A4Cps

SANDIA REPORT

SANDS94—0361 » UC—610
Unlimited Release
Printed July 1994

MELCOR 1.8.3 Assessment: GE Large
Vessel Blowdown and Level Swell
Experiments

Lubomyra Nadia Kmetyk

Prepared by

Sandia National Laboratorles

Albuquerque, New Mexico 87185 and Livermore, California 94550
for the United States Department of Energy

under Contract DE-AC04-94AL85000

Approved for public release distribution is unlimited.

SF2900Q(8-81)

-



Issued by Sandia National Laboratories, operated for the United States
Department of Energy by Sandia Corporation.

NOTICE: This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States Govern-
ment nor any agency thereof, nor any of their employees, nor any of their
contractors, subcontractors, or their employees, makes any warranty, express
or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product, process, or
service by trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring
by the United States Government, any agency thereof or any of their
contractors or subcontractors. The views and opinions expressed herein do
not necessarily state or reflect those of the United States Government, any
agency thereof or any of their contractors.

Printed in the United States of American. This report has been reproduced
directly from the best available copy.

Available to DOE and DOE contractors from
Office of Scientific and Technical Information
PO Box 62
Oak Ridge, TN 37831

Prices available from (615) 576-8401, FTS 626-8401

Available to the public from
National Technical Information Service
US Department of Commerce
5285 Port Royal RD
Springfield, VA 22161

NTIS price codes
Printed copy: All
Microfiche copy: A06



DISCLAIMER

Portions of this document may be illegible
in electronic image products. Images are
produced from the best available original

document.




Distribution
Category UC-610

SANDY94-0361
Unlimited Release
Printed July 1994

MELCOR 1.8.3 Assessment:
GE Large Vessel Blowdown
and Level Swell Experiments

Lubomyra Nadia Kmetyk
Thermal/Hydraulic Analysis Department
Sandia National Laboratories

Albuquerque, NM 87185-0745

Abstract

MELCOR is a fully integrated, engineering-level computer code, being developed at
Sandia National Laboratories for the USNRC, that models the entire spectrum of severe
accident phenomena in a unified framework for both BWRs and PWRs. As part of an on-
going assessment program, the MELCOR computer code has been used to analyze a series
of blowdown tests performed in the early 1980s at General Electric. The GE large vessel
blowdown and level swell experiments are a set of primary system thermal /hydraulic sep-
arate effects tests studying the level swell phenomenon for BWR transients and LOCAs;
analysis of these GE tests is intended to validate the new implicit bubble separation
algorithm added since the release of MELCOR 1.8.2. Basecase MELCOR results are
compared to test data, and a number of sensitivity studies on input modelling param-
eters and options have been done. MELCOR results for these experiments also are
compared to MAAP and TRAC-B qualification analyses for the same tests. Time-step
and machine-dependency calculations were done to identify whether any numeric effects
exist in our GE large vessel blowdown and level swell assessment analyses.
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1 Introduction

MELCOR [1] is a fully integrated, engineering-level computer code, being developed
at Sandia National Laboratories for the U. S. Nuclear Regulatory Commission (USNRC),
that models the progression of severe accidents in light water reactor (LWR) nuclear
power plants. The entire spectrum of severe accident phenomena, including reactor
coolant system and containment thermal/hydraulic response, core heatup, degradation
and relocation, and fission product release and transport, is treated in MELCOR in a
unified framework for both boiling water reactors and pressurized water reactors.

The MELCOR computer code has been developed to the point that it is now being
successfully applied in severe accident analyses. Some limited technical assessment ac-
tivities were performed early in the MELCOR development process [2]; more recently,
a systematic program of verification and validation has been underway. To this end, a
number of assessment calculations have been and are being done [3-11]. One of these

assessment activities is analysis of a series of blowdown tests performed in the early 1980s
at General Electric (GE) [12].

The GE large vessel blowdown and level swell experiments are a set of primary system
thermal/hydraulic separate effects tests studying the level swell phenomenon for BWR
transients and LOCAs. This experiment series includes both top blowdown tests with
vapor blowdown, characteristic of accidents such as steam line breaks, and bottom blow-
down tests with liquid and two-phase blowdown, more characteristic of recirculation line
breaks. Assessment against this data allows an evaluation of the ability of MELCOR to
predict the inventory loss, and hence time to core uncovery and heatup, in the early stages
of transients and accidents in BWRs. Also, an implicit bubble separation algorithm has
been implemented recently in the CVH package in MELCOR. Prior to the implemen-
tation of this algorithm, MELCOR was experiencing problems with natural circulation
phenomena in the COR package; it is expected that the problems with calculating natural
circulation will be eliminated with the implementation of the implicit bubble separation
algorithm. Analysis of the GE tests is intended to validate this algorithm for general use.

MELCOR version 1.800 was used for all the calculations described in this report,
except for a sensitivity study on the effect of the implicit bubble separation algorithm
which compares results from MELCOR version 1.800 to results from the release version
of MELCOR 1.8.2, which was MELCOR 1.8NM. Note that these MELCOR. calculations
were done as an open post-test study, with both the experimental data and other code
results [13, 14, 15, 16] available to guide the selection of code input.

The test facility, experimental configuration and experimental procedure are outlined
briefly in Section 2. Section 3 describes the input used for these MELCOR assessment
analyses. The results of our basecase calculations are given in Section 4, while sensitiv-
ity studies on MELCOR modelling options and input parameters in the CVH and FL
packages, respectively, are presented in Section 5 and 6. Section 7 contains the results of
our time step and machine dependency sensitivity studies, and compares results obtained
with a recent code version with the implicit bubble separation algorithm with results ob-
tained using the release version of MELCOR 1.8.2 (in which the bubble rise calculation



is explicitly coupled to the rest of the thermal/hydraulics analysis). Comparison with
results obtained by other codes is done in Section 8. A summary and conclusions of this

MELCOR assessment study are presented in Section 9. A listing of the input used for
the Test 5801-13 basecase calculation is given in Appendix A.




2 Facility and Test Description

Void-fraction distribution and level-swell phenomena have been measured during
blowdown tests conducted at General Electric [12]. These experiments were conducted
in two vessels designated as the “small blowdown vessel” and the “large blowdown ves-
sel”. These blowdown tests were primarily separate effects tests investigating such basic
phenomena as critical flow and transient liquid-vapor level swell during a blowdown.
Important parameters controlling void distribution and level swell include initial fluid
conditions, vessel depressurization rate, break size and location and vessel geometry. A
brief description of the large blowdown vessel test facility is given in this section, to-
gether with descriptions of the various blowdown tests performed in the large vessel and
important test pai‘ameters.

A schematic of the large blowdown vessel test apparatus, including the vessel, the
blowdown line and instrumentation locations, is shown in Figure 2.1. The pressure
vessel was 1.19m (47in) in diameter, 4.3m (14ft) long, and contained a volume of 4.5m?
(160ft®). The cylindrical body and hemispherical end caps of the vessel were lin-thick
carbon steel and insulated on the outside. Initially saturated water at over 7.14MPa
(>1000psia) partially filled the vessel; saturated steam filled the remainder of the tank.
The vessel had provision for a dip tube as part of the blowdown line. The dip tube had
a 26.35cm (10.374in) inner diameter and was 0.4775cm (0.188in) thick.

A number of blowdown tests were conducted, some with blowdown occurring near
the top of the vessel and others with blowdown occurring near the bottom of the vessel.
Figure 2.1 shows the dip tube inserted so that a top-level blowdown is represented. When
the dip tube was installed, the blowdown flow left the vessel above the two-phase level
and a vapor blowdown occurred. For the bottom blowdown tests, the vertical dip tube
shown in the figure was removed so that the blowdown line extended from the vessel
in the horizontal direction only. Without the dip tube, the first part of the blowdown
was a liquid blowdown because the break was covered; later in the blowdown, the break
uncovered and a vapor blowdown followed. Flow-limiting Venturi nozzles with various
throat diameters were inserted into the horizontal blowdown line to vary the break area
and hence the blowdown flow rate and resulting vessel depressurization rate. Rupture
discs were used to initiate the blowdown.

Table 2.1 summarizes the test matrix for the large vessel blowdown tests. The tests
indicating top break were those with the dip tube installed, while the bottom break tests
were with the dip tube removed.

There were three basic types of measurements made during each test: pressures, pres-
sure differences, and temperatures. Figure 2.1 includes the instrumentation arrangement
used. Strain-gage pressure transducers were used for measuring vessel pressure and dif-
ferential pressure. Iron-Constantan thermocouples were used for determining the fluid
temperatures. Two-phase mixture densities in the measurement nodes were obtained
from the measurements of the axial differential pressure, :.e., hydrostatic head of the

fluid.
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Table 2.1. Test Parameter Matrix for GE Large Vessel Blowdown Tests
Blowdown Break Initial Conditions
Test No. Nozzle Size Location Pressure Level
5801-13 | 5.3975cm (2-1/8in) Top 7.3046MPa (1060psia) 1.6764m (5.5ft)
5801-15 | 3.81cm (2-1/2in) Top 7.3046MPa (1060psia) 1.6764m (5.5ft)
5801-19 7.62cm (3in) Top 7.3046MPa (1060psia) 1.6764m (5.5ft)
5802-16 | 9.2075cm (3-5/8in) Top 7.3046MPa (1060psia) 1.6764m (5.5ft)
5803-1 | 5.3975cm (2-1/8in) Bottom | 7.2357MPa (1050psia)  2.28m (7.5ft)
5803-2 7.62cm (3in) Bottom | 7.2357MPa (1050psia) 2.8956m (9.5ft)




3 MELCOR Computer Model

The basecase MELCOR input model used for these GE large vessel experiment calcu-
lations is shown in Figure 3.1. Two control volumes, one flow path, and one heat structure
are used in the basecase MELCOR model. (A copy of the input used for the 5801-13 top

blowdown test basecase calculation is given in the appendix, for documentation.)

One control volume represents the vessel itself, with a volume-altitude table used to
represent the hemispherical ends and the cylindrical body. The vessel control volume
is specified to use nonequilibrium thermodynamics and to be a vertical volume. The
other control volume is a time-independent volume used to model a constant, ambient
environment serving as the blowdown flow sink.

A single flow path is used for the blowdown line, with two segments specified for the
top blowdown test analyses (one representing the dip tube and the other the horizontal
line containing the Venturi nozzle); for the bottom blowdown test analyses, only one flow
segment is used (for the horizontal blowdown line). The flow path area is set to the
nozzle throat area, while the segment flow areas are set to the dip tube and blowdown
line pipe open areas.

A single heat structure is included to represent the cylindrical body of the vessel;
the hemispherical end caps are neglected, because structural heat transfer is not ex-
pected to be a significant phenomenon at the short time scales characteristic of these
blowdown and level swell experiments. The structure is specified to use “internal” heat
transfer coeflicient correlations on the inside surface, with the vessel diameter input -as
the characteristic length, while on the outside surface the heat structure is specified to
be adiabatic. Five equally-spaced nodes are used in the wall. Radiation heat transfer
using the gray gas model is enabled with an emissivity of 0.8. The heat structure uses
MELCOR’s steady-state temperature-gradient self-initialization option.

Bubble rise in the MELCOR thermal/hydraulics model is accounted for only in
nonequilibrium volumes, such as normally used. As part of this assessment, a sensitivity
study was done in which the vessel control volume was specified to use equilibrium, rather
than nonequilibrium, thermodynamics; results are presented in Section 5.1. Other sensi-
tivity studies on parameters directly affecting level swell were done varying the maximum

allowed pool bubble fraction and the pool bubble rise velocity, as discussed in Sections 5.2
and 5.3.

Another sensitivity study was done in which the single vessel control volume was
subdivided into a stack of control volumes, 11 for the cylindrical section, each 0.3048m
(1ft) high, and one each for the hemispherical ends, as illustrated in Figure 3.2 for a
bottom blowdown experiment configuration. Vertical flow paths were added as needed to
connect the stacked volumes, with flow areas equal to the vessel cylinder area and lengths
set to 0.3048m (1ft). The heat structure modelling the vessel cylinder was subdivided
correspondingly, also. Since there is no obvious geometrically “correct” value for junction
opening heights in flow paths connecting such a stack of volumes, both large (1ft) and
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small (1cm) junction opening heights were tried. Results using this more refined vessel
nodalization are discussed in Section 5.4.

Other sensitivity studies were done varying the discharge coefficients and form loss
coefficients in the blowdown line flow path, with results given in Sections 6.1 and 6.2,
and with SPARC bubble rise physics turned on (as for the basecase calculations) and off
(the code default) in the blowdown line flow path, with results given in Section 6.3.

The user-specified maximum time step in the basecase calculations was 2s, and the
calculations were set to begin with a time step of 1ms at t=0. The code generally ran at
an internally-determined time step in the basecase calculations. Results of a time-step
study are given in Section 7.2. The majority of these GE large vessel blowdown and level
swell MELCOR calculations were run on a 486PC. Results of a machine-dependency
study are given in Section 7.1.
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4 Basecase Calculation Results

This section gives basecase MELCOR assessment analysis results for the GE large
vessel blowdown and level swell experiments. The results for both top blowdown tests
and bottom blowdown tests are discussed for one test in more detail, and for the other
tests more briefly, in comparison only.

4.1 Top Blowdown Tests

Test 5801-13 is a top blowdown test in the large blowdown vessel, with a nozzle
diameter of 5.3975cm (2-1/8in). Initially the vessel is at 7.305MPa (1060psia) and the
water level is at 1.6764m (5.5ft), at the interface between measurement nodes 3 and 4
in Figure 2.1. The void fraction is 0.0 below and 1.0 above this interface initially. The
blowdown is initiated by bursting the rupture discs at time t=0.

The predicted vessel pressure history is compared with test data in Figure 4.1.1.
The calculated pressure transient generally agrees well with the measurement. There
is a relatively fast depressurization for the first few seconds, with progressively slower
depressurization later in the transient.

One difference between the calculated and observed system pressure response is visible
early in the transient. The test data indicates a sharp pressure dip and subsequent
recovery in the first few seconds. This pressure dip occurs because steam is lost from the
upper region of the vessel through the dip tube and blowdown line, locally depressurizing
the system. As the pressure is reduced, flashing occurs in the initially saturated liquid
region in the lower portion of the vessel; vapor bubbles nucleate and grow, and the
expansion of the bubbles displaces liquid, causing the level to rise. As the two-phase
mixture level swells, the steam remaining in the upper vessel is compressed and the
system repressurizes.

This observed pressure dip and recovery is not predicted because delayed nucleation
is not modelled in the code. The observed brief pressure undershoot is a strong function
of the depressurization rate, the magnitude of the initial pressure, and of the amount
of heterogeneity such as pre-existing voids and impurities present in the fluid. It is not
expected to be a significant phenomenon in a BWR LOCA because of the presence of
voids in the core and upper plenum, and due to the short time scale.

Figure 4.1.2 gives the swollen and collapsed liquid levels in the vessel control volume
predicted by MELCOR, together with test data on the two-phase mixture level. The
elevation of the entrance to the blowdown line (i.e., the top of the dip tube) is also
included in Figure 4.1.2, for reference. An error bar is included with the two-phase liquid
level test data, providing a measurement accuracy and uncertainty estimate.

As discussed above, the two-phase level swells up initially due to flashing in the sat-
urated liquid in the lower vessel as the pressure is reduced. The mixture level continues
to rise until the free separation rate at the mixture-vapor interface exceeds the vapor
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generation rate; when the separation rate exceeds the generation rate, the level falls.
The two-phase mixture, or swollen, level calculated by MELCOR qualitatively correctly
reproduces the observed initial swelling, and the predicted two-phase level initially in-
creases at about the rate determined from measurement. However, the vessel swollen
level calculated by MELCOR reaches a maximum visibly below the maximum two-phase
level in the test data, and begins decreasing earlier in the calculation than observed in the
test. The swollen liquid level in the calculation later decreases less rapidly than observed
for the measured two-phase liquid level.

The maximum swollen level in the MELCOR calculation corresponds to the bubble
fraction in the pool reaching a value of <0.40, as indicated in Figure 4.1.3. As discussed
in more detail in Section 5.2, this is the default maximum allowed value in the CVH
package in MELCOR for the pool bubble fraction; for numerical stability reasons, the
maximum amount of bubbles which can exist in a pool has been limited to 40%. The
swollen liquid level of the pool in the vessel is subsequently calculated to drop as the
collapsed liquid level drops, due to continued inventory loss out the blowdown line, to
maintain a pool bubble fraction of ~0.40. '

Figure 4.1.4 presents the flow calculated in the blowdown line. Because the top of
the dip tube remains above the swollen level in the vessel, as indicated in Figure 4.1.2,
the blowdown outflow is vapor throughout the transient, for this top blowdown test.

The results found for test 5801-13 are generally typical of the behavior seen in the
other top blowdown test analyses. The predicted vessel pressure histories are compared
with test data for all four top blowdown test analyses in Figure 4.1.5. Qualitatively,
the MELCOR calculations correctly reproduce the increase in vessel depressurization
rate as the nozzle throat diameter and area increase, in the top blowdown experiment
set. Quantitatively, there is progressively more difference between the calculated and
measured vessel pressures as the nozzle throat diameter and area increases and the de-
pressurization rate increases. This difference is due partly to the fact that the single
value of form loss and discharge coefficients used in all these basecase calculations may
not be optimum for all test conditions (as indicated by sensitivity studies described in
Sections 6.1 and 6.2), and partly due to increased discrepancies between measured and
predicted level swelling as the nozzle throat diameter and area, and hence the depressur-
ization rate, is increased.

Figure 4.1.6 gives the swollen liquid levels in the vessel control volume predicted
by MELCOR, together with test data on the two-phase mixture level, for all four top
blowdown tests. Again, the elevation of the entrance to the blowdown line (:.e., the top
of the dip tube) is included in Figure 4.1.6, for reference. Error bars are included with the
two-phase liquid level test data for tests 5801-13 and 5801-15, providing a measurement
accuracy and uncertainty estimate. No two-phase level data were available for test 5801-
19.

The test data show the two-phase mixture levels increasing more rapidly early in the
transient as the nozzle throat diameter and area, and hence the depressurization rate,
is increased, and also shows the two-phase mixture level reaching progressively greater

12
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maximum heights before beginning to drop off; for the test with the largest blowdown
nozzle dimensions (5702-16), the observed two-phase liquid level reaches above the top
of the dip tube. The two-phase mixture, or swollen, levels calculated by MELCOR cor-
rectly reproduce the observed initial swelling, and the predicted two-phase levels initially
increase at about the rate determined from measurement in each test. However, the
vessel swollen levels calculated by MELCOR for the different nozzle dimensions all reach
a similar maximum value which is significantly below the maximum two-phase levels in
the test data, and the two-phase levels begin decreasing earlier in the calculations than
observed in the test. MELCOR does correctly reproduce the qualitative trend seen in
the test data that the measured two-phase liquid levels peak progressively earlier in the
transient as the nozzle throat diameter and area, and hence the depressurization rate,
is increased. The swollen liquid levels in the calculation later decrease less rapidly than
observed for the measured two-phase liquid levels, for all these top blowdown tests. Af-
ter the swollen levels begin to drop, the MELCOR calculations show progressively lower
swollen levels at any particular time as the nozzle throat diameter and area, and hence
the depressurization rate, is increased; the test data in contrast show the two-phase mix-
ture levels in tests with larger blowdown nozzle diameters remaining above two-phase
mixture levels in tests with smaller nozzle diameters throughout the entire period when
test data are available.

The discrepancies found in measured vs calculated two-phase mixture levels are gen-
erally all attributable to the limiting in the MELCOR CVH package of the maximum
allowed pool bubble fraction to 40%. The maximum swollen levels in each of the four
MELCOR top blowdown test analyses correspond to the bubble fraction in the pool
reaching a value of <0.40, as indicated in Figure 4.1.7. As the blowdown nozzle di-
mensions and hence the vessel depressurization rates increase, the swollen vessel level
is predicted to reach that limiting value earlier in the transient and the swollen liquid
level of the pool in the vessel then drops more rapidly as the vessel loses inventory more
rapidly drops, due to continued inventory loss out the blowdown line, to maintain that

pool bubble fraction of ~0.40. (Section 5.2 presents results of a sensitivity study varying
this maximum allowed pool bubble fraction in MELCOR.)

Figure 4.1.8 presents the flows calculated in the blowdown line for all four top blow-
down test analyses. Because the top of the dip tube remains above the calculated swollen
levels in the vessel in all four test analyses, as indicated in Figure 4.1.6, the blowdown
flows are predicted to be vapor throughout the transient for all four top blowdown tests.
The outflow increases as the blowdown line nozzle throat diameter is increased, especially
early in the transient, as would be expected.

4.2 Bottom Blowdown Tests

Test 5803-1 is a bottom blowdown test in the large blowdown vessel, with a nozzle
diameter of 5.3975cm (2-1/8in). Initially the vessel is at 7.2357TMPa (1050psia) and the
water level is at 2.28m (7.5ft), at the interface between measurement nodes 4 and 5 in

Figure 2.1. The void fraction is 0.0 below and 1.0 above this interface, initially. The
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dip tube is removed, so that the blowdown line simply extends horizontally out from the
vessel with its centerline at 0.762m elevation. The blowdown is initiated by bursting the
rupture discs at time t=0.

The predicted vessel pressure history is compared with test data in Figure 4.2.1. The
calculated pressure transient generally agrees very well with the measurement. There is
a relatively slow depressurization for the first <20s seconds, followed by a more rapid
depressurization beginning to slow again late in the transient.

Figure 4.2.2 gives the swollen and collapsed liquid levels in the vessel control volume
predicted by MELCOR, together with test data on the two-phase mixture level. The
elevation of the entrance to the blowdown line (both the centerline and the opening
height) is also included in Figure 4.2.2, for reference. The relatively slow depressurization
during the first <20s seconds is seen to correspond to the time period where the two-
phase mixture level is above the entrance to the blowdown line, so that liquid is being
lost directly out the blowdown line. The subsequent more rapid depressurization begins
when the mixture level drops below the blowdown line elevation, so that vapor blowdown
can occur. As with the vessel pressure histories presented in Figure 4.2.1, the calculated
mixture level transient generally agrees very well with measurement; the agreement is
excellent both during the earlier liquid blowdown and the later vapor blowdown periods.

The agreement of predicted level swell with test data is much better in this bottom
blowdown test analysis than in any of the top blowdown test analyses discussed in Sec-
tion 4.1 because the pool bubble fraction is not being controlled within MELCOR by the
maximum allowed value of 40%, as indicated in Figure 4.2.3. There is significantly less
level swell in this bottom blowdown test than in any of the top blowdown tests, and the
pool bubble fraction is not affected by the maximum allowed value of 40% until very late
in the transient, when little pool is left.

Figure 4.2.4 presents the flow calculated in the blowdown line, compared to the mea-
sured blowdown flow. There is a period of relatively high outflow during the first <20s,
corresponding to the two-phase mixture level being above the entrance to the blowdown
line, so that liquid is being lost directly out the blowdown line, resulting in the relatively
slow depressurization seen during the first <20s seconds. The magnitude of the blow-
down flow decreases dramatically when the mixture level drops below the blowdown line
elevation, so that vapor blowdown occurs; the greater energy loss carried by the vapor
outflow causes the more rapid depressurization seen after this transition. The calculated
blowdown flow transient generally agrees well with measurement, although the transition
from liquid to vapor outflow in the MELCOR calculation appears more abrupt and more
oscillatory than the measured flow.

The results found for test 5803-1 are generally typical of the behavior seen in the
other bottom blowdown test analysis. The predicted vessel pressure histories are com-
pared with test data for both bottom blowdown test analyses in Figure 4.2.5. (Recall
that, not only does test 5803-2 have a larger blowdown nozzle diameter, it also starts
with a larger liquid pool in the vessel than test 5803-1.) Qualitatively, the MELCOR
calculations correctly reproduce the increase in vessel depressurization rate as the nozzle
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throat diameter and area increase. Quantitatively, there is more difference between the
calculated and measured vessel pressures as the nozzle throat diameter and area increases
and the depressurization rate increases in test 5803-2 than found for test 5803-1. This
difference is due primarily to the fact that the single value of form loss and discharge
coefficients used in all these basecase calculations may not be optimum for all test con-
ditions (as indicated by sensitivity studies described in Sections 6.1 and 6.2). The same
trend was seen in the top blowdown test analyses discussed in Section 4.1, with MELCOR
predicting progressively faster vessel depressurization than observed in the experiments
with increased nozzle size.

Figure 4.2.6 gives the swollen liquid levels in the vessel control volume predicted by
MELCOR, together with test data on the two-phase mixture level, for both bottom
blowdown tests. Again, the elevation of the entrance to the blowdown line (centerline
and opening height) is included in Figure 4.2.6, for reference. The agreement between
calculation and measurement is somewhat worse for test 5803-2 than for test 5803-1, but
still the agreement between test data and predicted two-phase liquid levels is quite good
throughout the blowdown.

In neither case does the calculated pool bubble fraction reach the limiting, maximum
allowed pool bubble fraction of 40% until very late in the blowdown, as indicated in
Figure 4.2.7. As the blowdown nozzle dimension and hence the vessel depressurization
rate increase, the swollen vessel level is predicted to reach that limiting value earlier, but
there is so little pool left at that time that limiting the pool swell does not have any
significant effect on the overall results calculated for the bottom blowdown tests.

Figure 4.2.8 presents the flows predicted in the blowdown line for both bottom blow-
down test analyses, compared to test data. In both experiment and calculation, the
outflow increases as the blowdown line nozzle throat diameter is increased, especially
during the liquid blowdown in the first part of the transient, as would be expected.
The calculated blowdown flows generally agree well with measurement for both bottom
blowdown tests, although the transition from liquid to vapor outflow in the MELCOR
calculations appear more abrupt than seen in the measured flows during this transition,
and flow oscillations such as calculated during this transition period in the test 5803-1
analysis are not visible in the test 5803-2 analysis.
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5 CVH Sensitivity Studies

There are options and uncertainties both in some MELCOR input values and in the
modelling approach taken to represent test conditions. As described in this and the next
section, a set of sensitivity studies has been done varying some parameters to determine
how the results could be affected by such modelling variations and uncertainties. This
section investigates modelling variations affecting the control volume thermal/hydraulics
(CVH) package, while the following section presents results varying modelling parameter
and options affecting the FL package.

5.1 Equilibrium vs Nonequilibrium Thermodynamics

There are two basic options available in the CVH package in MELCOR. Equilib-
rium thermodynamics assumes that the pool and atmosphere in a control volume are
in thermal and mechanical equilibrium (i.e., that they have the same temperature and
pressure; the pool and atmosphere are also assumed to be in equilibrium with respect to
evaporation and condensation of water. Non-equilibrium thermodynamics assumes that,
while they are each in internal equilibrium, the pool and atmosphere are only in mechan-
ical equilibrium; neither thermal nor phase equilibrium is assumed. Bubble rise in the
MELCOR thermal/hydraulics model is accounted for only in nonequilibrium volumes.

Most MELCOR calculations, including these GE.large vessel blowdown and level
swell assessment analyses, are routinely done using the nonequilibrium thermodynamics
model. To determine the importance and effect of modelling nonequilibrium phenomena,
a sensitivity study has been done repeating the GE large vessel blowdown and level swell
assessment analyses using the equilibrium modelling option in the CVH package.

The vessel pressures predicted by MELCOR using the nonequilibrium and the equi-
librium thermodynamics options are compared with each other and with test data in
Figure 5.1.1, for the four top blowdown experiments; Figure 5.1.2 compares the corre-
sponding calculated break flows. The pressure histories and the break flows predicted
by MELCOR using the nonequilibrium and the equilibrium thermodynamics options for
each of these top blowdown tests appear identical.

Figure 5.1.3 gives the swollen and collapsed liquid levels in the vessel control volume
predicted by MELCOR using the nonequilibrium and the equilibrium thermodynamics
options for the top blowdown test 5801-13, together with test data on the two-phase
mixture level, for reference. (The results and conclusions for the calculated vessel levels
in the other three top blowdown test analyses are the same). The collapsed liquid levels
appear identical in every case whichever of the two thermodynamics options are used.
However, with the equilibrium thermodynamics assumption, the calculated swollen (two-
phase) liquid level is the same as the collapsed liquid level; the maximum allowed pool
bubble fraction is identically zero. The results for two-phase level calculated using the
nonequilibrium thermodynamics assumption are obviously in much better qualitative and
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quantitative agreement with test data in every one of these top blowdown experiment
analyses, even though the exact degree of level swelling may be underpredicted.

Results calculated using these different thermodynamics options for the two bottom
blowdown tests are shown in Figures 5.1.4 through 5.1.6. Figure 5.1.4 shows the vessel
depressurization histories calculated by MELCOR, using the equilibrium and nonequi-
librium thermodynamics options, compared to experimental data. The vessel collapsed

“and swollen (two-phase) liquid levels predicted by MELCOR using these different ther-
modynamics options, also compared to experimental data, are depicted in Figure 5.1.5
for one of the bottom blowdown tests; the results for the other bottom blowdown test
are the same. Figure 5.1.6 shows the break flows out the blowdown line and Venturi
flow limiting nozzle causing the vessel depressurization, calculated by MELCOR for both
bottom blowdown tests using these different thermodynamics options, also comparing to
test data.

Unlike the behavior found in the top blowdown test analyses, changing the thermo-
dynamics equilibrium assumption does affect the break flow rates and vessel depressur-
ization; however, the differences appear to be generally minor. In the sensitivity study
calculations with the equilibrium assumption and associated lack of any level swell, the
break flow and vessel depressurization rate initially are greater than in the basecase
(nonequilibrium) calculations, since the break flow is pure liquid in these cases. The
break also therefore uncovers earlier in the sensitivity study calculations with the equi-
librium assumption and associated lack of any level swell, and the vessel depressurization
rate decreases sooner as vapor blowdown begins earlier.

5.2 Bubble Separation

In MELCOR, hydrodynamic materials in a control volume are assumed to separate
under gravity to form a liquid pool beneath a vapor atmosphere. Using the nonequilib-
rium thermodynamics option, the separation does not have to be perfect: the pool may
contain vapor bubbles and the atmosphere may contain liquid droplets. For numerical
stability reasons, the maximum amount of bubbles which can exist in a pool is limited
to 40%. As a sensitivity study, calculations have been done in which this maximum
pool bubble fraction was reduced to 0.3, and increased to 0.5, 0.6 and 0.7, input through
sensitivity coefficient SC4407(11).

The effect of varying the maximum allowed pool bubble fraction is shown in Fig-
ures 5.2.1 through 5.2.4, for the top blowdown test 5801-13. Figure 5.2.1 shows the
vessel depressurization histories calculated by MELCOR using these different values for
the maximum allowed pool bubble fraction, compared to experimental data, while Fig-
ure 5.2.2 shows the corresponding break flow out the blowdown line and Venturi flow
limiting nozzle causing the vessel depressurization. The vessel collapsed and swollen
(two-phase) liquid levels predicted by MELCOR using these different maximum allowed
pool bubble fractions, also compared to experimental data, are depicted in Figure 5.2.3,
while Figure 5.2.4 gives the pool bubble fractions in this set of MELCOR sensitivity
study calculations.
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The effect is exactly as would be expected — reducing or increasing the maximum
allowed pool bubble fraction reduces or increases the calculated level swell accordingly.
The bubble fraction in all cases rises to and then remains at near the maximum value al-
lowed, as illustrated in Figure 5.2.4, although it takes longer to reach the larger maximum
allowed pool bubble fraction values. (The calculations are identical until the increasing
value of maximum allowed pool bubble fraction is reached, progressively later in time.)
For test 5801-13, a top blowdown test with a 2-1/8in nozzle throat diameter, the best
agreement with observation is found with a maximum pool bubble fraction of ~45%;
agreement with data would also be improved if the pool bubble fraction slowly decreased
somewhat after that maximum value had been reached. Figure 5.2.1 illustrates that
there is relatively little effect found on the calculated vessel depressurization as the max-
imum allowed pool bubble fraction is varied, except when the two-phase liquid level rises
enough (above the dip tube elevation) for liquid to flow out the blowdown line. As seen
in Figure 5.2.3, this occurs intermittently in the cases with the maximum allowed pool
bubble fraction is set to >60%, and whenever the two-phase liquid level swells enough
for liquid to flow out the blowdown line the vessel depressurization slows down while the
break flow increases sharply.

Results of similar calculations varying the maximum allowed pool bubble fraction are
summarized in Figures 5.2.5 through 5.2.8 for the top blowdown test 5801-15 (which has a
2-1/2in nozzle throat diameter). Figure 5.2.5 gives the calculated vessel depressurization
histories, compared to experimental data; the vessel collapsed and swollen (two-phase)
liquid levels predicted by MELCOR, also compared to experimental data, are presented
in Figure 5.2.6. Figures 5.2.7 and 5.2.8 show the calculated blowdown flow rates and pool
bubble fractions, respectively. For test 5801-15, the best agreement with observation is
found with a maximum pool bubble fraction of about 50%, again decreasing somewhat
later in the blowdown.

Figure 5.2.9 shows the vessel depressurization histories with different maximum al-
lowed blowdown pool bubble fractions used, compared to experimental data, for the top
blowdown test 5801-19. The corresponding vessel collapsed and swollen (two-phase) lig-
uid levels predicted by MELCOR are depicted in Figure 5.2.10; no test data were available
for comparison for this test. Figure 5.2.11 gives the blowdown mass flows with differ-
ent maximum allowed blowdown pool bubble fractions used, while the bubble fractions
predicted in the vessel swollen (two-phase) pool are presented in Figure 5.2.10.

Figures 5.2.13 through 5.2.16 summarize the effect on the vessel depressurization and
on the vessel liquid levels of varying the maximum allowed pool bubble fraction in the
top blowdown test 5702-16, and also give blowdown flow and vessel pool bubble fraction
results. For this test, the best agreement with test data is found with a maximum allowed
pool bubble fraction in MELCOR of >70%.

For all these top blowdown test analyses, reducing or increasing the maximum allowed
pool bubble fraction results in a corresponding reduction or increase in the calculated level
swell. The bubble fraction in all cases rises to and then remains at near the maximum
value allowed. There is relatively little effect on the calculated vessel depressurization as
the maximum allowed pool bubble fraction is varied, except when the two-phase liquid
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— Maximum Allowed Pool Bubble Fraction Sensitivity Study

49




180 I 1 I L J ) ] J L v ] L)

160 F

140 F

120 F -

100 | .

80 | -

Break Flow (kg/s)

60 | -

wohe. |

20 } |

0 1 1 1 1 ] 1 [ [} ] 1 1

0 5 10 15 20 25 30
@ Time (s)

GE Test 5801-19 (3in nozzle, 1060psia, 5.5ft)
AJEFEZROO 01/10/94 05:56:12 MELCOR PC

Figure 5.2.11. Blowdown Mass Flow for GE Large Vessel Top Blowdown Test
5801-19 — Maximum Allowed Pool Bubble Fraction Sensitivity Study

50




- " ' 1 L L I ' I L)
b
% X X
g ——thr—— e — -
= -
O
O
- -
L
® o @ & 1
Q
Ne
3
[aa] -
< 2 L L
[23 -
n
D
>

' 10 15 20 25 30
@ Time (s)

GE Test 5801-19 (3in nozzle, 1060psia, 5.5ft)
AJEFEZROO 01/10/94 05:56:12 MELCOR PC

Figure 5.2.12. Vessel Two-Phase Liquid Bubble Fraction for GE Large Vessel Top

Blowdown Test 5801-19 ~ Maximum Allowed Pool Bubble Fraction
Sensitivity Study

51




7 —8— B;,.=0.3
—e— B, =04
—A Bfr<:|c:=0'5
6 I —=%— B =06
[~ —— B =07
= 2 N v N IRTTRITTD Test Data
& 7
= _
S
(2]
[72]
@ "
a
- 3 F
o
[7/2]
(72 -
o
>
2 k
1 F
O [ £ } [ [ [ [ | [

0 5 10 15 20
@ Time (s)

GE Test 5702-16 (3-5/8in nozzle, 1060psia, 5.5ft)
AJEFFBMOO 01/10/94 05:56:58 MELCOR PC

Figure 5.2.13. Vessel Pressure for GE Large Vessel Top Blowdown Test 5702-16 —
Maximum Allowed Pool Bubble Fraction Sensitivity Study

52




4 . 0 0 ¥ ] ] I ¥ ¥ ) 1 1 ¥ ! V
3.75 F —=&— B,=0.3 (Collapsed)
- =8=~ B=0.3 (Swollen)
3.50 F ——e— B;=0.4 (Collapsed)
3. 95 — ',Zx"‘.:':r cTTTTT T oT s s s T T =1 --e-- B;=0.4 (Swollen)
. e :'VI. -t -‘p.-.: ooooooooooooooooooooooooooooooo Bf=°.5 (Co“qpsed)
L Je ) M e e — e — - -
~ 3.00 F ’)\ NN ~=a-= B=0.5 (Swollen)
E NN ~——=%— B;=0.6 (Collapsed)
2.75 F N . --&-- B=06 (Swolln)
n S ~ V. . f
© AU PN “ ——%—— B,=0.7 (Collapsed)
> 2.50 FF° sads s f
o . N e R T - = 5== B=0.7 (Swollen)
2 25 \\\ \\\\ s\‘v~‘~.. .......... Test Data
:9 . h ~ - - - -~ - . T
S [~ e ~~,~:.x.4._:v.__ ------- Dip Tube Top
g 2. g S~. S~o_  TTea-TID Opening Height
© 1 |
wn .
n
)
> 1 .
1 .
1 .
0.
0.

1 [ ] 1
0 5 10 15 20 25 30
@ Time (s)

GE Test 5702-16 (3-5/8in nozzle, 1060psia, 5.5ft)
AJEFFBMOO 01/10/94 05:56:58 MELCOR PC
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level rises enough (above the dip tube elevation) for liquid to flow into and through the
blowdown line. This occurs intermittently in all cases when the maximum allowed pool
bubble fraction is set to >60%, and whenever the two-phase liquid level swells enough
for liquid to flow out the blowdown line the vessel depressurization slows while the break
flow increases.

The effect of changing the specified maximum allowed pool bubble fractions for the
bottom blowdown test 5803-1 is summarized in Figures 5.2.17 through 5.2.20. (The
results for test 5803-2 are very similar, and not shown here.) Figure 5.2.17 shows the
vessel depressurization history calculated by MELCOR using these different values for
the maximum allowed pool bubble fraction, compared to experimental data. The vessel
collapsed and swollen (two-phase) liquid levels predicted by MELCOR using these dif-
ferent maximum allowed pool bubble fractions, also compared to experimental data, are
depicted in Figure 5.2.18. Figure 5.2.19 shows the break flow out the blowdown line and
Venturi flow limiting nozzle causing the vessel depressurization, calculated by MELCOR
using different values for the maximum allowed discharge coeflicients, while Figure 5.2.20
presents the calculated vessel pool bubble fractions. The effects seen are much smaller
in magnitude than those noted in the top blowdown test sensitivity analyses, primarily
because during most of the bottom blowdown tests the pool bubble fraction is not being
controlled within MELCOR by the maximum allowed value. There is significantly less
level swell in the bottom blowdown tests than in any of the top blowdown tests, and the
pool bubble fraction is not affected by the maximum allowed value until very late in the
transient, when little pool is left.

This set of sensitivity study calculations and the comparison to test data indicates
that there is no single value for the maximum allowed pool bubble fraction which provides
good agreement with measurement in all four top blowdown test analyses. The maximum
pool bubble fraction matching two-phase level test data seems to increase as the nozzle
dimensions and hence vessel depressurization rate is increased; also, agreement with test
data could be improved further if the pool bubble fraction slowly decreased after that
maximum value had been reached. The bottom blowdown test analyses show little or no
sensitivity to the maximum allowed pool bubble fraction, because there is significantly
less level swell in the bottom blowdown tests than in any of the top blowdown tests,
and the pool bubble fraction is not affected by the maximum allowed value. Because
no other single value was obviously better, we used the default maximum allowed pool
bubble fraction of 40% in all other MELCOR. analyses done as part of this assessment
study.

5.3 Bubble Rise Velocity

In nonequilibrium calculations with MELCOR, vapor bubbles may appear in the
liquid pool due to boiling (as a result of heat deposition in the pool) or flashing (in
response to a reduction in pressure in the control volume). These bubbles transport
mass and energy from the pool to the atmosphere as they rise to the surface. The bubble
rise model in MELCOR is very simple. It assumes steady state with an upward flow

56




7.5 | T Y T T T T | T T
7.0 —8— By =03
6 5 | — Bfrac=0'4
) * Bfroc=o'5

6.0 F — Bfrc:c:'o'6
5 5 I ————re Bfrcc=0'7

§ eV N Y deeessses Test Data

‘fg 5.0 F

0 4.5 F

a 4.0 }F

o

a 3.5 F

o

% 3.0 F

= 2.5 F
2.0 p
1.5 F
1.0 b il
0.5 e !

0 10 20 30 40 50
@ Time (s)

GE Test 5803-1 (2-1/8in nozzle/bottom, 1050psia, 7.5ft)
AJEFFDKOO 01/10/94 05:57:49 MELCOR PC

Figure 5.2.17. Vessel Pressure for GE Large Vessel Bottom Blowdown Test 5803-1 —
Maximum Allowed Pool Bubble Fraction Sensitivity Study




3 » 0 0 ¥ | ¥ ] 1 I J 1 ) )
2 .75 Fk —8— B8;=0.3 (Collopsed) _
-=8-- B=0.3 (Swollen)
2.50 F —&— B;=0.4 (Collapsed) .
-=©-~= B;=0.4 (Swollen)
2. —a— B;=0.5 (Collapsed) o
— -—da-= B=05 (Swollen)
E 2 —%— B,=0.6 (Collapsed) -
- -=X-- B;=0.6 (Swollen)
T . —»— B,=0.7 (Collopsed) -
@ - %<~ B=0.7 (Swollen)
- 1.50 F  AX ] Test Data _
g ------- Blowdown Center
O 1. Opening Height -
2
a 1. S h
0. s memimomemememomt—tms oo PAIEIEIEIEE -
0. S -
0. -
O . O O 1 1 ] [ 1 [l ] 1 [

0 10 20 30 40 50
@ Time (s)

GE Test 5803-1 (2-1/8in nozzle/bottom, 1050psia, 7.5ft)
AJEFFDKOO 01/10/94 05:57:49 MELCOR PC

Figure 5.2.18. Vessel Liquid Levels for GE Large Vessel Bottom Blowdown Test
9803-1 — Maximum Allowed Pool Bubble Fraction Sensitivity Study



—8— By (=03
—@— B (=0.4
—a— B =05
—F— B4 (=06
—— Bj(=0.7

i '... ......... Test Data
@ 50} )
S :
3 40} ]
e Kk a
s i
o 30 F )
g i
20 } |
10 } ]
0 e

0 10 20 30 40 50
@ Time (s)

GE Test 5803-1 (2-1/8in nozzle/bottom, 1050psia, 7.5ft)
AJEFFDKOO 01/10/94 05:57:49 MELCOR PC

Figure 5.2.19. Blowdown Mass Flow for GE Large Vessel Bottom Blowdown Test
5803-1 — Maximum Allowed Pool Bubble Fraction Sensitivity Study

59



- 7-0 ) I ] ] ) ¥ 1 I ] |}
'o
; 6.5
6.0 F
5.5 F
5.0 F
5 —ar
5 4.5 F
°
= 4.0 F
o
8 3.5 F
3
m 3.0 F
©
A 2.5 F
()]
>
2.0 p
1.5 F
1.0 F
0.5
0.0 1 [ § ] [

0 10 20 30 40 50
@ Time (s)

GE Test 5803-1 (2-1/8in nozzle/bottom, 1050psia, 7.5ft)
AJEFFDKOO 01/10/94 05:57:49 MELCOR PC

Figure 5.2.20. Vessel Two-Phase Liquid Level Bubble Fraction for GE Large Vessel
Bottom Blowdown Test 5803-1 — Maximum Allowed Pool Bubble
Fraction Sensitivity Study

60




of bubbles varying linearly in the volume and with a constant rise velocity of 0.3m/s.
As a sensitivity study, calculations have been done in which this bubble rise velocity
was reduced to 0.03m/s and 0.lm/s, and increased to lm/s and 3m/s, input through
sensitivity coefficient SC4407(1).

The effect of varying the pool bubble rise velocity is shown in Figures 5.3.1 through 5.3.4,
for the top blowdown test 5801-13. Figure 5.3.1 presents the vessel depressurization his-
tories calculated by MELCOR using these different pool bubble rise velocities, compared
to experimental data, while Figure 5.3.2 depicts the corresponding break flow out the
blowdown line and Venturi flow limiting nozzle causing the vessel depressurization. The
vessel collapsed and swollen liquid levels predicted by MELCOR using these different pool
bubble rise velocities, also compared to experimental data, are given in Figure 5.3.3, while
Figure 5.3.4 shows the resultant pool bubble fractions in this set of MELCOR sensitivity
study calculations.

The vessel pool bubble fraction rises to and then remains at near the maximum value
allowed for bubble rise velocities below or at the code default (<0.3m/s), as illustrated
in Figure 5.3.4, although it takes longer to reach that maximum as the pool bubble rise
velocity increases; for faster bubble rise velocities (>1m/s), the vessel pool bubble fraction
equilibrates at progressively lower values. Figure 5.3.3 suggests that, for test 5801-13,
the best agreement with the measured rate of level swell and the observed timing of the
two-phase level peak is found with the pool bubble rise velocity at the default code value
of 0.3m/s. Figures 5.3.1 and 5.3.2 demonstrate that there is relatively little effect found
on the calculated vessel depressurization or blowdown outflow as the pool bubble rise
velocity is varied, because the two-phase liquid level never rises enough (above the dip
tube elevation, shown in Figure 5.3.3 for reference) for liquid to flow out the blowdown
line.

Results of similar calculations varying the pool bubble rise velocity are summarized in
Figures 5.3.5 through 5.3.7 for the top blowdown test 5801-15 (which has a slightly larger
nozzle throat diameter than used in test 5801-13). For test 5801-15, the best agreement
with observation is found with a pool bubble rise velocity of >0.3m/s, the code default.

The results for test 5803-19 in this bubble rise velocity sensitivity study are qualita-
tively the same as those just presented for tests 5801-13 and 5801-15, and are not shown
because no two-phase level data are available for comparison for evaluation of which value
of bubble rise velocity to use.

Figures 5.3.8 through 5.3.11 summarize the effect on the vessel depressurization and
on the vessel liquid levels of varying the pool bubble rise velocity in the top blowdown
test 5702-16, and also give blowdown flow and vessel pool bubble fraction results. For
this test (as for test 5801-19), the best agreement with test data is found with a pool
bubble rise velocity in MELCOR of <0.3m/s, the code default.

The effect of changing the pool bubble rise velocities for the bottom blowdown test
5803-1 is illustrated in Figures 5.3.12 through 5.3.15. Figure 5.3.12 shows the vessel
depressurization history calculated by MELCOR using these different values for the pool
bubble rise velocity, compared to experimental data. The vessel collapsed and swollen
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Figure 5.3.1. Vessel Pressure for GE Large Vessel Top Blowdown Test 5801-13 —
Pool Bubble Rise Velocity Sensitivity Study

62




22 . 5 ] i I ’ ! ] 1 I ] ! " I
——— Vbub=0.01m/s
20.0 f —e— V,,,=0.Im/s
—a— V,=0.3m/s
17.5 F —=— V,,,=IMm/s
Vpub=3m/s
~ 15.0 F -
[72]
N
S
<~ 12.5 F -
=
e
“ 10.0 | -
4
o
@ 7.5 F 4
5.0 F -
2.5 F -
0 ] 0 [l [ ] L ] 1 1 ] ] (] 1

0 5 10 15 20 25 30
@ Time (s)

GE Test 5801-13 (2-1/8in nozzle, 1060psia, 5.5ft)
AJEGDWLOO 01/10/94 06:43:32 MELCOR PC .

Figure 5.3.2. Blowdown Mass Flow for GE Large Vessel Top Blowdown Test 5801-13
— Pool Bubble Rise Velocity Sensitivity Study

63




Vessel Liquid Levels (m)

N N NN W N W8

.75
.50
.25
.00
.75
.50
.25
.00
.75
.50
.25
.00
.75
.50

DS
. .
.

‘e

-
-~ -
-~

-

-

V,=0.0im/s (Collapsed)
-=8=-- V,=0.0lm/s (Swollen)
—e— V,=0.Im/s (Collapsed)
-=©-- V,=0.Im/s (Swollen)
b ¥, =0.3m/s (Collapsed)
-=a=-= V,=0.3m/s (Swollen)
—3F— V,=Im/s (Collapsed)
-=&-~- V,=Im/s (Swollen)
et V,=3m/s (Collapsed)
-=&=~= V,=3m/s (Swollen)
......... Test Data
------- Dip Tube Top
Opening Height

15 20 25 30
Time (s)

GE Test 5801-13 (2-1/8in nozzle, 1060psia, 5.5ft)
AJEGDWLOO 01/10/94 06:43:32 MELCOR PC

Figure 5.3.3. Vessel Liquid Levels for GE Large Vessel Top Blowdown Test 5801-13

— Pool Bubble Rise Velocity Sensitivity Study

64



Vessel Bubble Fraction
N
o

1.0 —_—— Vbub=0.01m/s
—e— V,,,=0.Im/s
- —a— V,,,=0.3m/s
0.5 Voup=1m/'s
Vpupo=3m/s
0.0 . .

0 S 10 15 20 25 30
@ Time (s)
GE Test 5801-13 (2-1/8in nozzle, 1060psia, 5.5ft)
AJEGDWLOO 01/10/94 06:43:32 MELCOR PC

Figure 5.3.4. Vessel Two-Phase Liquid Bubble Fraction for GE Large Vessel Top
Blowdown Test 5801-13 — Pool Bubble Rise Velocity Sensitivity Study

65




Vessel Pressure (10%Pa)
N N W (O] e L) n Wi N (o)) ~ ~
o (&) o ()] o n o o o n o o o .
' »

—8— V,,,=0.0Im/s
—— V,,,=0.Im/s
—t— V,,,=0.3m/s
—F— V,,,=m/s
—— V, b=3m/s
......... Test Data

5 10 15 20
Time (s)

GE Test 5801-15 (2-1/2in nozzle, 1060psia, 5.5ft)
AJEGDYAOO 01/10/94 06:44:13 MELCOR PC

Figure 5.3.5.

Vessel Pressure for GE Large Vessel Top Blowdown Test 5801-15 —

Pool Bubble Rise Velocity Sensitivity Study

66




.00 I I T I I T I || #— V,=0.0lm/s (Coliopsed)
-=-8-- V,=0.0lm/s (Swollen)

.75 F —e— V,=0.Im/s (Collapsed)
50 k --©-- V,=0.m/s (Swollen)
—a&— V,=0.3m/s (Collapsed)
25 T o) ve0sm/s (Swolen)
e —3%— V,=Im/s (Collapsed)
.00 F -=%-- V,=im/s (Swollen)
75 3 T —=— V,=3m/s (Collapsed)

-=5=~- Vp,=3m/s (Swollen)
......... Test Data
------- Dip Tube Top

.
seopwne
.

.50 |
.25
.00

Opening Height

N N N N Wl

- -
-
-
-
- -

Vessel Liquid Levels (m)

1.50
1.25
1.00 F .
0.75 F .

[ 1
0 5 10 15 20 25 30
@ Time (s)

GE Test 5801-15 (2-1/2in nozzle, 1060psia, 5.5ft)
AJEGDYAOO 01/10/94 06:44:13 MELCOR PC
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Figure 5.3.11. Vessel Two-Phase Liquid Bubble Fraction for GE Large Vessel Top
Blowdown Test 5702-16 — Pool Bubble Rise Velocity Sensitivity Study
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(two-phase) liquid levels predicted by MELCOR are depicted in Figure 5.3.13, while
Figure 5.3.14 shows the break flow out the blowdown line and Venturi flow limiting
nozzle causing the vessel depressurization, together with experimental data. Figure 5.3.15
presents the corresponding vessel pool bubble fractions.

Unlike the results for the top blowdown test analysis in this sensitivity study, there
are visible changes in both vessel depressurization in Figure 5.3.12 and blowdown flow in
Figure 5.3.14 as the bubble rise velocity is varied, because the time for the blowdown line
to uncover and the transition in break flow from liquid to vapor varies. Decreasing the
bubble rise velocity causes more apparent level swell, as shown in Figure 5.3.13 because
the time to reach the maximum allowed pool bubble fraction is reduced, as indicated in
Figure 5.3.15. The results with the default bubble rise velocity, 0.3m/s, appear to agree
best with the measured two-phase level.

The effect of changing the pool bubble rise velocities for the bottom blowdown test
5803-2 (with a larger blowdown nozzle and higher initial liquid level than test 5803-1)
is illustrated in Figures 5.3.16 through 5.3.19. Like the results for the other bottom
blowdown test analysis in this sensitivity study, there are visible changes in both vessel
depressurization in Figure 5.3.16 and blowdown flow in Figure 5.3.18 as the bubble rise
velocity is varied, because the time for the blowdown line to uncover and the transition
in break flow from liquid to vapor varies. Also as observed in the test 5803-1 analy-
sis, decreasing the bubble rise velocity causes more apparent level swell, as shown in
Figure 5.3.17 because the time to reach the maximum allowed pool bubble fraction is
reduced, as indicated in Figure 5.3.19. However, for this test also the results with the
default bubble rise velocity agree best with the measured two-phase level.

This set of sensitivity study calculations and the comparison to test data indicates
that there is no obvious single value for the pool bubble rise velocity other than the
current code default (0.3m/s) which provides improved agreement with measurement in
all GE large vessel blowdown and level swell test analyses. Because no other single value
was obviously better, we used the default pool bubble rise velocity of 0.3m/s in all other
MELCOR analyses done as part of this assessment study.

5.4 Noding Resolution

The basecase MELCOR input model for these GE large vessel blowdown and level
swell experiments used a single control volume for the test vessel. This is standard
modelling in MELCOR, where multiple control volumes are used to subdivide regions
only if there is some obvious change in geometry or flow pattern. Unlike best-estimate
codes such as TRAC or RELAP, MELCOR does not necessarily give better results if
components or volumes are subdivided; most MELCOR models assume large, lumped
component volumes.

A sensitivity study was done in which the single vessel control volume was subdi-
vided into a stack of control volumes, 11 for the cylindrical section, each 0.3048m (1ft)
high, and one each for the hemispherical ends, as illustrated in Figure 3.2 for a bottom
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Figure 5.3.17. Vessel Liquid Levels for GE Large Vessel Bottom Blowdown Test
5803-2 — Pool Bubble Rise Velocity Sensitivity Study
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Figure 5.3.18. Blowdown Mass Flow for GE Large Vessel Bottom Blowdown Test
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blowdown experiment configuration. Vertical flow paths were added as needed to con-
nect the stacked volumes, with flow areas equal to the vessel cylinder area, and lengths
set to 0.3048m (1ft). The heat structure modelling the vessel cylinder was subdivided
correspondingly, also. This is a noding more typical of TRAC and/or RELAP than for
MELCOR analyses. Since there is no obvious geometrically “correct” value for junction
opening heights in flow paths connecting such a stack of volumes in MELCOR, both
large (1ft) and small (1cm) junction opening heights were tried.

The vessel pressures predicted by MELCOR using the 1-volume basecase noding and
the 13-volume finer noding (with the large junction opening heights) are compared with
each other and with test data in Figure 5.4.1, for the top blowdown experiment 5801-13;
Figure 5.4.2 compares the corresponding calculated break flows. The pressure histories
predicted by MELCOR using either noding for this top blowdown test appear identical,
while small differences are found in the break flows predicted by MELCOR using either
noding.

Figure 5.4.3 gives the swollen and collapsed liquid levels in the vessel control volumes
predicted by MELCOR using the 1-volume basecase noding and the 13-volume finer
noding (with the large junction opening heights) for the top blowdown test 5801-13,
together with the blowdown tube entrance centerline and opening elevations and test
data on the two-phase mixture level; dotted lines show the division between volumes
in the finer noding, for reference. The corresponding vessel pool bubble fractions are
presented in Figure 5.4.4.

The calculation for test 5801-13 with subdivided, stacked volumes shows voiding and
swelling in all volumes below ~2.5m, with a “layer-cake” of alternating liquid and vapor
regions. All volumes in the finer noding model remain at saturation, with no stratification
or subcooling visible. Volumes below the initial pool level (1.6764m) show a sustained
drop in both collapsed and swollen levels from blowdown start, while a few volumes
above the initial pool level (1.6764m) show an early-time increase in both collapsed and
swollen levels followed by a gradual dropoff. The “top-most” swollen level in the finer
noding analysis (¢.e., the swollen level in the uppermost volume containing some liquid)
remains below the swollen level in the single vessel volume in the basecase calculation,
and the results for two-phase level calculated using the single-volume basecase noding
are in better quantitative agreement with test data in this top blowdown experiment
analyze, even though the exact degree of level swelling is underpredicted due to limiting
by the maximum allowed pool bubble fraction of 40%. Unlike the single volume basecase
analysis, the finer noding calculation with subdivided, stacked volumes predicts pool
bubble fractions substantially below the maximum allowed pool bubble fraction value in
all volumes containing liquid, with the largest pool bubble fraction in the lowest control
volume and progressively smaller pool bubble fractions going up the stack of volumes.
Physically, we would expect the opposite behavior — the smallest pool bubble fraction
in the lowest control volume and progressively increasing pool bubble fractions with
increasing elevation.

There are no significant differences in vessel depressurization or break flow in the
calculations for test 5801-13 using the finer noding with large or with small junction
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opening heights, as illustrated by comparing the results in Figures 5.4.1 and 5.4.2 with
the corresponding results in Figures 5.4.5 and 5.4.6. There is, however, much less overall
level swell in the calculation for test 5801-13 using the finer noding with small junction
opening heights, as illustrated by comparing the results in Figure 5.4.7 with those given in
Figure 5.4.3. Figure 5.4.8 also indicates lower bubble fractions in the mid-vessel control
volumes (particularly in levels 6 and 7) in the calculation for test 5801-13 using the
finer noding with small junction opening heights, as compared to corresponding results
in the calculation using the finer noding with large junction opening heights, shown in
Figure 5.4.4.

(The results and conclusions for the calculated pressures, break flows, vessel levels
and pool bubble fractions in the other three top blowdown test analyses are very similar
to the behavior noted for these test 5801-13 analyses, and are not shown here.)

Results calculated using these different vessel nodings for the bottom blowdown test
5803-1 are shown in Figures 5.4.9 through 5.4.12, in the case where large junction opening
heights are used in the finer noding.

Figure 5.4.9 shows the vessel depressurization histories calculated by MELCOR, using
the 1-volume basecase model and the 13-volume finer noding, compared to experimental
data, and indicates a small difference in vessel depressurization histories predicted in
the 1-volume basecase calculation and in the 13-volume finer noding analysis using large
junction opening heights. Figure 5.4.10 shows the break flows out the blowdown line and
Venturi flow limiting nozzle causing the vessel depressurization, calculated by MELCOR
using these different noding schemes, together with test data; the break flow calculated
using the finer noding is clearly smoother and less oscillatory than the blowdown flow
calculated in the basecase calculation during the transition from liquid through two-phase
to vapor blowdown in mid-transient.

The vessel collapsed and swollen (two-phase) liquid levels predicted by MELCOR
using these different vessel nodings (for a finer noding using big junction opening heights),
also compared to experimental data, are depicted in Figure 5.4.11, and the corresponding
pool bubble fractions in the vessel volumes are illustrated in Figure 5.4.12. There are
some minor differences visible in the overall level swell calculated by MELCOR using
the 1-volume basecase model and the 13-volume finer noding, but these appear generally
quite small. There is little or no voiding or level swell predicted in the bottom blowdown
test configuration with either the basecase or the finer noding analyses. As in the top
blowdown test analyses, using a finer noding consisting of subdivided, stacked control
volumes yields smaller pool bubble fractions than using a single equivalent volume, with
more level swell calculated in the lower vessel than in control volumes higher up.

There are no significant differences in vessel depressurization or break flow in the
calculations for test 5803-1 using the finer noding with large or with small junction
opening heights, as illustrated by comparing the results in Figures 5.4.9 and 5.4.10 with
the corresponding results in Figures 5.4.13 and 5.4.14. There is, however, much more
overall level swell in the calculation for test 5803-1 using the finer noding with small
junction opening heights, as illustrated by comparing the results in Figure 5.4.15 with
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those given in Figure 5.4.11. Figure 5.4.16 also indicates lower bubble fractions in some
vessel control volumes (particularly in levels 3 and 4) in the calculation for test 5803-1
using the finer noding with small junction opening heights, as compared to corresponding
results in the calculation using the finer noding with large junction opening heights, shown
in Figure 5.4.12.

(The results obtained for a noding study on the bottom blowdown test 5803-2 analysis
are similar to the results presented for test 5803-1, and are not shown here.)

Figures 5.4.17 and 5.4.18 show that there is a substantial run time increase associated
with using the finer noding for both the top and bottom blowdown test analyses. This is
partly due to reduced time steps but primarily due to the multiplicity of volumes, flow
paths and heat structures. (The run times for the single-volume basecase calculations
may be hard to see in these figures because they lie so near the abcissa; the total run times
for the single-volume basecase calculations are also shown in several plots in Sections 7.1

and 7.2.)

Subdividing the blowdown vessel into a stack of multiple control volumes has no
significant effect on the vessel depressurization in the top blowdown test analyses. The
results for two-phase level calculated using the single-volume basecase noding are in better
quantitative agreement with test data in all of these top blowdown experiment analyses
than the swollen levels calculated using a subdivided, stacked, multiple control volume
model, even though the exact degree of level swelling is underpredicted with the basecase
model. For bottom blowdown tests, using a subdivided noding yields small differences
in depressurization history, a smoother break flow, and little or no difference in overall
vessel level swell compared to test data or to basecase results when large junction opening
heights are used. For both the top and bottom blowdown test analyses, using large
junction opening heights (equal to the volume heights) in the flow paths connecting the
subdivided, stacked control volumes in the finer noding produced much better agreement
with both test data and with the 1-volume basecase results than did using small junction
opening heights. However, the results of this sensitivity study demonstrate no significant
improvement in agreement with test data using a subdivided, stacked, multiple control
volume vessel model rather than a single large volume. The results with the subdivided
finer noding show more level swell at the bottom of the stack than further up, which
seems counterintuitive. There appear to be no benefits found in subdividing the vessel
into multiple, stacked control volumes, especially given the increased run times required.
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6 FL Sensitivity Studies

There are options and uncertainties for some MELCOR input values and in the mod-
elling approach taken to represent test conditions. As described in this and the previous
section, a set of sensitivity studies has been done varying some of these parameters to de-
termine how the results could be affected by such modelling variations and uncertainties.
This section investigates modelling variations affecting the flow path (FL) package, while
the preceding section presents results varying modelling parameter and options affecting

the CVH package.

6.1 Blowdown Discharge Coefficient

The computed flow in a flow path in MELCOR  is limited by a calculated critical
flow, which it is not allowed to exceed. User-input discharge coefficients are available
as multipliers on the critical flow values calculated by the MELCOR choked flow mod-
els. MELCOR uses the same choked flow discharge coeflicients for both subcooled and
saturated flow; however, the allowed input distinguishes between forward and reverse
flow. The default MELCOR values are 1.0 in each direction. As a sensitivity study,
calculations were done in which the discharge coefficients were reduced to 0.9, 0.8, 0.7
and 0.6.

The effect of varying the choked flow discharge coefficients is shown in Figures 6.1.1
through 6.1.4, for the top blowdown test 5801-13 (which has a 2-1/8in nozzle throat
diameter). Figure 6.1.1 shows the vessel depressurization history calculated by MEL-
COR using these different values for the choked flow discharge coefficients, compared to
experimental data. The vessel collapsed and swollen (two-phase) liquid levels predicted
by MELCOR using these different choked flow discharge coefficients, also compared to
experimental data, are depicted in Figure 6.1.2. Figure 6.1.3 shows the break flow out
the blowdown line and Venturi flow limiting nozzle causing the vessel depressurization,
calculated by MELCOR using these different values for the choked flow discharge coef-
ficients. The effect is exactly as expected — reducing the discharge coefficients reduces
the break flow rates and resultant overall inventory loss, and causes less rapid depressur-
ization. There is relatively little effect found on the calculated degree of level swelling
as the break discharge coefficient is varied, with the bubble fractions in all cases rising
and remaining at near the maximum value allowed (0.40), as illustrated in Figure 6.1.4,
although reducing the discharge coeflicient and hence decreasing the vessel depressur-
ization rate does result in reaching that limiting bubble fraction slightly later in time.
For test 5801-13, a top blowdown test with a 2-1/8in nozzle throat diameter, the best
agreement with observation is found with a discharge coeflicient beginning at ~0.80 and
increased to ~0.90 late in the blowdown.

Results of similar calculations varying the choked flow discharge coefficient are shown
in Figures 6.1.5 and 6.1.6 for the top blowdown test 5801-15 (which has a 2-1/2in noz-
zle throat diameter). Figure 6.1.5 gives the calculated vessel depressurization histories,
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compared to experimental data; the vessel collapsed and swollen (two-phase) liquid lev-
els predicted by MELCOR, also compared to experimental data, are presented in Fig-
ure 6.1.6. For test 5801-15, the best agreement with observation is found with a discharge
coefficient somewhere between 0.80 (in mid-blowdown) and 0.90 (early and late in the
blowdown).

Figure 6.1.7 shows the vessel depressurization histories with different blowdown dis-
charge coefficients used, compared to experimental data, for the top blowdown test 5801-
19. The corresponding vessel collapsed and swollen (two-phase) liquid levels predicted
by MELCOR are depicted in Figure 6.1.8. For this test, a top blowdown test with a 3in
nozzle throat diameter, the best agreement with observation is found with a discharge
coefficient between >0.70 midway through the transient and <0.90 both earlier and later
in the blowdown.

Figures 6.1.9 and 6.1.10 summarize the effect on the vessel depressurization and on the
vessel liquid levels, respectively, of varying the choked flow discharge coefficients in the
top blowdown test 5702-16 (which has a 3-5/8in nozzle throat diameter). For test 5702-
16, the best agreement with test data is found with a discharge coeflicient somewhere
between 0.70 (in mid-blowdown) and 0.90 (early and late in the blowdown).

Changing the specified choked flow discharge coefficients for the bottom blowdown
test 5803-1 (which has a 2-1/8in nozzle throat diameter) is shown in Figures 6.1.11
through 6.1.14. Figure 6.1.11 shows the vessel depressurization history calculated by
MELCOR using these different values for the choked flow discharge coefficients, com-
pared to experimental data. The vessel collapsed and swollen (two-phase) liquid levels
predicted by MELCOR using these different choked flow discharge coeflicients, also com-
pared to experimental data, are depicted in Figure 6.1.12. Figure 6.1.13 shows the break
flow out the blowdown line and Venturi flow limiting nozzle causing the vessel depres-
surization, calculated by MELCOR using different values for the choked flow discharge
coefficients. As with the top blowdown test analyses, reducing the discharge coeflicients
reduces the break flow rates and resultant overall inventory loss, and causes less rapid
depressurization. There is relatively little effect found on the calculated degree of level
swelling as the break discharge coefficient is varied, with the bubble fractions reduced
as the discharge coefficients are reduced, in all cases, but rising to about the maxi-
mum value allowed (0.40) by the end of the blowdown period calculated, as indicated in
Figure 6.1.14. For test 5803-1, a bottom blowdown test with a 2-1/8in nozzle throat di-
ameter, the best agreement with observation is found with a discharge coefficient between
~0.80 and ~0.70.

Results of similar calculations varying the choked flow discharge coeflicient for the
other bottom blowdown test (5803-2, which has a 3in nozzle throat diameter) are shown
in Figures 6.1.15 through 6.1.17. Figure 6.1.15 gives the calculated vessel depressurization
histories, compared to experimental data; the vessel collapsed and swollen (two-phase)
liquid levels predicted by MELCOR, also compared to experimental data, are presented
in Figure 6.1.16, while Figure 6.1.17 shows the break flow out the blowdown line and
Venturi flow limiting nozzle causing the vessel depressurization. For test 5803-2, the best
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Figure 6.1.8. Vessel Liquid Levels for GE Large Vessel Top Blowdown Test 5801-19
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Figure 6.1.10. Vessel Liquid Levels for GE Large Vessel Top Blowdown Test 5702-16
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agreement with test data is found with a discharge coeflicient of <0.70 throughout the
blowdown.

The results of this study demonstrate that no single value of choked flow discharge
coefficient gives best agreement with test data for all tests analyzed and through the
entire experiment period analyzed. However, the results indicate that values of 0.7-0.9
give better agreement with test data than either lower (0.6) or higher (1.0) values. This
is a very encouraging result, since this closely resembles typical discharge coeflicient
values used in best-estimate thermal/hydraulic codes. The results of this sensitivity
study also indicate that better agreement with data is obtained using somewhat larger
discharge coefficients for the top blowdown tests (dominated by steam outflow) than for
the bottom blowdown tests (dominated mostly by liquid and two-phase outflow). Thus,
we used discharge coeflicients of 0.85 for the top blowdown tests and 0.75 for the bottom
blowdown tests in all other MELCOR analyses done as part of this assessment study.

6.2 Flow Loss Coefficient

Frictional pressure drops resulting from material flows include contributions from
both form loss and wall friction. In MELCOR, the form loss term is determined by user
input form loss coefficients, while the wall friction terms are computed based upon flow
path segment lengths and roughnesses also input by the user. The form loss coefficients
represent pressure drops associated with sudden area changes and/or bends.

In addition to the discharge-coefficient break flow sensitivity study described above
in Section 6.1, another set of sensitivity study calculations have been done in which the
loss coefficients on the blowdown flow path were varied from 0.0 to 0.5, 1.0, 1.5 and
'2.0. Both the discharge coefficients and the loss coeflicients specified in the blowdown
flow path affect the blowdown flow, but in different ways; the discharge coefficients act
only when the blowdown flow is choked, as simple multipliers on the maximum allowed
velocity, while the loss coefficients act any time there is blowdown flow, choked or not,
and indirectly as a loss proportional to the square of the flow velocity within the overall
momentum equation.

“ The effect of varying the blowdown flow path loss coefficients is shown in Figures 6.2.1
and 6.2.2, for the top blowdown test 5801-13 (which has a 2-1/8in nozzle throat diameter).
Figure 6.2.1 shows the vessel depressurization history calculated by MELCOR using these
different values for the flow path form loss coeflicients, compared to experimental data.
The vessel collapsed and swollen (two-phase) liquid levels predicted by MELCOR using
these different flow path form loss coefficients, also compared to experimental data, are
depicted in Figure 6.2.2. The effect on vessel depressurization of varying the blowdown
flow path loss coefficient is hardly visible, and there is virtually no effect found on the
calculated degree of level swelling.

Results of similar sensitivity study calculations for the other three top blowdown
tests are virtually identical to the results shown for test 5801-13: varying the blowdown
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flow path form loss coefficients has virtually no visible effect on the predicted vessel
depressurization or the two-phase level swell calculated during the depressurization.

Changing the specified blowdown flow path loss coeflicients for the bottom blowdown
test 5803-1 (with a 2-1/8in nozzle throat diameter) is shown in Figures 6.2.3 through 6.2.6.
(Results and conclusions for the other bottom blowdown test, 5803-2, are similar.) Fig-
ure 6.2.3 shows the vessel depressurization history calculated by MELCOR, compared to
experimental data. The vessel collapsed and swollen (two-phase) liquid levels predicted
by MELCOR using these different flow path form loss coefficients, also compared to ex-
perimental data, are depicted in Figure 6.2.4. Figure 6.2.5 shows the break flow out the
blowdown line and Venturi flow limiting nozzle causing the vessel depressurization, calcu-
lated by MELCOR using these different values for the loss coefficients, also comparing to
test data, while Figure 6.2.6 presents the calculated bubble fraction within the two-phase
mixture in the vessel. Unlike the behavior found in the top blowdown test analyses, re-
ducing the loss coefficients to zero noticeably increases the break flow rates and resultant
overall inventory loss, and causes more rapid depressurization, especially in the first part
of the transient while the blowdown flow is liquid or a two-phase mixture. There is less
level swelling predicted during the liquid and two-phase portions of the blowdown with
the flow path loss coeflicient set to zero, although the bubble fractions in all cases rises
and remains at near the maximum value allowed (0.40) late in the transient, during steam
blowdown. The differences, however, are generally minor, and the best agreement with
observation is found with the blowdown flow path loss coefficient set to >1.0.

The insensitivity to form loss coefficient in the top blowdown experiment analyses is
primarily because the top of the dip tube remains uncovered in those blowdown transients
(in the MELCOR calculations) and thus the blowdown flow is generally steam, with little
or no liquid. Due to its low density, the form loss associated with steam (or other vapor)
flow is a small term in the overall momentum equation. The greater sensitivity to form
loss coefficient found in the bottom blowdown experiment analyses is seen when the
blowdown flow is liquid or two-phase, and the results converge after the blowdown flow
is generally steam, with little or no liquid.

The results of this study demonstrate that no single value of blowdown flow path
form loss coefficient gives visibly agreement with test data, the results indicate that
a loss coefficient of 1.0-2.0 gives generally generally agreement with test data through
the entire experiment period analyzed. Thus, we used blowdown flow path form loss
coeflicients of 1.5 in all other MELCOR analyses done as part of this assessment study.
This value corresponds to the form loss for an abrupt contraction followed by an abrupt
expansion. While the Venturi nozzle used in the blowdown line provides a more gradual
contraction and expansion, the results of this study indicate that any differences are
minor.

There are also form losses associated with the blowdown pipe entrance (contraction)
and exit (expansion) in all these tests, and with the bend in the dip tube in the top
blowdown tests. These are negligible relative to the nozzle loss coefficient because they
are referenced to the full blowdown line area, rather than to the nozzle minimum area.
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6.3 SPARC Bubble Rise Physics

The default code logic in MELCOR is to simply transport any steam and/or non-
condensables flowing through a junction directly to the downstream-volume atmosphere.
The optional SPARC bubble rise physics model is provided to account for interaction
with any intervening water pool in the downstream volume.

Otherwise identical calculations were done for the GE large vessel blowdown and level
swell experiments in which the SPARC physics model was turned either on or off in the
blowdown flow path, in the inlet (.e., vessel-side), in the outlet (i.e., environment-side),
and in neither or in both sides of the flow path. There were no significant differences in
the calculated response in any of the tests analyzed, as illustrated by the sample results
for the top blowdown test 5801-13 presented in Figures 6.3.1 through 6.3.4. This bubble
rise model does not contribute to the behavior response being predicted by MELCOR for
these blowdown and level swell experiment analyses, even though two-phase conditions
exist for significant periods in the test vessel, because the model only affects vapor flowing
out of a flow path into a two-phase pool region; in the GE large vessel blowdown and
level swell experiments, the two-phase conditions are on the upstream, inlet side of the
flow path and the downstream sink volume consists of only atmosphere.
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7 Time Step Effects and Machine Dependency

There has been a lot of concern in the past about numeric effects seen in various
MELCOR calculations [17], producing either differences in results for the same input
on different machines or differences in results when the time step used is varied. Sev-
eral calculations have been done to identify whether any such effects existed in our GE
large vessel blowdown and level swell assessment analyses. This section also compares
results obtained with a recent code version (1.800) which includes a new implicit bub-
ble separation algorithm with results obtained using the release version of MELCOR
1.8.2, 1.8NM (in which the bubble rise calculation is explicitly coupled to the rest of the
thermal/hydraulics analysis).

7.1 Machine Dependencies

The calculations discussed in detail in Section 4, and the majority of our sensitivity
study analyses, were run on a 50MHz 486PC (IBM clone). The GE large vessel basecase
calculations were rerun, using the same code version (1.800), on an IBM RISC-6000
Model 550 workstation, on an HP 755 workstation, on a SUN Sparc2 workstation and
on a CRAY Y-MP8/864.

The predicted vessel pressures for the SUN, IBM and HP workstation, and Cray and
PC, calculation sets are presented for the top blowdown test 5801-13 in Figure 7.1.1, while
the collapsed and swollen vessel liquid levels calculated on these various platforms are
compared in Figure 7.1.2. In both figures, experimental data are included for reference.
Figure 7.1.3 gives the corresponding blowdown flow rates predicted, and Figure 7.1.4
shows the vessel pool bubble fractions calculated for this test analysis using these various
machines. There is very little or no difference found in the results obtained on any
of these hardware platforms, and the results seen for this test are characteristic of the
behavior found for the other three top blowdown test analyses (not shown here).

Figure 7.1.5 presents total run times required for this top blowdown test 5801-13
analysis on the various platforms; this result is typical of the comparison seen for the
other three top blowdown tests. The SUN and PC are always slowest in run time required;
the IBM, HP and Cray are all significantly faster with the Cray the fastest by a small
fraction for these analyses.

Figure 7.1.6 gives the predicted vessel pressures from the SUN, IBM and HP work-
station, and Cray and PC, calculation sets for the bottom blowdown test 5803-1 in
Figure 7.1.6. Figure 7.1.7 presents the collapsed and swollen vessel liquid levels calcu-
lated on these various platforms, and Figure 7.1.8 compares the corresponding blowdown
flow rates predicted. Experimental data are included for reference in all three plots. The
vessel pool bubble fractions calculated for this bottom blowdown test analysis on these
various machines are illustrated in Figure 7.1.9. There is very little or no difference found
in the results obtained on any of these hardware platforms, and the results seen for this
test are characteristic of the behavior found for the other bottom blowdown test (5803-2).
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Total run times required for this top blowdown test 5803-1 analysis on the various
platforms are compared in Figure 7.1.10, and are typical of the comparison seen for the
other bottom blowdown test. As for the top blowdown test analyses, The SUN and PC
are always slowest in run time required for these GE large vessel blowdown and level
swell experiment analyses; the IBM, HP and Cray are all significantly faster with the
Cray the fastest by a small fraction for these analyses.

7.2 Time Step Effects

The user-specified maximum allowed time step in the basecase calculations discussed
in Section 4 was set to 2s. As a time step sensitivity study, otherwise identical MELCOR
GE large vessel blowdown and level swell assessment calculations were run on a 50MHz
486PC with the user-input maximum allowed time step progressively reduced to 1s, 0.5s,
0.25s and 0.1s. The initial time step in all cases was set to 1ms.

Figure 7.2.1 illustrates for our test 5801-13 analysis that the time step always began
increasing smoothly from its initial value of 1ms at the maximum rate of increase allowed
until reaching the user-specified maximum allowed At. In the basecase calculation, the
code internally limited the time step to >1s before reaching the user-specified maximum
allowed value of 2s; setting the user-specified maximum allowed value to >2s would
therefore have no effect.

The vessel pressures calculated using these various values of user-specified maximum
time steps are presented for the top blowdown test 5801-13 in Figure 7.2.2, while the
corresponding collapsed and swollen vessel liquid levels are compared in Figure 7.2.3.
In both figures, experimental data are included for reference. Figure 7.2.4 gives the
blowdown flow rates predicted in these time step sensitivity study calculations, and
Figure 7.2.5 shows the vessel pool bubble fractions calculated for this test analysis using
these various maximum allowed time steps. There is very little or no difference found
in the results obtained; a small spread in calculated blowdown flow rates is visible in
Figure 7.2.4, but with no apparent effect on the predicted vessel depressurization rates.

Figure 7.2.6 presents total run times required for this top blowdown test 5801-13
analysis with the time step histories shown in Figure 7.2.1. As would be expected,
reducing the time step and thus increasing the number of cycles required correspondingly
increases the run times required.

The results seen for test 5801-13 are typical of the behavior found for the other three
top blowdown test analyses which are, therefore, not shown here.

The response found varying the time step in the bottom blowdown test analyses was
generally similar to that seen in the top blowdown test calculations. Also, the results
presented here for the bottom blowdown test 5803-1 analyses are characteristic of the
behavior found for the other bottom blowdown test (5803-2), which also are not shown.

Figure 7.2.7 presents the actual time step histories in calculations varying the user-
specified maximum allowed time steps. As shown in Figure 7.2.1 for the top blowdown
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Figure 7.1.10. Total Run Time for GE Large Vessel Bottom Blowdown Test 5803-1
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test 5801-13, the time step always began increasing smoothly from its initial value of
Ims at the maximum rate of increase allowed until reaching the user-specified maximum
allowed At. The bottom blowdown test analyses then ran at the user-specified time
step during the liquid and two-phase blowdown periods until the blowdown line became
uncovered, when the code subsequently reduced the time step to <ls. Sensitivity study
calculations with the user-specified maximum allowed time step set to 0.5s, 0.25s and
0.1s simply continued running at those maximum allowed values.

Figure 7.2.8 gives the corresponding vessel pressure histories (including test data,
for comparison). There is no visible difference in results for the slow depressurization
during liquid blowdown, but there is a spread in results beginning when the blowdown
line uncovers, with slightly more rapid depressurization with larger time steps. Note that
while the results are not converging (because the pressure history calculated with a 0.1s
maximum allowed time step resembles the results with a 1-2s time step more than the
results with a maximum allowed time step of 0.25s or 0.5s), the variation in results is not
very great.

Figure 7.2.9 presents the collapsed and swollen vessel liquid levels calculated for test
5803-1 in this time step sensitivity study, together with the measured two-phase liquid
level. There is very little difference visible in either curve set during most of the transient
period simulated. The most visible difference, which is still quantitatively small, is in
the collapsed liquid levels right at the time the blowdown line uncovers. This variation
in collapsed liquid levels and hence vessel inventories corresponds to the divergence in
vessel pressure histories at the time the blowdown line uncovers, noted in Figure 7.2.8.

Figure 7.2.10 compares the blowdown flow rates predicted for test 5803-1 using these
different time step histories; experimental data are included for reference. These results
indicate that the variations in vessel depressurization and in collapsed liquid levels are
due to oscillations in the break flows being calculated in the blowdown line using different
time steps.

The vessel pool bubble fractions calculated for this bottom blowdown test analysis in
this time step sensitivity study are illustrated in Figure 7.2.11. The variations found in the
pool bubble fraction reflect the variations in the liquid levels, shown in Figure 7.2.9. There
is very little or no difference found during the liquid blowdown phase in the first <20s of
the transient or during the vapor blowdown phase in the last <20s of the transient; most

of the variation visible occurs during the uncovery of the blowdown line between about
20s and 30s.

Total run times required for this bottom blowdown test 5803-1 analysis various plat-
forms are given in Figure 7.2.12, and are typical of the comparison seen for the other
bottom blowdown test and for the top blowdown test analyses. As would be expected,
reducing the time step and hence increasing the number of cycles increases the run times
needed.

The results seen for this bottom blowdown test are characteristic of the behavior
found for the other bottom blowdown test (5803-2), which are not shown.
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There is little time step dependence in these blowdown and level swell analyses partly
becaue of the implicit bubble separation algorithm but also because these simulations
are not subject to significant level fluctuations. The implicit bubble separation algorithm
was implemented primarily to prevent severe numerical difficulties during uncovery or
level swell in volumes with internal heat sources, while in this problem the level swell is
produced only to flashing.

7.3 Code Version

MELCOR version 1.800 was used for all the calculations described in this report,
except for the calculations reported in this subsection. An implicit bubble separation
algorithm has been implemented recently in the CVH package in MELCOR. Prior to
the implementation of this algorithm, MELCOR was experiencing problems with natu-
ral circulation phenomena in the COR package; it is expected that the problems with
calculating natural circulation will be eliminated with the implementation of the implicit
bubble separation algorithm. A sensitivity study has been done on the effect of this
implicit bubble separation algorithm comparing results from MELCOR version 1.800
to results from the release version of MELCOR 1.8.2, which was MELCOR 1.8NM.

The vessel pressure predicted by MELCOR using the release version of MELCOR
1.8.2 is compared to the basecase results, obtained using version 1.800 and the implicit
bubble separation algorithm, and with test data in Figure 7.3.1, for the top blowdown
experiment 5801-13; Figure 7.3.2 compares the corresponding calculated break flows. The
pressure histories predicted by MELCOR using either version for this top blowdown test
appear identical, as do the break flows predicted by MELCOR using these two versions.
Figure 7.3.3 gives the swollen and collapsed liquid levels in the vessel control volume
predicted by MELCOR using these two code versions for the top blowdown test 5801-13,
together with test data on the two-phase mixture level, for reference. The corresponding
vessel pool bubble fractions are presented in Figure 7.3.4. There is a slight change visible
in the initial rate of increase of the vessel swollen level, with the level swelling somewhat
faster with the release version of 1.8.2; however, the same value of maximum allowed
pool bubble fraction in both versions causes the same longer-term level decline.

(The results and conclusions for the calculated pressures, break flows, vessel levels
and pool bubble fractions in the other three top blowdown test analyses are very similar
to the behavior noted for these test 5801-13 analyses, and are not shown here.)

Figure 7.3.5 shows the vessel depressurization histories calculated by MELCOR, using
the release version of 1.8.2 and using a more recent version including the implicit bubble
separation algorithm, compared to experimental data, and indicates a small difference
in vessel depressurization histories predicted during the transition from liquid through
two-phase to vapor blowdown in mid-transient. Figure 7.3.6 shows the break flows out
the blowdown line and Venturi flow limiting nozzle causing the vessel depressurization,
calculated by MELCOR using these different code versions, together with test data; the
break flow calculated using the release version (1.8NM) is somewhat smoother and less
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Figure 7.3.1. Vessel Pressure for GE Large Vessel Top Blowdown Test 5801-13 —
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Table 7.3.1. Run Statistics for GE Large Vessel Top and Bottom Blowdown Test
Analyses — Code Version Sensitivity Study

Test 1.800 1.8NM
No. Number Subcycles Fallbacks | Number Subcycles Fallbacks
of Cycles per Cycle Requested | of Cycles per Cycle Requested
5801-13 40 1.0 0 40 1.0 0
5801-15 47 1.0 0 47 1.0 0
5801-19 55 1.0 0 55 1.0 0
5702-16 65 1.0 0 65 1.0 0
5803-1 63 1.016 1 63 1.0 0
5803-2 95 1.011 1 98 1.010 1

oscillatory than the blowdown flow calculated in the basecase calculation including the
implicit bubble separation algorithm during uncovery of the blowdown line.

The vessel collapsed and swollen (two-phase) liquid levels predicted by MELCOR
using these different code versions, also compared to experimental data, are depicted
in Figure 7.3.7, and the corresponding pool bubble fractions in the vessel volumes are
illustrated in Figure 7.3.8. There are some minor differences visible in the late-time
collapsed liquid levels calculated, but these appear generally quite small. There is less
level swell predicted in the bottom blowdown test configuration in the basecase analysis,
with the implicit bubble separation algorithm, than in the calculation with the released
code version, particularly during the first half of the transient.

(The results obtained for a noding study on the bottom blowdown test 5803-2 analysis
are similar to the results presented for test 5803-1, and are not shown here.)

Figures 7.3.9 and 7.3.10 show that there is a small run time increase associated with
using the implicit bubble separation algorithm added after the release of version 1.8.2 for
both the top and bottom blowdown test analyses, more noticeable for the top blowdown
test analyses than for the bottom blowdown test analyses. Table 7.3.1 gives the number
of cycles, the number of CVH subcycles and the number of fallbacks (.., repeated cycles
with reduced time steps) requested by CVH for these GE large vessel blowdown and level
swell test analyses for the release version of 1.8.2 (1.8NM) and for a more recent code
version (1.800) which includes the implicit bubble separation algorithm. There is no
subcycling or fallback for any of the four top blowdown test analyses with either code
version, and there is only a minor difference seen in the bottom blowdown test analyses.
Most of the run time difference must therefore be due to more time per cycle, not due to
more cycles or subcycles being requested.
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There was generally little or no difference in results obtained using these two code ver-
sions for the various sensitivity studies done on these GE large vessel blowdown and level
swell test analyses. The exception is the dependence on bubble rise velocity, described
in Section 5.3 for the code version including the implicit bubble separation algorithm.

The effect of varying the pool bubble rise velocity in calculations using the release
code (version 1.8NM) is shown in Figures 7.3.11 through 7.3.14, for the top blowdown test
5801-13. The results in these figures can be compared to corresponding results presented
in Figures 5.3.1 through 5.3.4. There is relatively little effect found on the calculated
vessel depressurization or blowdown outflow as the pool bubble rise velocity is varied,
with either code version.

The noticeable difference is that with the release code the vessel pool bubble fraction
always increases to the maximum allowed value, albeit more slowly for larger bubble
rise velocities, while with the new implicit bubble separation algorithm the vessel pool
bubble fraction equilibrates at lower values for the larger bubble rise velocities. With no
difference in vessel depressurization, blowdown flow or collapsed liquid level, this results
in higher swollen liquid levels calculated with the release code version than with the new
implicit bubble separation algorithm for bubble rise velocities increased above the code
default of 0.3m/s. (As already shown in Figure 7.3.3, there is not much difference in
swollen liquid levels calculated with the release code version and with the new implicit
bubble separation algorithm for the default bubble rise velocity of 0.3m/s.)

The behavior found for test 5801-13 is characteristic of the response in the other top
blowdown test analyses, not shown here.

The effect of changing the pool bubble rise velocities for the bottom blowdown test
5803-1 in calculations using the release 1.8.2 code (version 1.8NM) is illustrated in Fig-
ures 7.3.15 through 7.3.18. (The results for test 5803-2 are similar.) Comparing these
results to Figures 5.3.12 through 5.3.15 indicates that there is less difference in results
calculated with the different code versions in the bubble rise velocity sensitivity study for
the bottom blowdown tests than for the top blowdown tests, although some minor dif-
ferences are visible. There is less effect of the implicit bubble separation algorithm in the
bottom blowdown test analyses because those tests are not controlled by the maximum
allowed pool bubble fraction until late in the transient, when little material or blowdown
potential remains.

These sensitivity study calculations indicate that there are no major differences in
vessel blowdown and/or level swell calculated by either the release version of MELCOR
1.8.2 (1.8NM) or by MELCOR version 1.800 after an implicit bubble separation al-
gorithm has been added. The implicit bubble separation algorithm was implemented
primarily to prevent severe numerical difficulties during uncovery or level swell in vol-
umes with internal heat sources, while in this problem the level swell is produced only
to flashing. The results and conclusions of this assessment study therefore should apply
equally well to the release version of 1.8.2 and to later code versions.
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Figure 7.3.16. Vessel Liquid Levels for GE Large Vessel Bottom Blowdown Test
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8 Comparison to Other Codes

The GE large vessel blowdown and level swell tests have been used to validate both
best-estimate thermal/hydraulics codes such as TRAC-B [13, 14, 15] and other engineer-
ing integrated, engineering-level severe accident analysis computer codes such as MAAP
[16]. The results obtained with MELCOR are compared to results obtained using those
other codes in this section.

8.1 TRAC-B

A early version of TRAC-B, TRACBO02, a best-estimate BWR thermal/hydraulic
code, was tested by performing assessment analyses for twelve separate effects and sys-
tems effects experiments [15], including the GE large vessel top blowdown test 5702-16.
(Preliminary results of this assessment analysis were given in [13, 14].)

The test facility was nodalized using a VESSEL component for the pressure vessel
and a PIPE component for the blowdown line and venturi. Fourteen axial levels, one
radial ring and one theta sector were used in the vessel, essentially a one-dimensional
model. Seven cells were used in the blowdown line pipe.

Figure 8.1.1 presents the two-phase liquid levels calculated within the vessel by these
two codes, compared to test data and including the elevation of the dip tube opening,
for reference. The system pressure calculated by TRAC-B is compared with test data
and with the MELCOR basecase calculation for this test in Figure 8.1.2, while the total
blowdown outflow calculated by TRAC-B is compared with test data and with the cor-
responding MELCOR basecase calculation result in Figure 8.1.3. (There was no break
flow measurement for this test. The total break flow was estimated in [15] from the time-
dependent vessel mass derived from vessel nodal pressure measurements. This figure
is included for completeness, but the test data should not be considered quantitatively

reliable.)

TRAC-B correctly reproduces the observed two-phase level behavior, with initial
swelling of the level up to the break, due to flashing, followed by a drop in level due
to inventory loss. TRAC-B thus calculates a relatively faster depressurization rate in
the first few seconds corresponding to steam blowdown, slower depressurization as the
mixture level swells up to the blowdown tube inlet which results in two-phase carryover,
and finally sustained depressurization corresponding to high quality steam blowdown as
the mixture level in the vessel drops back below the blowdown pipe inlet.

As already noted in Section 4.1, the two-phase mixture levels calculated by MEL-
COR correctly reproduce the observed initial swelling in each of the top blowdown tests;
however, the vessel swollen levels calculated by MELCOR for the different nozzle di-
mensions all reach a similar maximum value which is significantly below the maximum
two-phase levels in the test data, and the two-phase levels begin decreasing earlier in
the calculations than observed in the test. (This discrepancy in measured vs calculated
two-phase mixture levels in the MELCOR code is due to the limiting in the MELCOR
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CVH package of the maximum allowed pool bubble fraction to 40%, as demonstrated in
Section 5.2). MELCOR thus predicts only sustained steam blowdown, since the dip tube
elevation remains uncovered throughout the calculation.

Neither code calculates the initial pressure dip and recovery observed because delayed
nucleation is not modelled in either code. The TRAC-B calculation better matches the
observed depressurization rate during the first <5s, when the vessel froth level has swollen
up to the blowdown tube inlet elevation, resulting in two-phase outflow (which increases
the mass outflow but decreases the volumetric outflow). The TRAC-B calculation then
predicts a more rapid depressurization then measured, postulated to be due to underpre-
dicting liquid pull-through in the blowdown line inlet. The MELCOR calculation yields
a more rapid depressurization than measured earlier in the transient, due to pure steam
outflow decreasing the mass outflow but increasing the volumetric outflow.

The best-estimate code, TRAC-B, clearly does a better job of predicting the observed
level swell behavior in this test. However, the depressurization histories predicted by both
codes are generally similar, despite the differences in calculated two-phase levels and total
outflows. ’

8.2 MAAP

Analyses of the GE large vessel blowdown and level swell experiments were presented
as part of a workshop on MAAP thermal/hydraulic qualifications and guidelines for plant
application [16]. These tests were selected for qualification of the critical flow models in
MAAP.

Two of the top blowdown tests were analyzed, as were the two bottom blowdown
tests. Results from these calculations are compared to test data and to results from the

corresponding MELCOR calculations in Figures 8.2.1 through 8.2.6.

Figures 8.2.1 and 8.2.2 show the pressure histories for the two top blowdown tests
5801-13 and 5801-19, with different Venturi nozzle throat diameters. MAAP predictions
were given for both the actual break area and with a break multiplier of 0.7; in each figure,
a set of MELCOR results are included, obtained using discharge coefficients varied from
1.0 to 0.6 (as described in Section 6.1). In both codes, reducing the break flow multiplier
or discharge coeflicient reduces the inventory loss and depressurization rate. For any given
discharge coefficient, MELCOR predicts slightly slower depressurization than MAAP. A
break flow multiplier of 0.7 was recommended for MAAP, based partly on these results.
A discharge coefficient of 0.85 was used in the MELCOR basecase calculations for the
top blowdown test analyses.

The pressure histories for the two bottom blowdown tests 5803-1 and 5803-2 are pre-
sented in Figures 8.2.3 and 8.2.4. For these bottom blowdown test analyses, MAAP
results were available only for a break area multiplier of 0.7; in these figures, also, a set
of MELCOR results are included for discharge coefficients varied from 1.0 to 0.6, with
slower vessel depressurization for smaller discharge coefficients. As for the top blowdown
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test analyses shown in Figures 8.2.1 and 8.2.2, MELCOR predicts slightly slower depres-
surization for these bottom blowdown tests than MAAP for a given discharge coefficient
(such as 0.7). A discharge coeflicient of 0.75 was used in the MELCOR basecase calcu-
lations for the bottom blowdown test analyses. The MAAP vessel pressure prediction is
in good agreement with test data during the early part of the blowdown, when the break
is covered with liquid. After the break uncovers, MAAP underpredicts the test with
the larger break diameter (5803-2) more than the test with the smaller break diameter
(5803-1); the same trend is seen in the MELCOR results.

Figures 8.2.5 and 8.2.6 give the corresponding break flow comparisons for the two
bottom blowdown tests. Both the MAAP and MELCOR calculations show an initial
high break flow rate, as liquid is lost out the blowdown line, followed by a transition
to pure steam outflow late in the blowdown transient. Both codes have a much sharper
transition from liquid to vapor outflow than the more gradual transition found in the
test data, indicating a much shorter period of two-phase flow in the calculations than
in the experiments where, after break uncovery, more rapid depressurization increases
the flashing in the remaining liquid and maintains two-phase outflow longer as the break
partially recovers. The late-time break flows calculated by MAAP and MELCOR agree
very well, but are less than the measured values, which may reflect some residual liquid
entrainment even late in the transient.

The MAAP and MELCOR results for these GE large vessel blowdown and level
swell tests are generally similar. Both codes underpredict the level swell observed at
certain periods in the tests, but with little overall effect on the ability to calculate vessel
depressurization during BWR accident scenarios.
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9 Summary and Conclusions

The MELCOR. computer code has been used to analyze a series of blowdown tests
performed in the early 1980s at General Electric (GE), as part of a code assessment
program.

The GE large vessel blowdown and level swell experiments are a set of primary system
thermal/hydraulic separate effects tests studying the level swell phenomenon for BWR
transients and LOCAs. This experiment series includes both top blowdown tests with
vapor blowdown, characteristic of accidents such as steam line breaks, and bottom blow-
down tests with liquid and two-phase blowdown, more characteristic of recirculation line
breaks. Assessment against this data allows an evaluation of the ability of MELCOR
to predict the inventory loss, and hence time to core uncovery and heatup, in the early
stages of transients and accidents in BWRs. Also, an implicit bubble separation algo-
rithm has been implemented recently in the CVH package in MELCOR, since the release
of MELCOR 1.8.2 in mid-1993. Analysis of the GE tests is intended to validate this
algorithm for general use.

The calculated pressure transients generally agree well with the measurement. In the
top blowdown tests, there is a relatively fast depressurization for the first few seconds,
with progressively slower depressurization later in the transient. Qualitatively, the MEL-
COR calculations correctly reproduce the increase in vessel depressurization rate as the
nozzle throat diameter and area increase, in the top blowdown experiment set. Quantita-
tively, there is progressively more difference between the calculated and measured vessel
pressures as the nozzle throat diameter and area increases and the depressurization rate
increases. This difference is due partly to the fact that the single value of form loss and
discharge coefficients used in all these basecase calculations may not be optimum for all
test conditions (as indicated by sensitivity studies), and partly due to increased discrep-
ancies between measured and predicted level swelling as the nozzle throat diameter and
area, and hence the depressurization rate, is increased.

The test data from the top blowdown tests show the two-phase mixture levels in-
creasing more rapidly early in the transient as the nozzle throat diameter and area, and
hence the depressurization rate, is increased, and also shows the two-phase mixture level
reaching progressively greater maximum heights before beginning to drop off; for the test
with the largest blowdown nozzle dimensions, the observed two-phase liquid level reaches
above the top of the dip tube. The two-phase mixture, or swollen, levels calculated
by MELCOR correctly reproduce the observed initial swelling, and the predicted two-
phase levels initially increase at about the rate determined from measurement in each
test; MELCOR correctly reproduces the qualitative trend seen in the test data that the
measured two-phase liquid levels peak progressively earlier in the transient as the nozzle
throat diameter and area, and hence the depressurization rate, is increased. However, the
vessel swollen levels calculated by MELCOR for the different nozzle dimensions all reach
a similar maximum value which is significantly below the maximum two-phase levels in
the test data, and the two-phase levels begin decreasing earlier in the calculations than
observed in the test. The swollen liquid levels in the calculation later decrease less rapidly
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than observed for the measured two-phase liquid levels, for all these top blowdown tests.
After the swollen levels begin to drop, the MELCOR calculations show progressively
lower swollen levels at any particular time as the nozzle throat diameter and area, and
hence the depressurization rate, is increased; the test data in contrast show the two-phase
mixture levels in tests with larger blowdown nozzle diameters remaining above two-phase
mixture levels in tests with smaller nozzle diameters throughout the entire period when
test data are available.

The discrepancies found in measured vs calculated two-phase mixture levels in the
basecase calculations for the top blowdown tests are generally all attributable to the
limiting in the MELCOR CVH package of the maximum allowed pool bubble fraction
to 40%. The maximum swollen levels in each of the four MELCOR top blowdown test
analyses correspond to the bubble fraction in the pool reaching a value of <0.40. As the
blowdown nozzle dimensions and hence the vessel depressurization rates increase, the
swollen vessel level is predicted to reach that limiting value earlier in the transient and
the swollen liquid level of the pool in the vessel then drops more rapidly as the vessel
loses inventory more rapidly drops, due to continued inventory loss out the blowdown
line, to maintain that pool bubble fraction of ~0.40.

The calculated pressure transients generally agree very well with measurement for
the bottom blowdown tests. There is a relatively slow depressurization for the first
<20s seconds, followed by a more rapid depressurization beginning to slow again late in
the transient. The relatively slow depressurization in the first phase of the transients
corresponds to the time period where the two-phase mixture level is above the entrance
to the blowdown line, so that liquid is being lost directly out the blowdown line. The
subsequent more rapid depressurization begins when the mixture level drops below the
blowdown line elevation, so that vapor blowdown can occur. As with the vessel pressure
histories, the calculated mixture level transients for the bottom blowdown tests generally
agree very well with measurement, both during the earlier liquid blowdown and the
later vapor blowdown periods. The agreement of predicted level swell with test data is
much better in this bottom blowdown test analysis than in any of the top blowdown test
analyses because the pool bubble fraction is not being controlled within MELCOR by
the maximum allowed value of 40%. There is significantly less level swell in this bottom
blowdown test than in any of the top blowdown tests, and the pool bubble fraction is
not affected by the maximum allowed value of 40% until very late in the transient, when
little pool is left.

Sensitivity studies show that the blowdown flow and vessel depressurization are
strongly dependent on the break discharge coefficient used, and weakly dependent on
the form loss coefficient used in the blowdown line. The basecase calculations used a
discharge coeflicient of 0.85 for the top blowdown test analyses and 0.75 for the bottom
blowdown test analyses, with a form loss coefficient of 1.5 applied to the nozzle throat
area. Other sensitivity studies indicate that the nonequilibrium thermodynamics model
must be enabled to calculate any level swell, and that the magnitude and timing of the
level swell is dependent on the values used for the maximum allowed pool bubble fraction
and for the bubble rise velocity assumed in the bubble separation model (not user input,
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but variable through sensitivity coefficient input). Comparison to test data suggests that
the default maximum allowed pool bubble fraction of 40% is too low for the top blow-
down tests, but that the default bubble rise velocity of 0.3m/s produces generally good
agreement with data for both top and bottom blowdown tests. The underprediction of
level swell in the basecase calculations for the top blowdown tests does not appear to
have any significant adverse effect on the code’s ability to correctly calculate overall break
flow and vessel depressurization.

The results proved insensitive to enabling the optional SPARC bubble rise physics
model, which accounts for finite transit time through and interaction with any intervening
water pool in the downstream volume. This bubble rise model does not contribute to
the behavior response being predicted by MELCOR for these blowdown and level swell
experiment analyses, even though two-phase conditions exist for significant periods in
the test vessel, because the model only affects vapor flowing out of a flow path into a
two-phase pool region; in the GE large vessel blowdown and level swell experiments, the
two-phase conditions are on the upstream, inlet side of the flow path and the downstream
sink volume consists of only atmosphere.

The basecase MELCOR input model for these GE large vessel blowdown and level
swell experiments used a single control volume for the test vessel. This is standard
modelling in MELCOR, where multiple control volumes are used to subdivide regions
only if there is some obvious change in geometry or flow pattern. Unlike best-estimate
codes such as TRAC or RELAP, MELCOR. does not necessarily give better results if
components or volumes are subdivided; most MELCOR models assume large, lumped
component volumes. A sensitivity study was done in which the single vessel control
volume was subdivided into a stack of multiple control volumes, with vertical flow paths
added as needed to connect the stacked volumes. The heat structure modelling the vessel
cylinder was subdivided correspondingly, also. This is a noding more typical of TRAC
and/or RELAP than for MELCOR analyses. Since there is no obvious geometrically
“correct” value for junction opening heights in flow paths connecting such a stack of
volumes in MELCOR, both large (1ft) and small (1cm) junction opening heights were
tried.

Subdividing the blowdown vessel into a stack of multiple control volumes has no
significant effect on the vessel depressurization in the top blowdown test analyses. The
results for two-phase level calculated using the single-volume basecase noding are in better
quantitative agreement with test data in all of these top blowdown experiment analyses
than the swollen levels calculated using a subdivided, stacked, multiple control volume
model, even though the exact degree of level swelling is underpredicted with the basecase
model. For bottom blowdown tests, using a subdivided noding yields small differences
in depressurization history, a smoother break flow, and little or no difference in overall
vessel level swell compared to test data or to basecase results when large junction opening
heights are used. For both the top and bottom blowdown test analyses, using large
junction opening heights (equal to the volume heights) in the flow paths connecting the
subdivided, stacked control volumes in the finer noding produced much better agreement
with both test data and with the 1-volume basecase results than did using small junction
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opening heights. However, the results of this sensitivity study demonstrate no significant
improvement in agreement with test data using a subdivided, stacked, multiple control
volume vessel model rather than a single large volume. The results with the subdivided
finer noding show more level swell at the bottom of the stack than further up, which
seems counterintuitive. There appear to be no benefits and significant drawbacks found
in subdividing the vessel into multiple, stacked control volumes, especially given the
increased run times required.

There has been a lot of concern in the past about numeric effects seen in various
MELCOR calculations [17], producing either differences in results for the same input on
different machines or differences in results when the time step used is varied. Several
calculations have been done to identify whether any such effects existed in our GE large
vessel blowdown and level swell assessment analyses. We also compared results obtained
with a recent code version (1.800) which includes a new implicit bubble separation
algorithm with results obtained using the release version of MELCOR 1.8.2, 1.8NM (in
which the bubble rise calculation is explicitly coupled to the rest of the thermal/hydraulics
analysis).

The GE large vessel basecase calculations were rerun, using the same code version and
“input models, on an IBM RISC-6000 Model 550 workstation, on an HP 755 workstation,
on a SUN Sparc2 workstation, on a CRAY Y-MP8/864, and on a 50MHz 486PC (IBM
clone). There is very little or no difference found in the results obtained on any of these
hardware platforms. The SUN and PC are always slowest in run time required; the IBM,
HP and Cray are all significantly faster with the Cray the fastest by a small fraction for
these analyses. There is also generally little or no difference found in the results obtained
as the user-specified maximum allowed time step is progressively reduced and, as would
be expected, reducing the time step and thus increasing the number of cycles required
correspondingly increases the run times required.

An implicit bubble separation algorithm has been implemented recently in the CVH
package in MELCOR. Prior to the implementation of this algorithm, MELCOR was
experiencing problems with natural circulation phenomena in the COR package; it is
expected that the problems with calculating natural circulation will be eliminated with
the implementation of the implicit bubble separation algorithm. A sensitivity study has
been done on the effect of this implicit bubble separation algorithm comparing results
from MELCOR version 1.800 to results from the release version of MELCOR 1.8.2,
which was MELCOR 1.8NM. The results of that study indicate that there are no major
differences in vessel blowdown and/or level swell calculated by either the release version
of MELCOR 1.8.2 (1.8NM) or by MELCOR version 1.800 after an implicit bubble
separation algorithm has been added. The results and conclusions of this assessment
study should apply equally well to either the release version of 1.8.2 or to later versions.

One noticeable difference is that with the release code the vessel pool bubble fraction
always increases to the maximum allowed value, albeit more slowly for larger bubble
rise velocities, while with the new implicit bubble separation algorithm the vessel pool
bubble fraction equilibrates at lower values for the larger bubble rise velocities. With no
difference in vessel depressurization, blowdown flow or collapsed liquid level, this results
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in higher swollen liquid levels calculated with the release code version than with the new
implicit bubble separation algorithm for bubble rise velocities increased above the code
default of 0.3m/s. (There is not much difference in swollen liquid levels calculated with
the release code version and with the new implicit bubble separation algorithm for the
default bubble rise velocity of 0.3m/s.)

The GE large vessel blowdown and level swell tests have been used to validate both
best-estimate thermal/hydraulics codes such as TRAC-B [13, 14, 15] and other engineer-
ing integrated, engineering-level severe accident analysis computer codes such as MAAP
[16]. The results obtained with MELCOR have been compared to available results ob-
tained using those other codes. The MAAP and MELCOR results for these GE large
vessel blowdown and level swell tests are generally similar. Both codes underpredict the
level swell observed at certain periods in the tests, but with little overall effect on the
ability to calculate vessel depressurization during BWR. accident scenarios.

TRAC-B correctly reproduces the observed two-phase level behavior, with initial
swelling of the level up to the break, due to flashing, followed by a drop in level due
to inventory loss. TRAC-B thus calculates a relatively faster depressurization rate in
the first few seconds corresponding to steam blowdown, slower depressurization as the
mixture level swells up to the blowdown tube inlet which results in two-phase carryover,
and finally sustained depressurization corresponding to high quality steam blowdown as
the mixture level in the vessel drops back below the blowdown pipe inlet. As already
noted, the two-phase mixture levels calculated by MELCOR correctly reproduce the
observed initial swelling in each of the top blowdown tests; however, the vessel swollen
levels calculated by MELCOR for the different nozzle dimensions all reach a similar
maximum value which is significantly below the maximum two-phase levels in the test
data, and the two-phase levels begin decreasing earlier in the calculations than observed
in the test. (This discrepancy in measured vs calculated two-phase mixture levels in the
MELCOR code is due to the limiting in the MELCOR CVH package of the maximum
allowed pool bubble fraction to 40%.) MELCOR thus predicts only sustained steam
blowdown, since the dip tube elevation remains uncovered throughout the calculation.
The best-estimate code, TRAC-B, clearly does a better job of predicting the observed
level swell behavior in this test. However, the depressurization histories predicted by
both codes are generally similar, despite the differences in calculated two-phase levels
and total outflows.

The overall results for these GE large vessel blowdown and level swell test assessment
analyses show that MELCOR does reasonably well calculating break flow and vessel
depressurization for typical BWR accident conditions. While the level swell is underpre-
dicted at certain periods in the tests, this discrepancy appears to have little effect on the
code’s overall ability to calculate vessel blowdown during BWR accident scenarios.
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A Test 5801-13 Basecase Calculation Input Deck

%
*gor* melgen
E 3

title, ’GE Test 5801-13 (2-1/8in nozzle, 1060psia, 5.5ft)’
E 3

allowreplace

%

outputf 5801-13.gout
diagf 5801-13.gdia
plotf 5801-13.ptf
restartf 5801-13.rst
%

dttime 0.001

%

HAR oK KRR Rk ok Kok Rk ko Rk sk ok sk skok sk sk ok sk ok ok ko o ok e Kok o ke e kK sk sk SR KoK o ok ok o
L3

* noncondensible gases input

*

Aok ok kK ok kR KRR KKk Aok ok ko ok ko ok ok ok sk ok sk skl sk ksl sk ok ok ksl ke o ks sk s ok ok kol sk ok ok o
%k

ncg000 o2 4
ncg001 n2 b
ncg002 h2 6
ncg003 co 7
ncg004 co2 8
ncg005 ch4 9
*

oKk o R oK ok ok sk ok ook ook ko ok sk ko o sk ok ok ko ks o koo ok ok ko oK s SRR KSR oK KoKk sk ok sk ok o ok o ok ok sk ok ok
%k

* control volume input

*

Sk ok ook o sk ook ok s ok stk sk sk ks s ook ke sk ks ol s sk AR Rk s R ook ok ok sk ok ok ok ks o ko o ok ok Kok ok
*

cv10000 ‘’vessel’ 2 1 4

cv10003 1.119

cvi0fald 3
cvi00al zpol 1.6764 pvol 7.306e6 tatm 561.98
cvit0bl 0.0 0.0

cviO0b2 0.4572 0.38896
cvi00b3 2.134 2.2653
cviO0Ob4 3.810 4.0273
cviO0bs 4.268 4.5306

*

cvId9900 ’resevoir’ 2 1 6
cvo9201 0 -1
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cv99%a0 3

cv999al pvol 1.013e5 tatm 300.0

cv998%a2 mlfr.4 0.21 mlfr.5 0.79 rhum 1.0
cv999%b1 0.0 0.0

cvo99b2 10.0 10.0

*

ook ok ok sk okok sk o ok kol ok s ok sk skok ok sk ok ok sk ok ok ok ks ok ook sk sk ok sk sk ok sk ke ks ok e ke ok ok o o ok o ke ksl o Kk o koK oK oK
*

* flow path input

%

koo koo ook kR o ok ks R sk Rk ok Rk ok ksl ok sk okokok stk soksk sk ok ok sk okokok ke ko s ok sk o o ok sk ke ok koK ok o
*

£100200 ‘’dip-tube’ 100 999 3.2 0.762
100201 0.0022946 3.035 1.0 0.01 0.2628
100202 3 0 1 1

£100203 1.5 1.5 0.85 0.85

£100204 0.0 0.0

£1002s1 0.05425 3.035 0.26281

%k

Ak ok ok ok Kk ok KoK ok ok ok ko ok ok ksl s ks sk ok ks sk ksl sk o sk o ok ks s o ko s ko o o sk s K Kok ok K KoK Ko R oK ok
*

* heat structure input

%k

koo o o ok ek ok ook o sk ok sk ok o o ok sk sk s ok sk stk sk s ke ok ks s ok ok ks s s koK ok sk s ok ek sk skok ook R KoKk o ok ok ok ok ok
*

hs00100000
hs00100001
hs00100002
hs00100100
hs00100101
hs00100200
hs00100201
hs00100300
hs00100400
hs00100401
hs00100500
hs00100600
*

*

*eor* melcor

3

5§ 2 0

‘vessel’

0.4572 1.0

-1 1 0.5969

0.6223 &

-1

stainless-steel 4

-1

1 100 int 0.0 1.0
0.8 gray-gas-a 1.0
12.3124 1.19 3.3528
0

title, ’GE Test 5801-13 (2-1/8in nozzle, 1060psia, 5.5ft)’

*

allowreplace

*
outputf

5801-13.out
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diagf 5801-13.dia

messagef 5801-13.mes
plotf 5801-13.ptf
restartf 5801-13.rst
3

restart -1
cpuleft 60.0
cpulim 10000.0

tend 30.0

*

timel 0.0 2.0 0.00001 20.0 0.1 60.0
*

*

*eor* hisplt

*

color,2,3,4,6,0

*

file=5801-13.ptf

*

vlabel,CPU Time (()s)

ulabel,Time (()s)

plot time cpu color=2 line=solid legend=’Total’

cplot time cvh-cput color=b line=mdash legend=’CVH’
cplot time hs-cpuc color=6 line=dotdash legend=’HS’
legend,ul

k

vlabel,Time Step (()s)

ulabel,Time (()s)

plot time dt line=solid symbol=! legend=’Time Step’
legend,ur

*

vlabel,Pressure (()Pa)

ulabel,Time (()s)

plot time cvh-p.100 line=solid symbol=! legend=’Vessel’
cplot time cvh-p.300 line=mdash symbol=> legend=’Environment’
data line=dot legend=’Test Data’

xreadfile ge-level.dat pil

legend,ur

*

vlabel,Vessel Temperature (()K)

ulabel,Time (()s)

plot time cvh-tlig.100 line=solid symbol=! legend=’Pool’
cplot time cvh-tvap.100 line=mdash symbol=%& legend=’Atms’
legend,bottom

*

vlabel,Vessel Liquid Levels ((Om)
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ulabel,Time (()s)

limits 1.0,-1.0 0.0,5.0

plot time cvh-cliqlev.100 line=solid symbol=! legend=’Collapsed’
cplot time cvh-liqlev.100 line=mdash symbol=& legend=’Swollen’
data line=dot legend=’Test Data’

*readfile ge-level.dat 11

legend,ur

%k

vlabel,Break Flow (()kg/s)

ulabel,Time (()s)

plot time fl-mflow.002 line=solid symbol=! legend=’'Dip Tube’
legend,ur

%*
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