also are responsible for the inverse temperature profile.

; The ac*ual flow profile; in the downcomer are not known. It is probable
that they are much more complicated than those predicted by the
one-dimensianal method used for this analysis. Another significant;

] g observatior is that the temperature profile in the downcomer is similar to )
' g that in th. core and thus no natural-circulation driving potential is provided |

by the ve<sel. We feel this at least partially explains the difference ;

between the test and calculated int Ct-100P flow rates. |'

E
| 3
| An analysis of L6-7/L9-2 was performed using an alternate input

descript on in which the locked-rotor resistance of the pump had been
j | increased by a factor of 10. As expected, the intact-loop flow rate and

W *emperattre were brought into line with the test data; however. LOFT L6-2
(Ref. 33) indicates that the locked-rotor resistance is not substantially
inaccurate. The primary-system pressure comparison was somewhat worse in theI alternate-case downcomer.

4

E. Computer Use

I.

| The TRAC calculations of L6-7/L9-2 were performed on a control Data
'

Corporation 7600 computer. The steady state took 2700 s of CPU time; the
i

transient took S200 s.

!I .

,

|!

|
,

1

'
|

i

I
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I
Vill. TRAC-PF1 ONE-DIMENSIONAL ANALYSIS 01 Tile CRYSTAL RIVER UNIT-3 PLANf

TRANSIENT OF FL11RUARY 26, 1980

An automatic reactor shutdown occurred at the Crystal River Unit-3 Plant

on February 26 19S0. Interruption of a power supply to the nonnuclear
instrumentation caused erroneous signals to be supplied to the integrated

|control system (ICS). The ICS then reduced the feedwater, increased the

reactor power, and opened the PORV. These actions produced a transient that u
partially depressurized the plant to the ilPls set point. Flow from the ilPIS
coupled with operator closing of the PORY repressurized the plant to the
safety-relief-valve (SRV) trip level.

The transient was simulated using the TRAC- Pi l code.' Use was made of
' the fact that the TRAC-PF1 code has a one-dimensional core to construct a one-

dimensional representation of the Crystal River Unit-3 Plant.

The plant data used in the TRAC-PFI one-dimensional calculation was
based primarily upon that used in the two previous TRAC-PD2 calculations''' of
the Crystal River incident. The TRAC-PD2 calculations were based upon a
generic model of a lla bc oc k and Wilcox (11 & W) lowered-loop plant. The
TRAC-Pf1 one-dimensional calculations presented in this paper used modified
plant boundary conditions appropriate to Crystal River Unit 3 obtained in part

once-throughfrom Ref. 35. In particular, the TRAC-Pf1 analysis included a
s team-gene ra tor (OTSG) mode l wi th as pi ra tor flow.

There have been three analyses''''' of the Crystal River transient
sequence of events. The first two reports''''' were issued shortly after the g
transient (that is, after approximately one month) and the third'* g

a year later. The latest analysis.'' therefore, represents aapproximately
better understanding of the sequence of events that occurred during the
Crystal River Unit-3 incident. The plant boundary conditions and transient
event data used in the present analysis were taken primarily from Ref. 38.
The plant data from Ref. 37 were used in this report for comparison with the
calculational results.

The major revised event assumptions available in the latter analysis'';

| of the Crystal River Unit-3 plant transient were in the reduction of the g
steam-generator feedwater and in the flow rate through the PORV. Reference 38 g

| determined, on the basis of pressure measurements, that the steam-generator
feedwater was ramped down over a period of -9 s rather than the period of
-60 s as ir.Jicated by the computer post-trip flow instruments. On the basis
of flow measurements through a PORV similar to the one on the Crystal River

| pressurizer, the flow through the PORV was set to be 155% of the design flow.
| Also. Ref. 38 more accurately fixed the time of the PORV reclosing that was

, originally known only to within a 4-min period.

*This information was provided by G. J. E. Willcutt. Jr., J . W. Ilo i s t ad , and
M. W. Ilu r ke t t . Los Alamos National Laboratory. Energy Division.
Thermal-llydraulics Group (lebruary 1982).
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I
I Two calculations were carried out using the revised Ref. 38 boundary

condition assumptions. Case I calculated the Loop-A secondary pressure based
upon steamline relief capacities and prima ry-to-seconda ry forwa rd and reverseI heat transfer. Case 2 calculated the Loop-A secondary pressure in the same
manner as Case 1 until 224 s. Ile t we e n 224 s and 510 s. Case 2 ramped the
Loop-A steam-generator secondary pressure down to the isolation pressure of

as suggested in Ref. 38 and then maintained that value4.24 MPa (600 psig),
for the rest of the calculation, lloth cases calculated well the system
depressurization when compared te the plant data given in Ref. 37. (The
agreement is part icularly good when account is taken of the inconsistenciesI between the data given in the event synopsis and that in the figures of this
reference.) Compa r i son wi t h 'he upper-plenum t en pe ra t ure data obtained from.

subcooling alarms prior to 224 s and thermocouple data after that,

demonstrated excellent agreement for both calculations. This indicates that
the system's overall heat balance was well calculated in both calculations.

I After the system repressurized, Case 1 was continued to 3000 s and
Case 2 to 1700 s. During this period, no continuous flow was established in
Loop A (in the calculations) because there was no steam-generator cooling to
drive it. IIPIS flow collected in the cold leg and because the llPIS injection
location was close to the pump, the cold water flowed back through the pump to
the loop seal producing intermittent gravity-driven reverse flows. IIPIS water
flow to the downcomer was thus reduced, and downcomer temperatures never fell
below 440 K (332*F) for Case 1 and 490 K (422*F) for Case 2.

Section Vill.A of this report contains a description of the sequences of

I events that occurred during the Crystal River plant transient. Section Vill.Il
summarizes the TRAC-PF1 one-dimensional model of the Crystal River Unit 3
B&W lowered loop plant. Section Vill.C presents a description of the
reactor initial conditions and the plant transient boundary conditions used in
the two calculations. Section Vill.D contains the TRAC-PF1 calculational
results and comparisons with actual plant data. A review of the application
of TRAC-PF1 using a one-dimensional model to the Crystal River transient,
together with the calculation timing statistics, is contained in Sec. Vi l l .1:.
Finally. Section Vill.F contains a summary and our conclusions.

A. Summary Description of Transient

There is a large uncertainty about when events actually occurred in the
transient because so much instrumentation was lost, at least t empo r a ri l y. The
first TRAC-PD2 calculation * was based on a 11 & W analysis of the transient.''
which was completed only 11 days after the transient, plus a Nuclear Safety
Analysis Center report completed the month after the transient.'' Since then,
there has been an improved understanding of what probably occurred.'' Most of
the analysis inherent in the TRAC-Pf1 calculation is basce on Ref. 38 with
backup information and data comparisons from Ref. 37.

*This information was provided by G. J. E. Willcutt. J r. . J . W. Ilo i s t ad , and
M. W. Ilurkett, Los Alamos National Laboratory. Energy Division,
The rmal-llydraulics Group (Februa ry 1982).

I -

155



. _

| II
The transient started when interruption of a power supply to the

|
nonnuclear instrumentation caused erroneous signals to be supplied to the ICS |
(time = 0). The ICS then increased the steam flow to the turbines. reduced i

'

! the feedwater flow, and increased the reactor power. These combined effects i

increased the reac tor-coolant -syst em ( RCS) pressure. The power-supply failure |
iteld open because of the !| caused the opening of the PORV after 1 s, and it was

I power-supply failure. Even with the PORV open. the RCS pressure reached the i

joverpressure-trip set point of 15. 96 h1Pa (2300 psig) sometime between 10 and
i 25 s, and both reactor and turbine trips occurred. The RCS pressure reached a ,

; peak of 16.10 h1Pa (2320 psig) and then decreased because of the combined !
!

! effects of decreasing reactor power, post-reactor-trip cooling, and the open
'

PORV.

!|
At 201 s, the RCS pressure had decreased to 10. 44 k1Pa (1500 psig), and

! the emergency-safeguards syst em ( ESS) ac t iva t ed the llPIS with the full flow of
'

three llPIS pumps injected into the RCS. At approximately 225 s, all four RCS
,

i pumps were tripped. Sometime between 280 and 520 s the operator shut a block j
l valve (Ref. 38 estimated this occurred at 450 s). This stopped the PORY flow, 1

i and the RCS pressure increased until the SRV opened.
!

Reference 38 concluded from pressure data that the main feedwater to
both steam generators was ramped down from full flow at I s to zero at 10 s.
Previous estimates of the main feedwater reduction pe riod were significantly ;i

I longer than the 9s evaluated in Ref. 38 and ranged frem ~60 s, Ref. 35. to ,

~72 s (that is, from 13 s to 85 s), Ref. 37, fig. 111-33.* The longer
feedwater reduction period produced a greater cooling of the primary system
during the initial period of the t r a n s i e'n t . The effect of this was observed ,

in an early TRAC-PD2 calculation * where the code-calculated depressurization
was much faster than actually occurred.

11. 41adel and Code Description

1. TRAC Nodirw. Iigures 186 and 187 show a TRAC noding diagram for '

the B&W lowered-loop model rep esenting Crystal River Unit 3. The model
includes two identical loops except the pressurizer is connected to Loop A.
Each loop includes a hot leg with cauiy cane, a steam generator, and two cold
legs combined to increase calculatioral efficiency. 1.a c h combined cold leg
includes a loop seal, a pump, and an llPIS connection. The RCS pumps were
modeled using the LOFT pump cha rac te r is t ic s built into TRAC, but scaled with

| T111 -2 pump data. Each steam generator secondary is attached to a ma i r. -
feedwater inlet by a secondary downcomer, a steam exit annulus, an auxiliary-
feedwater inlet, and a long pipe to the steam outlet with a side cornection to
a safety va l ve that vento to the atmosphere. The TRAC- Pi l steam-generator
model included an aspirator model whereas the previous TRAC calculations'*

.

using TRAC-PD2 did not.
|
| i

*This information was provided by G. J. E. Willcutt, Jr., J . W. Ilo i s t a d , and
kl. W. Ilurkett, Los Alamos National Laboratory, Energy Division,
The rma l-llydraulic s Group (l ebrua ry 1982).
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I
I The model used in these calculations was based upon that developed for

the previous TRAC-PD2 Crystal River calcolations.''' which in turn was based
upon an input model developed for TMI-2.

In order to take advantage of the one-dimensional 00RE component
available in the TRAC-PFI code, the reactor VESSEL was assembled from a
selection of one-dimensional TR;C components as shown in Fig. 187. Two
separate downcomers were used (this is usually referred to as a split

downcomer) each connected to their respective intact loop cold legs. A

downcomer bypass component was included in the model (Component 85) to permit
fluid to flow from one cold leg to the other without having to flow through
the lower plenum.

Because of the use of one-dimensional components in the TRAC-PFI
calculation, it was recessary to model both the VESSEL upper head
recirculat ing flow and the VESSEL vent valves with external PIPI: components.
To do this, the regio'i above the core was divided into three separate TEE
components, that is, an upper-plenum and two upper-head regions. These then
provided the necessa'y connections to model (1) the upper-head recirculation
observed by B & W in their flow tests. and (2) the vent valve connections from
the upper plenum to the split downcomer.

We adjusted the resistance in 'the upper-head recirculation TEE
(component 91) iu an attempt to obtain the 11 & V estimated flow split with 3o3
going through the upper head and 641 going directly from the upper plenum to
the bot leg (Ref. 34).

Finally. the total hot-leg flow was split by a TEE component to provide
flow to each of the individual hot legs.

Geometry and other plant data were obtained from that used for the
previous TRAC-PD2 calculations''' together with other Crystal River data
sources (ior example, Refs. 35 and 38).

In addition to the above, a 20-cell-pressurizer component was used to
provide an accurate modeling of the refill process. The PORY and SRV models

I were noded to use the critical flow model available in TRAC-PFI (a fine node
model was required in TRAC-PD2''' where no separate critical f l ow mod e l wa s
available). Preliminary calculations were used to calibrate these components
so the nodings were not overly critical.

The noding of the once-through steam- secondaries was modified
over that used in the TRAC-PD2 calculations. generator'' to include the aspirator flow.
The noding of the OTSG with aspirator flow was based upon that given in
Ref. 35. The steam-generator-secondary downcomer noding was, however,

modified over that to be found in Ref. 35 in an attempt to improve the
reci rcula t ing flow, in particular, noding changes were made to decrease the

'This information was provided by G. J. E. Willcutt. Jr., J. W. Bolstad, and
J M. W. Burkett, Los Alamos National La bo ra t o r y, Energy Division,
4

. The rmal-llydraulics Group (Februa ry 1982).
,
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subcooling of the water at the bottom of the s t e a m-c'e n e r a t o r secondary-tube
bundle.

2. TRAC Description. The TRAC-Pf1 calculation of the Crystal River

transient was performed as part of the i nd e pe nd e r.t assessment of the released
TRAC-Pf1/ MOD 0 code (Ref. 1 ).

The code version used was TRAC-PFI/lA76A. This code was based upon the
released version of TRAC-PF1/ MOD 0 that is. version 7.0, but was updated to

include error corrections to the released version. There were. however, no

modeling changes made to the released version.

C. Reactor Initial Conditions and Transient lloundary Assumptions

The boundary conditions for this analysis were primarily taken from
steam generator-secondaryRef. 38. In particular. Ref. 38 suggested a

feedwater flow reduction period of 9 s; whereas previous analyses of the
had suggested a much longer flow rurdown time. The feedwatertransient 3''''

was reduced linearly over a 9-s period in the calculation.

Also in line with Ref. 3S. the PORV flow area was adjusted to allow a
saturated steam flow of 19.57 kg/s at 15.96 MPa (155 000 lb/h at 2300 psig).

a steam flow ofLikewise. the SRV model was separately adjusted to permit
39.36 kg/s at 17.34 MPa (311 700 lb/h at 2500 psig) for saturated steam
conditions; however. the SRV was opened and closed to maintain the observed

'RCS pressure of 16.65 MPa (2400 psig). It was found when r,erforming the
calculation that it was necessary to reduce the initial pressure set point for
this valve from 17.34 MPa (2500 psig). Otherwise, a RCS pressure overshoot
was calculated when the system repressurized.

Th e mod e l ta ed t h e c o r r e c t Cr ys t a l R i ve r powe r o f 2412 6't h nd the 1979
ANS decay heat curve based on infinite irradiation excluding the actinide
contribution. No allowance was made for the small increase in power that
resulted frem the withdrawal of the control rods at the start of the
transient. Reactor trip was calculated using a RCS high-pressure trip;
although the trip set point had to be reduced from the suggested value of
15.96 MPa (2100 psig) to avoid the calculation of a significant RCS pressure
overshoot not seen by the reactor instrumentation. A trip set point of
15.66 MPa (2256 psig) was used.
-

Table XIll shows the total llPIS flow delivered vs pressure assuming
three pumps running. This was based on Ref. 38 for pressures above 10.44 MPa
(1500 psig) and on information provided by G. J. l. Willcutt, Jr.. Los Alamos
National Laboratory. for pressures below 10.44 MPa (1500 psig). Each loop
received half of the llPIS flow. The llPis was turned on when the RCS pressure
decreased to 10. 44 MPa ( 1500 ps ig).

Ilased on Ref. 38 feedwater to both loops was ramped to zero between 1
and 10 s in the transient. After 10 s. no main or auxiliary feedwater was
supplied to Loop A for the remaining pe r iod mode led. After the RCS pumps
tripped, the Loop-Il f eedwa t e r was res ta r t ed a t 226 s with 76.2 kg/s (1400 gpm)
and remained on until the auxiliary f e edwa t e r wa s started at 510 s and the
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-| TAllLE Xill

'

I

| TOTAL llPIS FLOW VS PRESSURE
i

Pressure Flow Rate

g psig kn/s cal / min

O.10 0 96.6 1530

3.55 500 87.2 1380

7.00 1000 76.5 1215

,
10.44 1500 71.6 1132

11.13 1600 69.2 1095

i 12.51 1S00 64.0 1012

13.89 2000 57.8 915

15.27 2200 51.2 810

1 16.65 2400 44,2 700

17.34 2500 39.2 620

|

main feedwater was then turned off.38 After the Loop-B auxiliary feedwater
was started at $10 s, it remained on at 46.5 k /s (740 gpm).''2

| The turbine stop valves were closed at the same time as the reactor
| trip. After the turbine stop valves closed. the secondary pre sure-relief
! system was modeled by a flow vs pressure table (Table XIV) combining the

.

TABLE XIV

| SECONDARY PRESSURE RELIEF CAPACITY

Pressure Flow Rate
MPa psig kn/s Ib/h

| 0.00 0 0. 0 0 |

7.00 1000 115.8 919000 |

7.35 1050 238.5 1893000

7.49 1070 378.7 3006000

7.62 1090 554.0 4397000

7.69 1100 799.4 6345000

|
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| turbine-bypass capacity with the relief-valve capacity. The flow vs pressure

table was used as the boundary condition to Loop 11 throughout the transient.

Two calculations were performed. These were identical except for the

boundary conditions applied to the secondary side of the Loop-A steam

generator. Case 1 modeled the steam-generator secondary pressure in Loop A
using a relief rate based on the secondary relief capacity, including the
turbine-bypass capacity, as given in Table XIV, and the primary-to-secondary
forward and reverse heat transfer. Case 2 calculated the Loop-A secondary
pressure in the same manner as Case 1 until 225 s; between 225 and 510 s,
Case 2 ramped the Loop-A secondary pressure down to the isolation pressure of
4.24 MPa (600 psig) and then maintained that value for the rest of the
calculation.

Reference 38 prevides evidence to suggest both that the pressurizer
closed during the transient, and that the pressurizer heaters g,

spray valve' was
were inoperable. Neither of these was modeled, therefore, in the TRAC-Pi l g
calculations.

| Also, Ref. 38 indicated that during the transient, there was a total
! letdown flow of only 25 gal (95 kg), that is, 45 gpm (-3 kg/s) 'or 31 s.

|
Because of the small quantity of this letdown flow, it was not modeled in the
TRAC-Pf1 ca1cutations.i

1

D. Calculational Results

in this section of the report, we present the results of the two
transient c a l c u l a t i o ri s together with the results from the steady-state

calculation. The two transient calculations were initialized from the same
steady-state calculation.

1. Steady-State Calculation. The results of the steady-state

calculation at the point of transient initialization are presented in Table XV g
for the primary circuit and Table XVI for the steam generator secondaries. 5
Comparative plant data are presented where available. The calculated primary

circuit average temperature T f 577.6 K (580*f) is 1 K (2*f) higher thanav
the estimated plant value just prior to the plant transient while the

'

calculated Loop ATs are within 0.5 K (l'F) of the average Loop ATs for the =

loo necessary to obtain the 24.1 K (43.4*f)
(7.0x10'p flowplant. The primary circuit

lb/h), whereas the plant RCS flows were 4.51Loop AT was 8823 kg/s
higher at 9217 kg/s (7.3x10' lb/h). The calculated upper head / upper plenum to
hot leg flow split in the TRAC-Pf1 calculation was 31.8% upper head, 68.21
upper plenum, compared to the B & W estimated flow split of 361 upper head and g
641 upper plenum. Table XVI provides a com'arison of the steady-state g
results, for the TRAC-Pfl once-through steam-generator model including
aspirator flow, with experimental data from various sources. The data in
Table XVI were obtained from the Crystal River incident reports,''-'' the
Crystal River FSAR , ' and generic data on the performance of 11A W, once-
through-steam generators.

I
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| TAllLI. XV
I

STI:ADY-STATE CONDITIONS 10R CRYSTAL RIVI R UNIT-3 l'L-\NT
PRik1ARY Ri? ACTOR SYSTI'.M

.i

| TRAC-PI'l ( rystal River"
| CaIculation Plant Data i

i

j Power 2418 kN 98.61 of 2452 kN

j u RCS Pressure 15.0 MPa (2160 psig) 14.9S MPa (2157 psig)
; Upper head
|

| T Loop A 5S9. 7 K 601.7'l 588. 2 K 599*] |ig

! T Loop 11 589. 7 K 601.7*l 588.S K 600*l igg

T Loop A 565.6 K 558.3*1' 564.9 K 557'I'c
T Loop 11 565.6 K 558.3*F 564.3 K 556*1' |c
AT Loop A 24.1 K 43.4*l 23.3 K 42*l

! AT Loop 11 24.1 K 43.4*F 24.4 K 44*1: !

|
T L op A $77.65 K 580.*l 576.5 K 578*l lav
T Loop 11 577.65 K 580.*l 576.5 K $78'Eay

,

Mass I' low ( Pun p)
.

Combined (Total Ilow) |
i

Loop A 5824 kg/s 6.988)i10'* 9217 kg/s 7.3x10' |
; lb/h lb/h i

; |

| Loop 11 8823 kg/s 6.988x10 * 9217 kg/s 7.3x10' |
3

l Ib/h lb/h !
i i

Ilow Split Combined Loops,

h
i Calculation 11 & W lis t ina t e d
| |

| 4 Flows Upper head 31.84 361

9 Flows Upper head 68.24 641
!

|

!

" Plant data taken from Ref. 38. |
i

l h |Reference 34.
| |

|
'

!

I 1
!

'

,

I

|
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TAllLE XVI f
i

ONCE-TilROUGli STEAhi-Gl:NERATOR StroNDARY-Sil)l:
|

! STEADY-STATE CONDITIONS
|

f
TRAC-PF1 Crysta1 River |

Loop A Calculation Plant Data j
r

feedwater Mass 650 kg/s 5.14Sx10' 631 kg/s 5 10x' lb/h |
d

Flow Rate Ib/h j
i

h
Feedwater 508.2 K 455*F 505.2 K 455*F
Temperature

- Recirculating Flow 65.76 kg/s 0.521x10' |
| Rate Ib/h !

| |

Total Flow Rate 715.76 kg/s 5.669x10' I

Tube llundle Ib/h f

Steam Exit 571.2 K 568.4*1 572 K $70*Fh
Temperature

Steam Superheat 18.1 K 32.6*F

Exit Pressure 6.378 kiPa 910 psig 6.38 kiPa 911 p=,ig"
,

6

feedwater inlet 6.55 MPa 935 psig 6.79 MPa 970 psig !
'

Pressure !

I|Mass inventory ,

t

'

dDowncomer 6.208x10' kg 13.66x10' lb

2 dTube llundle 9.079x10' kg 19.97x10 lb
1

dTotal 15.287x10' kg 33.63x10' lb

I|Loop II

fFeedwater Mass 650 kg/s 5.14hxto' 631 kg/s 5x10' lb/h"
Flow Rate Ib/h !

Feedwater 508.2 K 455*F 508.2 K 455*Fh

| Temperature

Recirculating Flow 65.76 kg/s 0.521x10' i

Rate Ib/h !
t

Total Flow Rate 715.76 kg/s 5.669xto' |,

Tube flundle Ib/h t

f

Ii!164
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TAllLE XVI (cont.)
i

; ONCI:-TilROUGli STI:AN1-Gl:N1:RATOR SECONDARY-SIDE
'

STI:ADY-STATE CONDITIONS
|

| TRAC-PI'l Crystal River
'

E toop 11 Calculation I_ _l a n t Da t a
'

j Steam Exit 571.2 K 568.4'I' 573 K $70*l b
Temperature

Steam Superheat 18.1 K 32.6*I'i

i

Exit Pressure 6. 375 h1Pa 910 psig 6. 370 kiPa 909 psig"

Inlet Pressure 6.55 h1Pa 935 psig 6.78 kiPa 965 psig" ';

l
klass inventory

i

| Downcomer 6.20Sx10' kg 13.66x10' lb d
i

dTube llundle 9.081x10' kg 19.98x10' lb
i

|
dTotal 15.289x10' kg 33.64x10' lb

I |

I " Data taken from Ref. 38.
b |

| Data taken f rom Crys tal River FSAR" and appropriate to nominal full-load j
j conditions.

| The physical location of the experimental inlet pressure measurement positionC

j is not known and. therefore. may not be the same as the one in the
calculation.!

d Reference 38 gives steam-generator levels as Lonp A. 67% of operating range;
Loop 11 654 of opera t ing range.

!

,!

i
:
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An inlet flow to each steam generator o f 650 kg~/ s (5.148x10' lb/h) was
used in the TRAC-PF1 calculation. The ISAR value is 707 kg/s
(5.6x10' lb/h); whereas. Ref. 37 I ig. 111-33 shows the flow (ror the 6 mins g
prior to the incident) to each loop oscillating between 630 and 663 kg/s g
(5.0x10' and 5.25x10' lb/h).

The feedwater temperature was set to the ISAR value of 508.2 K (455*F).
The steam temperature calculated by TRAr-PF1 was 571.2 K (565.4' F ). This
compares well with the FSAR value of 572 K (570*l) and corresponds to 18.1 K
(32.6'F) degrees of superheat. This agreement was very good in spite of the
fact that the TRAC-PF1 code underestimated the steam / water interface

condensation. The low condensation rates calculated by TRAC-PF1 resulted in

the calculated water temperature in the bottom node of the steam-generator
seconda ry be ing 4. 8 K ( S.6*F) subcooled. whereas in the plant the water would
be saturated.

a recirculating flow of 65.7 kg/sThe TRAC-PF1 caIculation produced
(0.520x10' lb/h) so that the total flow through the steam-generator tube
bundle was 715.7 kg/s (5.67x10' lb/h).

The total inventory of each of the steam generator secondaries was
15.29x10 kg (33.64x10' lb) with 6.21x10' kg (13.66x10' lb) residing in the2

steam-generator-secondary downcomer and 9.08x10 kg (19.98x10' lb) in the2

steam-generator-secondary tube bundle.

The conditions given in Tables XV and XVI were those appropriate to the
start of the transient calculation. The steady-state calculation was run as a
transient for approximately 400 s. A true steady state was not totally
achieved with the feedwater iIow of 650 kg/s (5.14Sx10' lb/h) used. At the
time the transient was initiated. the primary circuit average coolant g
tempe rature was increasing at a rate of approximately 0.25 K/100 s. Ilowe ve r . g
it is also obvious from the plant data that the plant was not in a "true"
steady-state.

2. Transient Calculations. Table XVII summarizes the significant
transient events for the two cases calculated us ing TRAC-PF1 together with
plant data where available. In addition. ligs. 188 to 192 compare the g
calculated results with plant data from Ref. 37. Only a limited data g
comparison was possible because the Crystal River plant transient was
initiated by a partial loss of the nonnuclear instrumentation.

The connuclear instrumentation failure caused the PORV to open after
1 s. and the feedwater to both steam generators to be reduced from full flow
at 1s to zero at to s. The reduced feedwater flow caused an increase in RCS
pressure, a high-pressure reactor trip. and a coincident turbine trip. In the

TRAC-PF1 calculations. the reactor was tripped on high primary RCS pressure
with a trip set point of 15.66 MPa (2256.2 psig). This was approximately
0.3 MPa (44 psi) less than the suggested trip set poi nt " of 15.96 MPa
(2300 psig). Ilowe ve r . in the calculations. a pressure overshoot of 0. 55 MPa
(80 psi) was observed (that is. the RCS pressure continued to increase after
the reactor trip) when a trip set point of 15. 96 MPa (2500 psig) was used.
Therefore, in order to calculate approximately the correct peak RCS pressure
of 16.1 MPa (2320 psig), the lower trip set point was usef Employing a
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I
TAllLE XVil

TRANSIENT EVENT SI:()UlKl: TIMI. ( s )

TRAC-Pf1 TRAC-PI1
Case 1 Case 2 Plant"

Calculation Calculation Data Event
|
|

0 0 0 Nonnuclear instrumentation
failure.

I
i 1 1 1 PORY open. Feedwater begins to

ramp down to both steam
generators.

10 to l'eedwa te r comple t e l y of f.

hI 17.6 17.6 25 (25.5 ) Reactor trip.

j 207.1 207.1 201' ilPIS trip. System pressure falls
! 189.5 I S9. 5 (176d )c below 10. 44 MPa (1500 psig).d d

i 235'
(210d )e

224 224 224-227 Reactor-coolant-pump trip.
dI (199-202 )

b334
,I

j 224-229 224-229 224 l'eedwater reestablished
. to Loop-Il steam-generator
] secondary,
i

| 245 245 initial void formation.
prima ry coolant sa tura t ed.

g 320 Loop-A flow stalls on high>

. g void f raction in candy cane.
!

j 335 Two-phase flow out of PORY

| 395 Pressurizer liquid solid.
!

j 450 450 280g520 Closure of PORY block valve.
I 450
|
1

|

|

.:

I
I

:
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TAllLE XVII (cont.)

h510 510 510 Main feedwater turned off
and auxiliary feedwater turned
on to Loop-il steam generator.

I671 685 591 SRV open first time
595-6108 (system repressurized).

h-620

'* Plant data from Pef. 37 unless otherwise indicated,

bReference 35.

''T i me s taken from Ref. 37. Event Synopsis.
;

I d
.j Times with respect to Reactor Trip.

' ' Times taken from Ref. 37, Fig. 111-3.
! IReference 37. Event Synopsis

Reactor-Coolant-System pressure 16.38 MPa (2361 psig).

E eference 37. Event Synopsis SRV opened.R

i h
| Reference 37. Fig. Ill-3 and 111-4.
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reactor trip set point of 15.66 MPa (2256.2 psig) produced a calculated trip ;

time of 17.6 s; this compares well with the estimated plant trip time of |
|between 10 and 25 s. Ref. 37 or 24.5 s, Ref. 38.

The rise in RCS pressure is strongly controlled by the rate of the |
reduction cf feedwater to the steam-generator secondaries, and therefore, any
'e r ror *' a s soc i a t ed wi t h t he reactor trip time is most likely to be a result of
the use of an incorrect feedwater reductior. rate. For example, the feedwater
was ramped down linearly over a period of 9 s in these calculations. in line
with the analysis in Ref. 38; however, an earlier calculation * used a 72-s
period as indicated by the flow readings on the computer post-trip review,
Ref. 37, Fig. 111-33.

Steam lost through the PORV depressurized the system as shown in
Fig. ISS. The TRAC-PF1 calculations used a PORV model adjusted to provide a

steam flow rate of 19.57 kg/s (155 000 lb/h) at 15.96 MPa (2300 psig) for
saturated steam conditions. This number was obtained by the Electric Power
Research Institute testing of a valve similar to the one in the Crystal River

I Ur. i t -3 p la n t . '' It is, however, 1554 of the design flow for the valve. As

can be seen from Fig, 188, use of this high value for the PORY flow rate led
to a sli overestimation of the system depressurization rate. A RETRAN
analysis'ght cf this transient also used this PORY flow rate and againI overestimated the depressurization rate. An earlier TRAC-PD2'' analysis of
this transient using a PORY calibrated to give a 13.89 kg/s (110 000 lb/h)
flow rate underestimated the system depressurization rate.

The primary system continued to depressurize until the system pressure
fell below 10.44 MPa (1500 psig) at which time the llPIS was turned on. In the
plant transient, the RCS pumps were tripped upon llPIS initiation in line with
the USNRC smalI break guide 1ines. In the TRAC-PF1 caIculations, ilPIS
initiation occurred at 207 s; however, a pump trip was imposed upon the
calculation at a time of 224 s in line with the pump t rip observed in the
plant transient. There was, therefore, a 17-s delay in the TRAC-PF1
calcula tions be tween IIPIS init ia t ion and pump t rip. After the RCS pump trip,
the Loop-fl main feedwater was reestablished.

in the TRAC-PF1 calculations, the llPIS flow was initiated immediately
upon receipt of the llPIS trip signal (that is, with ze ro-tin e delay).

In the original event sequence, Ref. 37, the event synopsis shows that
the RCS pressure decreased to 10.44 MPa (1500 psig), i.e., the ESS IIPIS set
point. 176 s after reactor trip (which is 194 s on the calculated time scale
used in this analysis), and the RCS pumps were turned off after a delay of
-24 s, that is, at a time of between 199 and 202 s af ter reactor trip (217 to
220 s on the TRAC-PF1 calculational time scale). Ilowe ve r , the plant system
pressure data taken from Fig, 111-3 of the same reference (shown in Fig. 188)
shows that the system pressure fell below 10. 44 MPa (1500 psig), that is, the
llPIS set point at (3-1/2 min) 210 s after the reactor (high-pressure) trip.

*This inf orma t ion was provided by G. J. E. Willcutt, Jr., J . W. Bolstad, and
M. W. Ilurkett, Los Alamos National Laboratory, Energy Division,

The rmal-llydraulics Group (February 1982).
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i
1

|

6

There is. therefore, an incorsistency in the plant data as given in Ref. 37
lhe event synopsis gives llPIS initiation at 176 s: whereas, lig. 111-3 gives

;

ilPIS initiation at 210 s (both times with respect to reactor trip).
,

Reference 3S quotesi a time of 223 s for the RCS pump trip: this time is from
! the initial closure of the PORV ard is 198.5 s after their interpretation of

; reactor trip. This. therefore, is in close agreement with the event synopsis
j time (Ref. 37) of 194 s to 202 s for RCS pump trip (time again with respect to

I reactor trip). If Ref. 38 is to be taken as correct, t h e. n it must be assumed

j that there is a timing error in the plant pressure curve (that is, fig. 111-3.
j Ref. 37). The timing error is in the direction to incicase the '

|
depressurization rate and would. therefore, enhance the agreement between the

! TRAC-Pf1 calculation and the data. For example. with respect to the event
j synopsis, the TR W-Pil calculation predicts llPI S initiation 190 s after

plant data time of 176 s (these times are TRAC-Pil| reactor t r ip ccmpa red t o a

| 207 s and plant data 201 s when the timing is taken fror, the start of the
transient).

I
The pump-trip time of 223 s (Ref. 38) is equivalent to 224 s from the

initiation of the transient (that is, the failure of the nonnuclear,

| instrumentation) and was the time used in the TRAC-Pil calculations.

i

j Following the RCS pump trip. the system continued to depressurize until
,

the liquid became sa t u ra t ed and voids began to form. Figure 189 shows the,

j transient cooling rate, namely. the upper-plenum liquid temperature.
| Figures 193-195 show the void fraction at the three primary circuit high
! points, that is. at the top of the Loop-A candy cane (1ig. 193). at the top of
,
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the Loop-B candy cane (Fig. 194), and at the top of the upper head (1ig. 195).
Void formation began at approximately 245 s. At this time, the
depressurization slowed down as the liquid flashed. During this period,
natural-circulation flow was established in Loop 11 (Figs. 191 and 146) because
of the secondary cooling initiated in the Loop-Il steam generator following the
pr imary-coolant -pump t r ip. ligures 191 196 ard 197. respectively, show the
Loop-B mass flow (Fig. 191) and the Loop-Il stecm-gercrator primary inlet and ,

outlet temperatures for calculation 1 (Fig. 196) and calculation 2 (Fig. 197). ,

The Loop-A flow was reduced almost to zero at approximately 320 s (Fig. 190).
Note the data used for Figs. 190 and 191 were taken from Fig. 111-13 of
Ref. 37. We assume the data labeling was switched in that figure because it :
shows the Loop-A flow continuing when the Loop-B flow stopped even though |

Loop 11 was cooled and Loop A was not. Void formation continued and the voids '

collected at the top of the Loop-A candy care (Fig. 193). Loop-B candy cane
(Fig. 194) and at the top of the vessel uppe r head (Fig. 195). ;

The Loop-A candy cane void f rac t ion for Case 1 increased to about 1.0 at
-3S5 s (Fig. 193). For Case 2. ramping the Loop-A secondary pressure down to
4.24 MPa (600 psig) between 225 s and $10 s (lig. 198) provided a sr a ll amount
of additional cooling that increased slightly the Loop-A primary llow and.
therefore, reduced the peak Loop-A candy cane void fraction to less than O.8.
(Again, this occurred between 380 and 385 s.) The subsequent Loop-A steam-
generator-secondary pressure decrease for Case 1 was caused by secondary-to- -

primary cooling.
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Figures 199 and 200 respectively, show the pressurizer collapsed water
level, the flow rate of water and steam exiting the pressurizer first through
the PORV and then the SRV. The pressurizer level and PORV flow rate increased
initially at the start of the transient calculation as the primary circuit
pressurized. Following the reactor trip. both the pressurizer level and the
steam flow rate out of the PORV decreased as the primary circuit began to
depressurize. For the first ~50 s following the reactor trip, the circuit
cooled, hence depressurization (due to liquid contraction. that is, density

increase) was greater than the pressure reduction in the pressurizer due to
the steam flow out of the PORV. Water, therefore, flowed out of the
pressurizer into the primary circuit enhancing the fall in the pressurizer
liquid level. After -SO s, the pressurizer pressure fell below that in the
primary circuit, and liquid began to flow from the primary circuit into the
pressurizer. The pressurizer level, therefore, began to rise slowly

(Fig. 199). The rate of rise of the pressurizer level increased significantly
twice; first, at -210 s following the ini t iat ion of IIPIS, and second at -250 s
following the saturation of the primary coolant and the production of voids in
the primary circuit.

|After -250 s the pressurizer water level ircreased rapidly until the
pressurizer became full at somewhere between 350 s and 400 s. In the TRAC-Pf1 a

two-phasecalculation. as liquid entered the top cell of the pressurizer, a

mixture was discharged through the PORV. This can be observed at 335 s in g
Fig. 200 as an increase in the PORY mass-flow rate. Therefore, to model E
accurately the pressurizer discharge, a small cell was used at the top of the
pressurizer. The TRAC-PF1 pressurizer became liquid solid at -395 s.
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I
As the water level approached the top of the pressurizer. the llPIS flow

(Figs. 201 and 202) into the primary circuit of -72 kg/s (0.57x10' lb/h)
exceeded that out of the primary circuit into the pressurizer. Once the
pressurizer was full. the flow into the pressurizer from the primary circuit
equaled that out of the PORV. that is, a flow of 25-30 kg/sI (O.198x10'-0.238x10' lb/h).

;

Following the filling of the pressurizer (at ~380 s), the primary system
began to repressurize (Fig. 188) as the llPIS flow continued to exceed the PORV

iliquid critical discharge. As the system began to repressu;rize. flashing of !the primary coolant stopped as tre coolant became subcooled. |

The system repressuriza t ion was enhanced by the closing of the PORV.
The PORY was closed in the TRAC-PF1 calculations at 450 s in line with i3Ref. 38. Earlier investigation *'37 put the closure of the PORY (through the |operator closing of the PORV block valve) at between 280 s and 520 s. '

The TRAC-PF1 calculated system repressurization was marked by two

I oscillations in the system pressure (Fig. 188), which were accompanied by
similar oscillations in the upper-plenum liquid temperature (Fig. 189). These
oscillations occurred as a result of a "two-stage" repressurization process.
For example in Case 1, immediately following the filling of the pressurizer,
the primary system pressurized by compressing the voids without significant
void collapse, that is, vapor condensation. Void collapse in Loop A was then
calculated resulting in the first pressure decrease beginning at 415 s. The
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I
|
!

! closing of the PORV at 450 s halted this pressure fall. During this period,
the loop flows circulated some of the upper-head voids to the top of the
Loop-A and Loop-B candy canes, increasing significantly the void fraction at

| the top of the Loop-B candy cane. The system then repressurized until -520 s
when the collapse of the voids in the Loop-Il candy cane resulted in the second
fall in pressure. The pressure began increasing again at ~560 s following the ,

i complete collapse of all voids in Loop B at ~545 s. '

Just before the second pressure oscillation, that is, at 510 s, the main
|I feedwater to the Loop-B steam generator was turned off, and the auxiliary

feedwater turned on. The auxiliary feed into the steam generator is from the
top (Fig. 186), and therefore cools the whole of the steam-gererator tubes
bundle. The additional cooling of the steam generator caused by the
establishment of the auxiliary feed was partly responsible for increasing the
primary circuit flow in Loop B in the TRAC-PFI calculation, which in turn
caused the collapse of the voids in the Loop-B candy cane beginning at -520 s.

The TRAC-PF1 calculated "two-stage" repressurization process is similar
but opposite to a previous analysis that used the RETRAN code.'' In the
RETRAN calculation. void collapse was calculated before the system

I repressurization because of the equilibrium nature of RETRAN.

The remaining voids in Loop A and the upper head contir.ued to condenseI and collapse as the primary circuit repressurized to the SRV set point. With
an SRV set point of 16.65 MPa (2400 psig) for Case 1, the SRV first opened at
671 s, For Case 2, a SRV set point of 16.55 MPa (2385 psig) was used; and in

I this instance, the SRV first opened at 685 s. As can be seen from Fig. 188
and Table XVII, the calculated system repressurization was slightly delayed
(that is, between 50 s and 90 s) with respect to the plant data. The SRV set
points used in the TRAC-PF1 calculations were similar to that given inI Ref. 38, which was ~0.69 MPa (100 psig) less than the design set point of
17.34 MPa (2500 psig).

I For the remainder of the TRAC-PF1 calculated transients, the SRV was
modeled to open and close to maintain an a pp ro x fea t e l y constant system
pressure of 16.65 MPa (2400 psig) (Fig. 188). The response of the SRV in

I performing this task can be seen in Fig. 200 for both cases. The flow out of
the SRV oscillated about an approximate mean value of 28 kg/s (0.222x10'
lb/h).

Figure 189 shows the calculated core outlet temperature. that is, the
upper-plenum (component 88, Fig. 187) t empe ra tu re for both cases compared with
the plant data (Ref. 37, Fig 111-8). Although the data are shown as a

I continuous line, there were no thermocouple readings available until the RCS
pump trip at 224 s because of the partial loss of the nonnuclear
instrumentation. Plant data, therefore, was obtained from subcooling alarms
until the RCS pump trip at 224 s and from thermocouple data following that.I The overall primary cooling was well predic ted by both TRAC-PFI calculations.
The plant data, however, does not show either the temperature oscillations
that occurred during the repressurization period (that is, those associated ,

with the repressurization oscillations at approximately 425 s and 540 s) or
the oscillations following repressurization (that is, after 700 s) that arose
from Loop-A density flow oscillations.

I
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I
i The fall in the core-outlet temperature at -540 s was well predicted by
TRAC-PF1 and corresponds to the collapse of the voids in the Loop-l candy
cane.

After 700 s the TRAC-PF1 calculated cooling rate agrees well with the
data except that the calculated coolant temperature was -5 K (9'F) higher than
the data. The correct calculation by TRAC-PF1 of the overall cooling rate
demonstrates that the code accurately calculated the primary system energy
balance between decay-heat production and heat loss through the Loop-B steam
generator.

Figure 192 shows that the TRAC-PF1 calculated Loop-B steam-

generator-secondary pressure agrees well with plant data from Ref. 37,

Fig. 111-26. The pressure rose initially to the secondary-pressure relief
valve set point of 7.0 MPa (1000 psig). The relief valves maintained this

pressure until the reestablished feedwater began to cool the steam-generator
secondary. The pressure began to fall in both the calculation and data at
-450 s. Ilowe ve r , in the TRAC-PF1 calculation, the pressure rose again at
~510 s when the main feedwater was turned off and the auxiliary feedwater

turned on. The subsequent fall in the plant pressure (hence. temperature, E
because the tube bundle contains saturated steam and water) was well matched 3
by the TRAC-PF1 calculation.

After the system repressurized to the SRV set point. the calculations
were continued to determine how cold the cold leg and downcomer water would
get. Case 2 was terminated at 1700 s just before the ramp down of the llPIS
(see Ref. 37). Case 1 was continued to 3000 s. Iloweve at ~2200 s,,

feedwater was reestablished to the Loop-A steam generator (see Ref. 37 event
synopsis) and so provided a natural circulation flow in Loop A. The boundary
conditions for Case 1 were not modified to include either the llPIS ramp down
or reestablishment of feedwater to Loop A. The results presented (after
~2200 s), therefore, represent what might have happened had flow not been
reestablished in Loop A. IAfter 700 s for both cases, the Loop-B flow centinued because of steam-
generator cooling, so there was no significant IIPIS cooling of the Loop-B cold
leg, hence downcomer, fluid. Figures 203 and 204, respectively, show the
coolant temperatures at the top of the Loop-B downcomer and the Loop-B cold
leg at the point of IIPIS injection. We do see, however, that the two flow
stalls in Loop B during the period of repressurization caused two slugs of
relatively cold water ~500 K (440*F) to pass through the downcomer.

The Loop-A flow, however, was nearly zero for long periods (Fig. 205)
because there was no steam-generator cooling to drive it. Figure 205 shows in
detail the Loop-A mass flow for Case 1 between 600 s and 3000 s. During these
quiescent periods, the IIPIS water entered the cold leg and started spreading
both ways from the injection location. When this cold high-density water E
reached the pipe leading down into the loop seal (Fig. 206), the density g
difference produced a flow back through the loop and out the hot leg to the
vessel. This reverse flow rapidly damped out as warm water from the vessel
entered the cold leg and mixed with the llPIS flow to remove the driving force.
Figures 207 and 208 illustrate this density-variation driving " force" by
showing the density times gravitational constant times height products (that
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is. Ril0-G-il i n pressure units of pascals) for the fluid at various locations
around Loop A. Figure 207 shows the "Rilo-G-il" produc t s from the bottom of the
loop seal to (1) the top of the loop seal (position A, l i g. 206) and (2) to an
equivalent height location in the steam generator ( po s i t i on 11, Fig. 206).

Figure 20S shows the "Ril0-G-II" produc t s for (1) the loop-scal low point to the
pump midpoint, (2) the loop-seal low point to the candy-cane high point.
(3) the hot-leg horizontal section to the candy-cane high point , and (4) the g
cold-leg horizontal section to the pump midpoint. This intermittent flow 3
prevented cold unmixed llPIS water from reaching the vessel; thus the downcomer
temperatures remained above 440 K (333 F) Case 1, and 490 K (423*F) Case 2
(Fig. 209), even though temperatures in the Loop-A cold leg adjacent to the
IIPIS location were as low as -320 K (116*F) during the quiescent periods
(Fig. 210) for both cases,

k'e see for Case 1 that this intermittent flow cont inued well past the

time when in-the-plant feedwater was reestablished to the Loop-A steam
generator. After -1800 s, however, even though the density-driven

oscillations continued, the time-averaged fluid temperature in the loop seal
remained constant at ~450 K ( 350*F) ( Fi g. 211).

Another factor besides the intermittent reverse flow in Loop A that kept
the downcomer from getting very cold was the flow through the vent valves,
that is, between the upper plenum / upper head and the tops of the downcomers.
Figures 212-214, respectively, show the fluid temperature entering the vent
valves, and the mass flow rate through the vent valves to the " Loop-A" and
" Loop-II" downcome rs ( t ha t is, components 95 and 96, Fig. 187).
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I
E. User Experience and Calculation Timine Statistics

The TRAC-PFI calculation of the Crystal River transient using a one-
dimensional core and vessel simulation can be compared with the similar, most

3recent TRAC-PD2 ' analysis using a three-dimensional vessel.

For this transient, no limitations were observad in the use of a one-
dirensional core / vessel. In fact, because of the use of both more recent

I plant modeling (namely, OTSG complete with aspirator flow) and transient
boundary conditions, the TRAC-PF1 calculation better calculated the system
depressurization, repressurization, and plant cooldown. More pronounced
pressure oscillations were seen during the system repressurization withI TRAC-PF1 than wi th TRAC-PD2. This difference is attributed to the change in
condensation modeling between the two codes and not to the use of a one-
dimensional (TRAC-PF1) or three-dimensional (TRAC-PD2) input model. The
advantage of the use of TRAC-PF1 with a one-dimensional core / vessel was that
CPU / transient time ratio was half of that for the TRAC-PD2 transient.

To improve the primary-to-secondary heat transfer during the steady-I state calculation, a 6-mm hydraulic diameter, based upon the tube separation
distance, was used for the steam generator tube bundle nodes.

I
I
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I
The timing statistics for both of the TRAC-Pi l calculations are

presented in l' i g s . 215 and 216 and in Table XVill. lor the majority of the
TRAC-PF1 calculations, a 1.0 s maximum time step was used. Figure 215 shows
the " total CPU time" for both calculations, that is, for a transient time of

3000 s for Case 1 ar.d for a transient time of '1700 s for Case 2. Figure 215
shows the corresponding " total numbers of time steps' for bot h ca lc ula t ions.
Iloth calculations were run on the Los Alamos National Laboratory CIX: 7600

computers.

From Table XVIII. we see that the average CPU / transient time ratio was
-2.8 for both calculations and that the " average time step", that is. (the CPU

was 0.739 s f o r fia s e 1 and 0.727 s fortime)/(total number of time steps)
Case 2. This is close to the maximum imposed time s te p limi t of 1.0 s.

Iloth figures show that for both calculations, the calculations ran very
quickly between ~500 s and 1300 s with a CPU / transient time ratio during that
period of ~1.0.
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TAllLE XVIII

TIMING STATISTICS FOR CRYSTAL RIVER
TRAC-PF1 ONE-DIMENSIONAL CALCULATIONS

I Case 1 Case 2
Transient Time 3000. s 1677.8 s

CPU Time 8416.5 s 4756.7 s

Tota 1 Number of 11393 6540

Time Steps

CPU Time / Transient Time 2.8055 2.8351

Ce11s 208 208

CPU / Transient O.013488 0.013630

Ce1I

" Average time step" i.e.,

I CPU /No. of Time Steps 0.7387 s 0.7273 s
CPU /No. of Time Steps 3.552x10-3 s 3.497x10'3 s

Cell
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F. Summarv and Conclusions

This was the first application of TRAC-PF1 using a one-dimensional core
and vessel to a full reactor transient.

partialBecause the Crystal River Unit-3 transient was initiated by a
gloss of the nonnuclear instrumentation, only a limited data comparison was

possible. E

Using the one-dimensional CORE component of TRAC-PF1. a one-dimensional 3
model of the Crystal River Unit-3 plant. that is, a 11 & W lowered loop plant, g

representation of the B&W once-was constructed. The model included a
through-steam generators with aspirator flow.

A reactor steady state was obtained that agreed very well with the
limited plant data available. The modeling of the once-through-steam
generators with aspirator flow permitted the calculation of steam superheat at
the exit of the steam generator secondaries. The calculated exit steam
temperature of 571. 2 K ( 568. 4*F) was in excellent agreement with the FSAR'
value of 572 K (570*F). The water at the inlet to the steam-generator tube E

gbundle was, however, slightly subcooled. This subcooling resulted from the
Icw steam / water condensation rate calculated by the TRAC-PF1 code.

|The Crystal River Unit 3 transient boundary conditions were taken
primarily from Ref. 38. Using these boundary conditions, the TRAC-Pfl un

calculations showed a reactor trip because of high primary system pressure at
17.5 s. The system then depressurized due to the flow of fluid out of the g
PORV and the contraction of the liquid in the primary circuit as the primary- g
coolant temperature fell. The RCS pressure fell to the llPIS set point of
10.44 MPa (1500 psig) at 207 s. This was in excellent agreement with the time
of 201 s for IIPIS initiation taken f rom the event synopsis of Ref. 37.

A discrepancy was discovered between the depressurization rate as given
by the event synopsis of Ref. 37 and the pressure time curve of Fig. 111-3
Ref. 37.

Reactor-coolant-pump trip was initiated at 224 s together with the
establishment of feedwater to the Loop-B steam-generator secondary.

Two separate calculations were performed for the period following 224 s.
In Case 1, the Loop-A steam-generator-secondary pressure was determined by the |
steam valve relief capacity and the primary to-secondary heat transfer. In =

Case 2. the Loop-A steam-gene rator pressure was ramped down to the isolation
pressure of 4.24 MPa (600 psig) between 224 s and 510 s and kept at that value
for the remainder of the transient.

Following the reestablishment of cooling to the Loop-B steam generator.
natural circulation was established in Loop B in both of the TRAC-PF1
calculations.
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I
The RCS pressure fell to saturation at ~245 s and the resultant voids

produced collected at the three primary circuit high points, that is, at theI top of the Loop-A candy cane, at the top of the Loop-B candy cane. and at the
top of the vessel. ;

I Following the production cf soids, the pressurizer rapidly filled with
water. Once the pressurizer became liquid solid (at ~395 s), the primary

system began to repressurize as the llPIS flow of 72 kg/s (0.570x10' lb/h) into
the primary circuit exceeded the flow of 27 kg/s (0.214x10' lb/h) out of theI the PORV. The primary circuit repressurization was enhanced by the closing of
the PORV at 450 s.

Two pressure oscillations were observed during the TRAC-PF1 calculated
prima ry sys tem repressurizat ion. The oscillations occurred as a result of a
"two-stage" repressurization process in which the RCS pressure first increased
as the primary system voids were compressed and then decreased as a fractionI of the voids collapsed (condensed). This process occurred twice and was
observed in both ca1culations.

The primary circuit continued to pressurize until it reached the SRY
trip set point of 16.65 MPa (2400 psig). This occurred at 671 s for Case 1
and 685 s for Case 2. The plant data (Ref. 37) indicated that the SRV opened
somewhere between 595 s and 620 s. The TRAC-PF1 calculated repressurization
was, therefore. delayed by between ~50 s and 90 s when compared with the plant
data.

Comparison of the TRAC-PF1 calculated upper-plenum temperature with
plant data demonstrated that the overall cooling was well predicted.

After the system repressurized, Case 1 was continued to 3000 s and
Case 2 to 1700 s. In Case 1, no account was taken of the fact that in the
plant transient the llPIS was reduced at -1750 s and that feedwater was

I reestablisLed to Loop A at ~2200 s. For long periods of time, the flow in
Loop A was very small as there was no steam-generator cooling to drive it.
The llPIS water, therefore, collected in the cold leg, spreading out in both
directions. Because the llPIS injection point was close to the pump, coldI high-density water flowed back through the pump into the loop seal producing
gravity-driven reverse flows through Loop A. The flow of the cold IIPIS water
to the downcomer was thus reduced, and the Loop-A downcomer coolant

I temperature never fell below 440 K (333*F) Case 1, and 490 K (423*F) Case 2,
even though the cold-leg fluid temperature reached a value as low as 320 K
(116*F) for both Case 1 and Case 2.

The TRAC-PF1 code, therefore, did an excellent job of calculating the
sequence of events during the Crystal River Unit-3 plant transient. The
reactor trip on high pressure, the primary system depressurization andI repressurization, and the overall cooling of the primary coolant were all very
well calculated.

I
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No major parameter variations in plant boundary conditions were
performed using TRAC-PF1. It is obvious, however, from an examination of this aand previous TRAC calculations 3'' that the improved calculation contained in g
this report was as a result, at least in part, of the improved understanding;

of the way the transient progressed is reflected in the analysis contained inI

Ref. 38. The two naost influential transient boundary conditions used in the |
TRAC-PF1 calculations and taken from Ref. 38 were (1) the increase in the size E
of the PORY (the size of the PORY was increased to permit a steam flow rate of
155+ of the design value), and (2) the reduction of the steam-generator- 3secondary feedwater from full flow to zero over a period of ~9 s rather than g
the previously estimated longer period of ~60 s. Using these transient
boundary conditions, the system depressurization. in particular, was extremely
well calculated with only a 6s difference between the TRAC-Pf1 calculation
and the plant data for the initiation of the llPIS [that is, the RCS pressure
equal to 10.44 MPa (1500psig)).

The formulation of the TRAC-PF1 condensation model influenced two
aspects of the calculations. First in the steady-state calculation, low
values of the steam / water condensation were responsible for the water entering g
the steam-generator-secondary tube bundle being subcooled. Second during the g
transient repressurization, low values of the steam / water condensation at low
flow rates (that is, small liquid velocities) contributed to the calculated
pressure oscillations.

Following the system repressurization for the first calculation, that
is, Case 1, t he re wa s a lmo s t no flow in Loop A for a period of -1600 s, as g
there was no cooling of the Loop-A steam generator secondary to drive it. 3During this period, gravity-driven reverse flows in Loop A prevented the cold
IIPIS water from reaching the vessel downcomer so that the downcomer
temperature never fell below 440 K (333*F).

*This information was provided by G. J. E. Willcutt, J r. , J. V. Bolstad, and
M. W. Burkett, Los Alamos National Laboratory, Energy Division. |j Thermal-Ilydraulics Group (February 1982). u
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I IX. Tih11NG STATISTICS

I hiany questions have been raised in the past concerning the CPU
r e.qu i reme n t s for running TRAC calculations. Therefore, we have summarized in

Table XIX statistics that bear on the question of temputer usage. hiost of the

calculations listed in the table are described in this report. The LUFT L2-2
and L3 ,7 calculations are described in the TRAC-Pil developmental-assessment
report.' All of the calculations were run on one of the Los Alamos CIX' 7600
computers,

included in the tab;e are small-break, intermediate-break, and large-
break LOCAs. The noding va ries f rom reasonably coarse to moderately fine; we |
have run calcalations with ~1000 cells. The VESSEL nodings are not |I particularly detailed. We have used vessels with as many as five radial rings
and eight azimuthal segments. Clearly as the number of cells increases, the
total CPU time requirement increases.I The last column in the table lists the CPU time pe r cell per t ime step,

|
a quantity commonly referred to as grind time. The calculations with the very '

I coarse VESSEL nodings (the intermediate breaks) are more efficient in terms of
grind time than are the calculations wi th more detailed VESSEL noding. The
calculations with the coarselv noded VESSEL component use the direct-matrix-
inversion option in TRAC-Pi l (set IITmX to 0 on hiain Control Ca rd 4 ). TheI LOFT L2-2 calculation with a more detailed VESSEL component uses the iterative
solution of the VESSEL matrix. The iterative technique is slower than the (direct inversion, but the iterative technique can solve a much larger matrix. !I The maximum VESSEL size for which we have used direct inversion is 76 cells. '

The maximum VESSEL size for which the direct inversion can be used is
dependert on the available small-core memory.

i

The grind time also reflects differences in the iteration counts
required to converge the solution. increasing the convergence criteria may j

permit a calculation to run marginally faster, but the increased speed must be )I weighed against the solution accuracy. Reduction in the number of cells is a !
more effective way to reduce CPU time, with VESSEL cells more important than

|one-dimensional component cells (if for no other reason than VESSEL cells tend
|I to be removed in fairly large blocks). Again, the improved run time must be )weighed against the accuracy of the calculation. Normally, changing the {noding by a few percent is not significant.
|

The user can affect the CPU time, sometimes dramatically, by watching
the short-edit information to determine what is controlling the time-step
size. For example, if the Courant limit is controlling the time stepI consistently at a VESSEL connection or an internal VESSEL interf ace, one can
make the calculation run faster by increasing the cell lengths, with a
corresponding reduction of perhaps only a few cells.

The column in Table XIX that gives the ratio of CPU time to transient
time is interesting. The LOFT L3-7 calculation ran -2 times real time. The
Semiscale small-break calculations ran between 3.5 and 5.5 times real time.I The one-dimensional LOFT L2-2 calculation is an order of magnitude faster than
the corresponding three-dimensional calculation.
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>

TABLE K1X

CODE TIMING STATISitCS8

Heat Translent CPU Time CPU CPU /Trans CPU /Trans/ Cell CPU / Cell
Test Code Ce11sb Stabsc Time Time Steps Transient cell Sfab Ttee Step

(s) (s) (ma)

LOFT
L2-2 FF1 334/192 398 70.00 21 412.0 10 983 305.8857 0.9158 0.0023 5.8370

Lorr
L2-2 FFI 168/0 153 70.01 2 013.2 2 964 28.7559 0.1712 0.0011 4.0430

Lorr
L3-7 PF1 114/0 86 10 800. 21 265.9 49 267 1. % 91 0.0173 0.0002 3.7864

Seetseele
S-UT-2 FF1 198/0 105 1 494.72 8 243.4 12 793 5.5150 0.0279 0.0003 3.2544

Sentecate
S-UT-6 FF1 198/0 105 1 500.06 5 79?.7 8 618 3.8610 0.0195 0.0002 3.3942

Sentecale
S-UT-7 FF1 198/0 105 1 000.02 3 460.2 5 117 3.4601 0.0175 0.0002 3.4152

LOFT
L5-1 FF1 116/36 94 225.61 4 640.9 8 609 20.5705 0.1773 0.0019 4.6472

LOFT
L8-2 FF1 128/36 94 319.53 7 461.6 12 463 23.3518 0.1824 0.0019 4.6773

,

a To conserve space, the following equivalences estet: Trans = tots 1 transtant time
Cell, Celle = number of hydraulic celle

! Slab, Heat Slabs = number of heat slabs
.

'

b Cells are given as total cells / vessel (3-D) cells.

c Heat Slabs are heat surfaces. The count includes the rods, with each fixed axial node (without the fine mesh turned on) in each

rod counted as one heat slab.

4
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E Figures 217-224 show t he curaulat ive CIV time as a function of transient
time for the calculations in Table XIX. for these calculations. the void-
fraction changesI are the principal actor in setting the time-step size. For
those calculations with core dryouts, the portions of the transient during
which the cladding rewets exhibit some control based on changes in pressure,
fluid temperatures, structure temperatures, and iteration counts. For those
calcula t ions wi th t he VESSI:L component , the Courant limit determined the time-

|
step size only occasionally. Figures 217 and 218 are typical of transients
with refloods. After some time-step limitation during the subcooled

I decompression of the primary system, the calculation accelerates during the
blowdown; when the accumulators begin to inject subcooled liquid, the
condensation effects cause void-fraction changes and flow oscillations that
slow the calculation down. Normally, the reflood process represents theI slowest portion of the transient, and then as the core quenching slows (in
LOFT, the accumulators empty at -50 s ), the calculation accelerates.
Figures 223 and 224 show a similar behavior for the LOFT intermediate-break

I LOCA calculations. Figure 219 indicates that the code ran the first 2000 s of
Test L3-7 much faster than real time. After the termination of the high-
pressure injection in this calculation, void-fraction changes reduce the time-

I step size and the calculation slows. After the first hour of the transient,
the operators control the facility; matching the facility control requires
restriction of the time-step size.
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I Fig. 217.
CPU-time utilization for the LOFT L2-2 calculation

with the three-dimens iona l VESSEL component.
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I
X. CMCLUSIONS

As the previous comparisons indicate, the TRAC-Pi l code calculates many 3
phenomena very well. The ma jor disc re panc ies in the comparisons can generally E
be traced to the critical-flow model and to the interphasic condensation

model. The critical-flow codel does not yield the correct dependence of

critical flow on void fraction. The condensation model appears to

underpredict the condensation rate under certain conditions.

The Semi sc a l e natural-circulation comparisons show that the code

calculates the nagnitude of the natural-circulation flows as a function of
void fraction reasonably well. The code also correctly makes the transition

from natural-circulation cooling to reflux cooling. The comparisons indicate g
that the wall-condensation heat transfer in the released code is low. The g
reflux test with the noncondensable injection shows the calculated behavior of
the noncondensable gas is calculated correctly. The natural-circulation test
with the noncondensable injection indicates that the code does not predict the
flow recovery af ter the period of stagnation; we currently do not know what
phenomenon is driving the flow recovery.

The Semiscale small-break LOCA comparisons confirm the problems with the
critical-flow model. Iloweve r , when the mul t ipli e rs 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. Ilowe ve r , the core

volume is very small. and small changes in the primary-system liquid inventory
have significant impact on the core inventory.

The comparisors for the LOFT intermediate-break LOCA tests show that the
core should be noded more finely in the axial direction to track better the g
core liquid level and its effect on core dryout. If the interface sharpener g
logic were incorporated in the one-dimensional CORE component. these types of
tests could be successively run in a one-dimensional calculation. Similarly,

if an interpolative scheme were used to distribute the fluid along the fuel
rod. then the coarser VESSEL (and CORE) noding would be acceptable. The

comparisons offer further confirmation of the inadequacy of the critical-flow
model. An underprediction of condensation at high subcooling and low voids g
adversely affected the system pressure calculation, causing the calculated W
pressure to not drop as rapidly as the data when the claddarg temperature
exceeded the saturation temperature (subcooled nucleate boiting generated g
vapor. which failed to condense later). This problem does no' occur with the g
one-dimensional CORE component because the subcooled nucleste-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 of modeling all structural mass and
heat-transfer area, together with the leakage paths in the vessel, to the
overall system response 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.
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1

: I
The Crystal River analysis is significant in showing the application of

the code to a real reactor transient. The code calculated the sequence of

I 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

a combined wa11-co'ndensation on fil1ing individua1 ceils. The code requires
and interphasic-condensation nodel to smooth the condensation process as cellsI fill and the pressure increases.

!

:
i

l

'l
!

l

.|

I
Ii

,

I
I

I

I

I
I

I 201

I
- __ _



I
REFERENCES

1. " TRAC-PF1: An Advanced Best-Estimate Computer Program for Pressurized
Vater Reactor Analysis," Los Alamos National Laboratory report
LA-9944-41S, NURI:G/CR-3567 ( Fe brua ry 1984 ).

2. B. L. Boyack, " TRAC-PF1 Developmental Assessment," Los Alamos National |
Laboratory report LA-9704-ht, NUREG/CR-3280 ( J u ly 1983), E

3. C. E. Watson, " TRAC News," Newsletter No. 6, Sa f e t y Ana lys i s Group (Q-7),
l.os Alamos Nat iona 1 Laboratory ( January 1982).

4. C. E. Watson, " TRAC News," Newsletter No. 7 Safe t y Analysis Group (Q-7),
Los Alamos National Laboratory (htay 1982).

5. Thomas kl. O'Connell, " Experiment Data Report for Semiscale hK)D-2A Natural
Circulation Tests S-NC-2B, S-NC-3 a nd S-NC-48," EG&G Idaho, Inc. report ENUREG/CR-2454, EGG-2141 (December 1981). 3

6. Thomas bl. O'Connell, " Experiment Data Report fo r Semi s ca l e hK)D-2 A Na t u ra l
Circulation Tests S-NC-5 and S-NC-6," EG&G Idaho, Inc. report
NUREG/CR-2501, EGG-2162 (January 1982).

7. Ronald A. Larson, " Experiment Data Report for Semiscale hK)D- 2 A Natural
Circulation Test S-NC-7C," EGAG Idaho, Inc. report NUREG/CR-2618,
EGG-2179 ( 51a rch 1982 ).

8. Guy G. Loomis and Kunihisa Soda, "Results o f t he Sem i s c a l e kK)D-2 A Na t u ra l
Circulation Experiments," EG&G Idaho, Inc. report NUREG/CR-2335,
EGG-2200 ( Se pt embe r 1982 ).

I9 T. S. Andersen. " Correlation of Solubility Data for Ilydrogen ard Nitrogen
in Water," Bettis Atomic Power Laboratory report WAPD-Th1-633
(October 1967).

10. J . 11. hia h a f f y , D. R. Liles, and T. E. Bott, " TRAC hie t hods and blodels,"
Proceedings of the American Nuclear Society Specialists Conference on
Small Break Loss-of-Coolant Accident Analysis in LWRs, klo n t e r e y ,

California (August 25-27, 1981), Electric Power Research Institute report
WS-81-201 (1981).

11. kl. L. Patton, "Semiscale hK)D- 3 Test Program and System Description," u
NUREG/CR-0239, TREE-NURE.G-1212 (July 1978).

12. Addendum I, blod-2A Phase I Addendum to hiod-3 System Description, EG&G
~

Idaho, Inc. (December 1980).

13. K. E. Sackett and L. B. Clegg, " Experiment Data Report for Semiscale
kY)D-2 A Sma l l Break Test Series (Tests S-UT-1 and S-UT-2)," EG&G Idaho,
Inc. repor t NUREG/CR-2176 ( Iuly 1981 ).

I
202



I |

I
1

14. P. North, " Experiment Operating Specification for Semiscale klod-2A 10'1
Break Experiment (Tests S-UT-1 and S-UT-2) " EG&G Idaho, Inc., letter to
R. E. TilIer, PN-120-80 (October 20, 1980).

15. G. G. Loomis, " Summary Report Semi sca l e 51od-2 A llea t Loss Characterization
Test Series.' EG&G Idaho, Inc. report fog-SEN11 -5448 (htay 19S1 ).

16. D. J. Olson, " Transmittal of Semiscale h1ad-3 Documents," EG&G Idaho,
Inc., 1etter t o R. E. Ti11er, D.'O-129-78 (October 5, 1978).

17. kl. T. Leonard, "RELAP5 Standard 51od e l Description for the Semiscale
klod-2 A Sys t em, " EG&G Idaho, Inc. re90rt EGG-SEh11-5696 (Decembe r 1981 ).

I 18. J. E. Blakeley, R. A. Ila n s e n . and D. J. Shimeck, " Quick Look Report for
Semiscale h10d-2A Test S-UT-2," EG&G Idaho, Inc. report EGG-SEh11-5333
(January 19811.

19 B. E. Boyack, "Posttest Analysis of Semiscale Tests S-UT-6 and S-UT-7
Using TRAC-PI'1," Los Alamos National Laboratory informal report

LA-UR-82-1665 ( Se pt embe r 1982).

20. R. A. La r son and L. B. Clegg, " Experiment Data Report for Semiscale
N10d -2 A Small Break Test Series (Tests S-UT-6 and S-UT-7)," LGAG Idaho,
Inc. report NUREG/CR-2355 (November 1981).

21. J . kl. Cozz u o i and C. kl. Kullberg, " Quick Look Report for Semiscale klod-2A
Test S-UT-6." EG&G Idaho, Inc. report EGG-SEN11-5446 (htay 1981).

22. R. G. Ila n s e n , D. J. Shimeck, and J. L. Steiner, " Quick Look Report for
Semiscale klod-2A Test S-UT-7," EGAG Idaho, Inc. report EGG- SEN11 -5442I (klay 1981).

23. R. G. Ila n s e n , " Experiment Operating Specification for Semiscale klad-2A 54

I Break Experiments S-UT-6 and S-UT-7." EG&G Idaho, Inc. report
*

EGG-SEh11-5421 (April 1981).

24. D. B. Jarrell and J . N1. Divine, " Experiment Data Report for LOETI Intermediate Break Experiment L5-1 and Severe Core Transient Experiment
L8-2," Idaho National Engineering La bo ra t o ry report NUREG/CR-2398,
EGG-2136 ( Novembe r 1981).

25. D. L. Reeder, " LOFT Sys t em and Test Description (5.5-ft Nuclear Core 1
LOCEs)," Idaho National Engineering Laboratory report NUREG/CR-0247,
TREE-1208 ( July 1978).

26. B. E. Boyack, " TRAC-PF1 Developmental Assessment," Los Alamos National
Laboratory report LA-9704-h1S (July 1983).

27. D. P. Siska, "NSSS Transient Test at ANO-2," Electric Power Research
Institute report NP-1708 (hiay 1981).

i

I .

203

I



_ _ _ _ . _ _ _ _ __ _

28. K. G. Condie, "RELAP5 Refererce Ca l c u l a t i o n for Lol'T Experiment
L6-7/L9-2,* Idaho National Engineering Laboratory report lHi-LOFT-6014
(January 1983).

l 529 Samuel L. Thompson and Lubomyra N. Knetyk.' RELAP5 Assessment: LolT,

Turbine Trip L6-7/L9-2," Sandia National Laboratories report

SAND 83-0832 ( R4 ) . NUREG/CR-3257 ( Ju 1y 1983 ).

30. S. C. sta dd e n , "LolT Experiment Operating Specification Nuclear Test
L6-7/L9-2. Idaho National Engineering Laboratory r e r.o r t 1:GG-LOFT-5447

( (June 1981).

( 31. lle njami n D. Stitt and Janice kl. Divine, " Experiment Data Report for LOFT
'

Anticipated Transient Expe r in e nt L6-7 and Anticipated Transient with

|
51u l t i p l e failures I:x pe r i me n t L9-2," Idaho Na t iona l Enginee ring Labora tory
report EGG-2121, NUREG/CR-2277 (September 1981).

32. John K. 41e i e r , "A TRAC-PF1 Analysis of LOI T Steam-Generator Feedwater
Transient Test L9-1," American Nuclear Society Nieeting. " Ant ic i pated and
Aonormal Plant Transients in Light Water Reactors." Jackson, Wyoming,
September 26-29, 1983, LA-UR-83-2780.

33. Doyle L. Baff and J a n i c e h1. Ca r pe n t e r . " Experiment Data Report for LOFT
Ant icipa ted Transient Experiments L6-1. L6-2, a nd L6-3, " Idaho National

Enginee r ing Labora tory re por t 10G-2067. NURI.G/CR-1797 ( De c embe r 1978).

34. G. J. E. Willcutt, J r. , " TRAC-PD2 Calculations of the Crystal River-3 g
Transient of February 26, 1980 Using Revised Assumptions," Los Alamos |
National Laboratory report LA-UR-83-1078 ( Apr il 1983).

35. " Crystal-River-FSAR," taken from " Crystal River Nuclear Generating Plant
Unit 3. Prelimina ry Safety Analysis Report Amendment 11," florida Power
Corp., St. Pe t e rsburg (Janua ry 25, 1971).

36. " Analysis and Evaluation of Crystal River--Unit 3 Incident," Nuclear i
Safety Analysis Center report NSAC-3 (klarch 1980). !

37. " Transient Assessment Report--Reactor Trip at Crystal River-3 Nuclear
Station on February 26, 1980 (Preliminary)," flabcock & Wilcox report j
07-08-02, Rev. 02 (Niarch 9, 1980). 1

i

35. W. Ilrown, G. Caldwell, B. Chexal, and W. Layman. "Thermohydraulic |

Ana!ysis of Crystal River Unit 3 Incident," Nuclear Safety Analysis
Center report NSAC-15 (June 1981).

I!
i

204

I,
--- - -. _ _ _ _ .- _ _ _ _.-_



. _ . . _. __ . . _ _ _ ._ .

I
I

DISTRIBUTION

,

Nuclear Regulatory Commission, R4, Laurel, Maryland 298
,

Technical Information Center, Oak Ridge, Tennessee 2
;

l Los Alamos National Laboratory, Los Alamos, New Mexico 50

350

I
I

I.

I
: I
1

f

.

I

1

I
I
I

205

_ . . . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __



NRC 70kM *.36 u s NUCLE AR REGULATORY COWWISSION 5 MLPU"Y w veta da rea ov T s ' 4 +* 6 0- No ' **r f

12 851
** '

72o', /E2 BIBLIOGRAPHIC DATA SHEET NUREG/CR-3646
sE E INSTavCTIONS ON T,*E RE % E RsE

~

2 T6TLE A NO SL c 'LE J LE 4vE 964%m

TRAC-PF1 It 'ependent AssessmentI -

se,aiem wvstua
|

- . /, j ...

Sept [ber 1985 '
s. auT,. Oms.

T. D. Knight, C. . Booker, B. E. Boyack, J. K. Meier, f e ea u T mse ssu o

Janes R. White (Cot 'ultant in Nuclear Reactor Safety [ *"~ |
" 'a

Analysis, Idaho Fall , Idaho), Paul Coddington (Atomic fetober 1985

I 7 PE 4*0au'NG OAaaN:Z ATION % AME AND < LING ADDAtss +/ssde /p Couse, NOsth T 454 WCM4 v% T NtV8tM

Energy Establishment, b'nfrith, Dorchester, Dorset, /
ENGLAND). * * ' " " " * ' ' ' ' " " "

'17053I Los Alamos National Labora ory
Los Alamos, mi 87545
'O JPON50meNQ QRGa%d AT QN % AVE A%g vatia%G ADO $$ gacpyop / p Coop, lla f vPt 08 RE POC

Division of Accident Evaluatic"1 InformalI Office of Nuclear Regulatory Rt earch
US Nuclear Regulatory Commission = *E m covEaeo - a -

Washington, DC 20555I 12 SVPPLt VENT &R v N0f ts

13 ABSTR ACt 1200 ivords or eser

The Transient Reactor Analysis Code (TRA provides an advanced, best-estimate analysis
capability for pressurized water reacto nd for many thermal-hydraulic test facilities.I The most recent publicly released vers ' an ( TRAC is TRAC-PF1. This code version
includes a full two-fluid modeling ca- bilit in both the three-dimensional vessel
component and the one-dimensional co ponents. We havu improved the numerical methods

I in the one-dimensional components t provide a ore stable solution and to permit the
code to run faster. The Los Alamo < report, "TR, -PFl: An Advanced Best-Estimate
Computer Program for Pressurized ter Reactor A ysis," LA-9944-MS (NUREC/CR-3567),

I provides a detailed description the code.
This report documents the s Alamos results o the second assessment phase,

independent assessment for TRA PF1. We analyzed se rate-effects"cests in the
Semiscale facility to investir te natural-circulation d reflux cooling. We analyzedI integral tests from the Semi. ale and the Loss-of-Flui est facilities to explore the
small- and intermediate-bre. loss-of-coolant accident A) capability _and the
non-LOCA capability. We al o analyzed the loss-of-feedwa r transient in the Crystal

I River plant. The results now reasonably good agreement W h the data, but indicate
that improvements are req ired for the critical-flow model d the interphasic-
condensation model,

i. oOCoutsT .Naus.s . . .E vaoaos cEsc To s , s . . . . . s ,1,

st ATE VE NT

I Unlimited

'6 SECumtTv CL ass 1F sCAYlO%

<r,,,,,,,,

I - Unclassified. ice w iEase.E~E~ctoTEavs

,r..,,.r.,

Unclassifled
- o % vet o...oEs

$ PH!LE

I -.____ ..... 2. _ .O...

-



._ _ _____ ______-___. -

I

I|

I
I
I
I

I

I
I

1

I |

I
Avadable from

Supermtendent of Documents

I US Govemment Prmting Offce
Post Offee Box 37062

, Westungton.D.C.20013-7982

and

National Techncal informaton Servce
sonnat.eid. vA 221st

I
.

.



r> :.,e _:W:e. 2 . .' ' ',
, s s ,

,' . - t - , ' . r ,

( g.- --

-

; -
4

.,

*,7 ,
, -

.. rJ '- ,'
,

=9_ yp "g - s. , ..

'

, *q Q p i., ,.:dc w m .. . ' ;, , ,
g

"*
7 3

s n. e

.%
.

, . - m,

p < e.

~~ N , m.q, w
~

. '' 4 ;

. . v .j b11'-
'

s 1 *i
-

'

-s. 'S s

s
--

w o p "17p = sn c, "% - ~
u e

d "_ hf'~lh,f _ _-
,

NULi ~ ,
.M/ - 1,,' ' i R ( ,_ T 3. e (

vb,
, 9m;w,pgg t -

t, t.
.

.n cs

q 3 ; y - L ,i y -
,,(

, l,,c,
, ;,7g

- '' ; -

*y. - m ,
y ut 1(1 <;. s c-

tw
{1

,,
L.

3- .
,-),~

c p 1, c; 7 3-
m

-

,,,. . . ,
(.',e i , 4 w - '

i

- <
,

:,c'''f_- \
x Y 7e

LJ, g

;' ' y
0;

$
'

4 '" .q ^ ; y -, ;.' j ''''.I*'
N

S V
'

+ -?
-

?
ei} 'y _1

4
_ _ _ r _ _

-Kp ,

-

, .
_

.. .
_

g - . .
.

,

,. . .

.
.

- -
- ' .. , ,

e.

' ' , . .

\.
,

' *
_

S
6 9

-
.

-

.*
. .

,,

N- a
..

.
. r- - - . - . .p.,,,

.

N .

- -

*

* ,
1

.
,

,.. .
. .

. .
. ,

\.. . .

- :
. '. . ,

*

* 4 . . .

' ~

,

'

% -

. . ,: - e

y 'pn 's
4 . ,;h4

$ . , ,

,

'

'

a. L '

.
,

.

'

.

%

. / . -

.

$ . : - .
. (

. .

,
e

e

,
.

*

. .
-

'
- N

-

'
'

'

A
_

,

(

.

' ' .-%. - '
,

t 4 k
, ) '. 4

* (

' ' ' '
.

. pu s,
.

.

G

, . .

*

.h .' |
'

*
,

Oy - g
'

o

. ,

*
+ N

% . .

. .
.. - . .-

_ _

P 4 .' ,P .
i ,~4-

-

-T "- (. -; g , . ,

, v.i
.

.

* ' - -6\
o A '\

/ .' ! :
.

.
\.

s

-

.' '
. ,

. -
.

Q -

_ ,

.

4 . . . . . .

_
_

- . . .
, s e
6

i
!

% . ,,
-

, . ,
.f.

- , - () .
. ,.

.

_

...

i. - n - s

-

a
. .

. . , .

g. .
. e

*

,,

..-

- . g

e
g

.
. . ,.

. .* ,

s-.
,- . . .'' ''9 $1, ,

) . -.,

' ', . t

hw'b
,

Fyc. . . " ^ 0 s
'! *

. . , , . ._:.
, , . - ' ,& M g A , . . _ ',.'1_.gg.

.
't e. . - ,

,

g' 1'' 5 ..
- , ''.b.. . .,~

<
,

. ..
<= ) .

4

,
,. ' '

- .
_

,

_ _ . . _. ~ .

.

,
-

, . - . -
# %

.

-

A'.-, -d'.-

o'' tu',, s -

,

m. . e z. 1 , ,
.~ .

.

-

'

..
'

e'P "
, .k9h- d " . ,> ., , Q;;_

g-. . ,h, Q . . '

- , , c ' - ',
'

, _ . , , , , z_g ,

o

X. e 5.
--t

-

3 P *: - e's' - -s 't-
e -

'~4..
k a.r 4 u :; ,

t ; } -. ,
_,

; .:' ,
_

, , ~
:.

'* p p'*7 . .'N.- e :
. 5 -/

,f". a 'N, t| *
.,

,'' ~ ' '' ',

x - n:id:| ? Q.::~ -- ~ ,- -:A~
,. ,

,
- a

,_

a
.,~:

~

> ~ ,
, ,- * * *; o y:n

.*, :,,V' ,,' f

q t, k j '.,..; , - . - -' f'
, k

,
, )$*'.y * |,'

-

,

h
' ;,1 j( -n

' - f

;- , k ,

r'v a y
'

g g

6 - 4y
. Q-:

_a h ? E '

.%; , 4
'' "q%#: 2-

* )' .y

'M;,gfrp 4
'

''>p j ( ,, . M,.g'g! ' - ;
'

8 >
- .

-

ig - l'' .# -
# 5 ''

:|%:44 W ,Q );iv; ' ?'.[h;|ft~ W
^, . ' ##' ,

. , f ' ,gy (.2+ < w ~, &.
~.

+
v>< ~ \ ;;;; * C4'' y-,

<

\

' . .. , ' >r<

r i n ,.:4 . r :,&g . sp y
, , ~

Q:2. . i . s , : v ~,.ir >n ,

- q ,g3pM :: ',
.

%- ,
~'

-,.y,'s
, v._ : ._. , <

.: . S 7 7
_ ._; y,

_.

q' 3;-. .-
'

,. t: y:3 . .;
; a

_

,

E ,. 4 e5 o e,g . - , - - - g;.
g -- ,-.

9- ,9 -._. c/: t. v.a g -
- 4 - +

,, g,p 7,;;, ,, 3


