NUREG/CR-2331
BNL-NUREG-51454
VOL. 5. NO. 2

SAFETY RESEARCH PROGRAMS SPONSORED BY
OFFICE OF NUCLEAR REGULATORY RESEARCH

QUARTERLY PROGRESS REPORT
APRIL 1 — JUNE 30, 1985

Date Published — December 1985

OEPARTMENT OF NUCL®AR ENERGY. BROOKHAVEN NATIONAL LABORATORY
UPTON, NEW YORK 11973

8602240008 851231

PDR NUREG
CR-2331 R PDR



NUREG/CR-2331
BNL-NUREG-51454
VOL. 5. NO. 2
AN.R-14578 RD

SAFETY RESEARCH PROGRAMS SPONSORED BY
OFFICE OF NUCLEAR REGULATORY RESEARCH

QUARTERLY PROGRESS REPORT
APRIL 1 — JUNE 30, 1985

Herbert J.C. Kouts, Department Chairman
'Walter Y. Kato, Deputy Chairman

Principal Investigators:

R.A. Bari J.N. 0'Brien
J.L. Boccio W.T. Pratt
R.J. Cerbone M. Reich
T. Ginsberg P. Saha
G.A. Greene J.H. Taylor
J.G. Guppy D. van Rooyen
R.E. Hall W. Wulff

W.J. Luckas, Jr.

Compiled by: Allen J. Weiss
Manuscript Completed October 1985

DEPARTMENT OF NUCLEAR ENERGY
BROOKHAVEN NATIONAL LABORATORY, ASSOCIATED UNIVERSITIES, INC.
UPTON, NEW YORK 11973

Prepared for the
OFFICE OF NUCLEAR REGULATORY RESEARCH
U.S. NUCLEAR REGULATORY COMMISSION
CONTRACT NO. DE-ACO2-76CHO0016
FINS A-3014.-3015,-3016,-3024.-3208.-3215,-3226.- 3227 -3242.
-3268.-3270,-3272.-3274,-32717,-3281 ,-3282,-3284



FOREWORD

The Advanced and Water Reactor Safety Research Programs Quarterly Prog-
ress Reports have been combined and are included in this report entitled,
"Safety Research Programs Sponsored by the Office of Nuciear Regulatory Re-
search - Quarterly Progress Report.” This progress report will describe cur-
rent activities and technical progress in the programs at Brookhaven National
Laboratory sponsored by the Division of Accident Evaluation, Division of Engi-
neering Technology, and Division of Risk Analysis and Operations of the U. S.
Nuclear Regulatory Commission, Office of Nuclear Regulatory Research.

The projects reported are the following: High Temperature Reactor Re-
search, SSC/MINET Development, Validation and Application, Thermal-Hydraulic
Reactor Safety Experiments, Plant Analyzer, Code Assessment and Application,
Code Maintenance (RAMONA-3B), Benchmarking and Verification of LWR Severe
Accident Codes; Stress Corrosion Cracking of PWR Steam Generator Tubing, Prob-
ability Based Load Combinations for Design of Category I Structures, Soil-
Structure Interaction Evaluations, Identification of Age Related Failure
Modes; Application of HRA/PRA Results to Resolve Human Reliability and Human
Factors Safety Issues, PRA Technology Transfer Program, Protective Action
Decisionmaking, and Operational Safety Reliability Research. The previous re-

ports have covered the period October 1, 1976 through March 30, 1985.
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I. DIVISION OF ACCIDENT EVALUATION

SUMMARY

High Temperature Reactor Research

The high temperature gas reactor (HTGR) safety research program is struc-
tured to provide the generation of information of generic benefit to . R safe-
ty research in those areas of commonality between high priority LWR needs and
high priority HTCR needs. HTGR safety research is being applied to generic
HTGR concepts in accordance with the development directions of the DOE/Indus-
try program until a specific design is i{dentified for NRC actions. A major
task this fiscal year is the acquisition of codes and validated data to assist
NRC in performing an independent safety asessment of specific and generic
gas-cooled reactor systems.

In the analytical effects, focused to provide the necessary computer
codes for HTGR licensing analysis, significant progress was made with both the
MINET and ATMOS codes. MINET code hellum property functions were verified in
a detailed test study, the reactor module design is well along, and a test
case simulating the side-by-side modular HTGR design was completed successful~
ly. Substantial progress was made In extending ATMOS to simulate complex
multi-cavity configurations, although an undesirable slowdown in numerical in-
tegration was encountered using the momentum equation with low form loss fac~
tors. By using the MINET code to analyze an equivalent case, it was possible
to better focus on this problem, and an alternate formulation was successfully
implemented,

In the first phase of our study on the effect of radioactive decay chains
on source terms during severe accidents, the effect of fission product decay
has been analyzed for an HTGR core. Three groups of ilsotopes were selected
for complete decay treatment: noble gases (Xe, Kr), lodine, and organic
fodine. An assumed accident sequence was analyzed using two calculational
procedures, one where the decay of the various radloactive nuclides was
approximated but precursor decay was neglected, and a second more detalled
calculation which included precursor decay. It was determined that treatment
of the physical and chemical behavior of precursors, as well as the complete
decay treatment of filssion product isotopes, can be relatively lmportant for
some acclident sequences,

As part of the experimental effort, the elastic modull of oxidized and
control samples of 2020 graphite were measured from the slopes of the stresa~
strain curves which were produced during destructive compressive strength
testing. Also, the oxidation rate runs with the larger size H-45]1 graphite
were completed, and a preliminary analysis of the oxidation kinetic data from
TS~1621 and H-451 graphite was performed.



m[ﬂm. Improvement, Validation and Application

The SSC/MINET Improvement, Validation and Application Program encompasses
a series of computer codes. The prefix SSC denotes the Super System Code,
where: (1) SSC-L is for system transients in loop-type liquid metal-cooled
reactors (LMRs); (2) SSC-P is for system transients in pool-type LMRs and (3)
S8C-8 is for long term shutdown transients. In addition to these code devel-
opment and application efforts, validation of these codes is an ongoing task.

Another component of this program is the generic balance of plant (BOP)
modeling effort., It provides for the development and validation of models to
represent and link together BOP components that are generic to all types of
nuclear power plants. This system tracvsient analysis package is designated
MINET to reflect the generality of the m.,dels and methods, which are based on
a momentum integral network method.

Interfacing of the upper plenum model with the SSC primary loop calcula-
tions is progressing smoothly. Currently, reactor outlet flows and tempera-
tures are being Input to the upper plenum model, and the average plenum outlet
temperature is returned to be used as the SSC hot leg inlet temperature. An
example test run is shown and discussed.

Two conduction models, for cylindrical and spherical structures, were
developed for {mplementation {n the MINET code. The drift flux model was
evaluated and was found to be appropriate for its Intended applications. A
FORTRAN=77 standard version of MINET was tested successfully, and the impor=
tant files were backed up on tape.

Upgrading of SSC-P proceeded, with input processor and steady state por-

tions now compatible with Cycle 41 of S$5C-L. The effort is now focused on the
transient calculations.

Thermal-Hydraulic Reactor Safety Experiments

Analysis of the data from the ex-vessel, top~flooding bed quench experi-
ments is complete, and a draft of the final report on this task has been pre-
pltcd.

Analysis of the experimental data for bottom quenching of superheated
debris particles (3.18 mm) fixed in place to prevent fluldization was com
pleted, The data Indicate that for water Injection superficial velocity
greater than 4 mm/s, there (s a dependence of the peak heat flux from the
debris bed upon the depth of the debris bed. This independence is because the
wetted area of the debris can Increase with increased bed depth, allowing more
water to come in contact with superheated debris.

Analysis of llquid-liquid film bolling data of RI1 on liquid metal pools
revealed that the data consistently exceeded the Berenson film bolling model
by approximately 20X, This discrepancy was attributed to an unaccounted for
heat loss from the liquid metal axially through the walls of the apparatus.



Correction of the enthalpy balance for the measured conduction heat loss was
found to bring the experimental data into excellent agreement with the
Berenson model, on the average to within 3X,

Plant Analyzer

The LWR Plant Analyzer Program is being conducted to develop an engineer-
ing plant analyzer capable of performing accurate, real-time and faster than
real-time simulations of plant transients and Small-Break Loss of Coolant
Accidents (SBLOCAs) in LWR power plants. The first program phase was carried
out earlier to establish the feasibility of achieving faster than real-iime
simulations and faster than mainframe, general-purpose computer (CDC-7600)
siaulations through the use of modern, interactive, high-speed, special-pur-
pose minicomputers, which are specifically designed for interactive time-crit-
fcal systems simulations. It has been successfully demonstrated that spe-
cial-purpose minicomputers can compete with, and outperform, mainframe com-
puters in reactor simulations. The current program phase {s being carried out
to provide a complete BWR plant simulation capability, including on-line, mul-
ticolor graphic display of safety-related parameters.

The plant analyzer program was at first directed primarily toward reactor
safety analyses, but it Is also useful for on-line plant monitoring and acci~
dent diagnosis, for accident mitigation, further for developing operator
training programs and for assessing and improving existing and future training
simulators. The plant analyzer is now being modified for on-line training in
emergency response. Major assets of the simulator under development are its
low cost, unsurpassed convenience of operation and high speed of simulation.
Ma jor achievements of the program are summarized below.

Existing training simulator capabilities and limitations regarding their
representation of the Nuclear Steam Supply System have been assessed previous~
ly. Simulators reviewed at the time have been found to be limited to steady~
state simulatiors and to restricted quasi-steady transients within the range
of normal operat.ng conditions.

A special-purpose, high-speed peripheral processor had been selected for
the plant analyzer, which is specifically designed for efficlent systems simu-
lations at real-time or faster computing speeds. The processor is the ADIO
from Applied Dynamics International (ADI) of Ann Arbor, Michigan. A PDP~11/34
Minfcomputer serves as the host computer to program and control the ADIO
peripheral processor. Both the host computer and the peripheral processor
have been operating at BNL since March 15, 1982,

A four-equation model for nonequili rium, nonhomogeneous, two-phase flow
in a typical BWR/4 had been implemented on the ADIO processor. It is called
HIPA-BWR/4 for High-Speed Interactive Plant Analysis of a BWR/4 power plant.
The impleventation of HIPA=BWR/4 had been carried out in the high=level lan-
guage MPSI0 of the ADLO,



It had been demonstrated during the last quarter of 1982 that the AD1O
special-purpose peripheral processor can produce accurate simulations of a BWR
design base transient at computing speeds up to 10 times faster than real-time
and 110 times faster than the CDC-7600 malnframe computer carrying out the
same simulstion. Only the BNL Plant Analyzer has achieved this galn in com=
puting speed relative to the CDC-7600 computer.

After the successful completion of the feasibility demonstration, work
has continued to expand the simulation capability for simulating the dynamics
of the entire nuclear steam supply system as well as the entire balance of
plant (steam lines, turbines, condensers and feedwater trains).

Models have been developed and implemented for point neutron kinetics
with seven feedback mechanisms and seven automatic scram trip initiations, for
thermal conduction In fuel elements, for steam line dynamics capable of simu~
lating acoustical effects from sudden valve actions, for turbines, condensers,
feedwater preheaters and feedwater pumps and for emergency cooling systems.

The software systems of both the PDP-11/34 host computer and the ADLO
special-purpose peripheral processor have been upgraded to achleve greater
computing speed and a larger number cof analog input/output channels. Two
AD1Os are coupled via a direct bus-to-bus Interface to compute in parallel.

Models have been developed and {mplemented for the feedwater controller,
the pressure regulator and the recirculation flow controller. Twenty-eight
parameters for initlating control systems and valve fallures and for selecting
set polints can be changed on-line from a 32-channel comtrol panel. Sixteen
dedicated analog output lines are provided for the simultaneous display of 15
selected parameters in labeled diagrams versus time. All {nput-output chan~-
nels are addressed approximately 200 times per second. A silent movie has
been produced to show how the plant analyer (s operated and how it responds to
on~line analog signals.

During the first reporting perlod of 1984, we presented the comparison of
plant analyzer results with published results from CE for 10 different ATWS
events as a part of developmental assessment. The assessment showed that the
plant analyzer is capable of simulating ATWS. The plant analyzer has been
generalized to simulate any BWR-4 power plant In response to {input data
changes from the keyboard.

During the second reporting period of 1984, we continued the developmen=
tal assessment of the plant analyzer by comparisons against GE, TRAC-BDI1,
RELAP=5, and RAMONA-JB code results. The results showed that the plant ana-
lyzer (s capable of realistically simulating a large class of plant transients
effictently at very low cost.,

During the third reporting period of 1984, we implemented the capability
of simulating flow reversal, continued the tmplementation of the level track=
{ng model with the drift flux model, and demonstrated successfully the simula~
tion of boron Injection and the subsequent cessation of flaslon power. Sever=
al transients were simulated to demonstrate the plant response to manual de~



pressurization and HPCI flow reduction during an ATWS event. These simula-
tions were carrled out to assess the efficacy of proposed emergency procedure
guidelines. The results indicate that the flsslon power can be reduced with-
out boron injection and core uncovery, by lowering the pressure and by lower-
ing the coolant level in the downcomer and thereby reducing the core flow
rate.

The previously distributed draft report documenting the BWR plant ana-
lyzer was updated as a final report [Wulff, Cheng, Lekach and Mallen, 1984]
It has been printed and distributed.

During the fourth reporting period of 1984, we demonstrated that with the
plant analyzer one can simulate, evaluate and document, in less than four
days, thirty-seven different transients, induced by both single and multiple
fallures or events. We achleved the ablility to operate the plant analyzer
remotely at BNL from an IBM Personal Computer, equipped with 128 Kbyte memory,
an RS=232 serial port, a 1200 baud modem, a Plantronics PC+ Colorplus color
graphics adapter card and a standard R-G-B color monitor.

During the previous reporting period, we have demonstrated that the BNL
Plant Analyzer can now be accessed and operated remotely from anywhere in the
United States. There were seven demonstrations given in Washington, D.C., two
in California, one in ldaho and one for a utility in New York. Work has
started for on-line support of personnel drills In the NRC Emergency Opera-
tions Center. The Tektronix 41158 graphics terminal has been recelved.

During the current reporting period, we have developed the models for dry
and wetwell responses to discharge from pipe leaks and from the safety and re-
l1lef valves. We began to expand thermophysical property tabulations toward
low pressures in the vessel, we completed the level tracking simulation In the
downcomer and we began to program output processing for long-term simula~
tlons, We also prepared for the first transatlantic remote access operation
of the plant analyzer.

The Interest In the Plant Analyzer Development Program continues to be
high, both in domestic and foreign institutions. Eleven presentations with
demonstrations were given at BNL to visitors from USNRC, CSN-Spain, Nether-
lands and the U.§.

Code Assessment and Application

Simulation of five FIST Phase ' tests with TRAC-BD1/MODL is at varlous
stages of completion. Preliminary comparison of the TRAC predictions with the
experimental data shows good agreement.

Twelve staady-state flow bolling experiments performed (n the FRIGG loop
have been simulated with the TRAC~BDL/MOD1 code. These tests were simulated
earlier with the RAMONA-IR/MODO Cycle B code., Comparison of the code predic~
tions with the data shows that both TRAC=BD1/MODI and RAMONA=IB (with the

e



Bankof f-Malnes slip correlation) produce results in good o,nunt with the
measured axial void fractions for low inlet subcoolings (<10°C). However, for
higher inlet subcoolings (>10°C), both codes need improvement in the subcooled
boiling region.

Code Maintenance (RAMONA-3B)

A simple model for calculating the pressure suppression ool bulk water
temperature and level has been implemented in RAMONA-IB. Also, a new cvele of
RAMONA-IB containing a number of code improvements and corrections has been
created. This new cycle, i.e., RAMONA-3IB/MODO/Cycle 10, is being distributed
to several U.S. organizations.

Benchmarking and Verification of LWR Severe Accident Codes

In these projects, BNL staff will benchmark and verify specific LWR se-~
vere accident codes. The first project will evaluate the potential for the
MFLCOR computer code to be used as a source term code., MELCOR is currently
being developed for NRC by Sandia National Laboratories (SNL) to be used in
probabilistic risk assessment (PRA) studies. In addition, the projet will
also benchmark MELCOR against more mechanistic codes. In the second project,
BNL will obtain the NRC source term code package (STCP) which was developed at
Battelle Columbus Laboratory (BCL). The STCP will be reviewed specifically to
ensure that models and options are adequate and have been correctl!y imple~
mented,



l. High Temperature Reactor Research (J. G. Guppy)

The high temperature gas reactor (HTGR) safety research program is struc=-
tured to provide the generation of information of generic benefit to LWR safe-
ty research in those areas of commonality between high priority LWR needs and
high priority HTGR needs. HTGR safety research is being applied to generic
HTGR concepts in accordance with the development directions of the DOE/Indus=-
try program until a specific design is identified for NRC actions., A major
task this fiscal year is the acquisition of codes and validated data to assist
NRC in performing an independent safety assessment of specific and generic
gas=-cooled reactor systems,

1.1 hasmt’ and Development of Evaluation Methods (P. G. Kroeger, G. J.
an Tuyle, R, Ashley

lol.1 MINET Representation of a Side~by-Side Modular Concept (G, J. Van Tuyle)

The vertical=in~line modular HTGR representation previously developed,
using the MINET code, was altered to represent a side-by-side configuration,
This required adding a couple of modules (pipes) to the input deck, altering
the module connections somewhat, and adjusting the elevations so the steam
generator was positioned below the core., An LOFW ATWS with circulator trip
transient was run to ten minutes to observe the system response, with the nat-
ural cliculation flow effectively inhibited by the low position of the steam
generator, We observed a flow reversal after the circulator coasted down, and
a4 return of the flow rate (towards zero) by the end of the ten minute period.
A slowly oscillating and quite low primary loop flow rate appeared to be de~-
veloping, a not-unexpected response, As a great deal of estimation was in-
volved in specifying the system details, further analysis of the system should
be deferred until some of the uncertainties can be addressed, {.e., when de~
sign details are better known,

lo1s2 MINET Reactor Module (G, J. Van Tuyle)

The generic MINET reactor module {s currently under development, This ge=~
neric module will be quite similar to other MINET modules, especially the
pipes and the heat exchangers, with the principal difference being the calcu~
lation of rhe heating term, This heating term is composed of the reactor pow=
er, the decay heat, and losses and gains due to the structure and moderators,
Core power {8 to be elther a user~input function of time, or calculated from
the reactivity, using a six-group point kinetics equation, Reactivity contri~
butions from control rods, xenon, fuel temperature, moderator temperature,
coolant temperature, and forelgn mat:er in the coolant (e.g. water or air for
an HTGR) will be factored into the total. While each of the various calcula~
tfons is relatively stralghtforward, the calculations do have to be carefully
packaged {n order to assure proper flexibility for the user, so that the vari~
ous options can be controlled through input data,



1A, as taken from (Bammert, 1969) and (Tallackson, 1975), has been tested over
a pressure range of 1 to 1000 bar and a temperature range of 273 to 1773K.
These property correlations are as follows:

h = 51967 + 0313 (=¥ -‘-7-:-5-) P~ 14170,0
T

c, = 319 = 0.01043 (r=0 . -2-'-2-”3) P/T
T

§ = 5196 tn T - 2078 tn P + 00783 (TP - -'—22:—0-) P/T + 26240

T
p = 2
{2078 T + (.02%8 T . 1?92) P

T

-’
k= (,002682 + 3,011886 x 10='' « p) 7(e71 = 1,42 x 1077 * P)

b= 3,67 x 10°7 997

Units: T in K § dn J/kgk
P in Pa p in k‘/.’
h in J/kg k in w/(mK)
e, An I/ (kgeK) W in Ne/m’

The MINET helium functions were tested by generating properties over a
wide range of temperatures and pressures, and comparing these values to pub-
Ilished tables. The results are shown in Tables 1.1 = 1.6,

Results for the density function are given in Table l.l1. As helium is
nearly an f{deal gas, the agreement between the MINET functions and the tables
Is not surprising., (1t should be noted that the tabular values in (Perry,
1984) for 20 bars and 773 K, 1073 K, and 1273 K are highly suspect, and we
consider the MINET values to be much more reliable, given the good agreement
with (Reynolds, 1979) and (Banerjea, 1978)),

The MINET enthalpy calculations were compared against tabular values from
the same three references, again with excellent results, as can be seen in
Table 1.2, (Because enthalpy has an arbitrary zero point, values from some of
the references had to be adjusted to align at the | bar, 273 K point,)
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Table 1.1 Density of Helium as Calculated, from Tables, and Per Cent Errors
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Table 1.2 Helium Enthalpy as Calculated, from Tables, and Per Cent Errors
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Entropy values were also compared to those from these same three refer-
ences, again with excellent results, as shown in Table 1.3 (again the zeroes
were aligned, when necessary). Entropy is currently used only in the MINET
turbine module calculations, so it is not an essential property at the moment.

Viscosity and thermal conductivity data are not as broadly available, so
the comparisons provided in Tables 1.4 and 1.5 are not as extensive as the
thre: previous properties. Further, the MINET functions are German ir origin,
and these same property functions were probably used to generate the German
tables. Thus, the tabular values from (Vargaftik, !975) provide the only
truly independent verification. Fortunately, the MINET functions compare well
to the Vargaftik tables, given that viscosity and thermal conductivity values
are really accurate to only 5% or so.

Three property derivative functions are used the MINET code: 1) speci-
fic heat, 2) the derivative of density with res; ¢t to enthalpy, and 3) the
derivative of density with respect to pressure. As these properties are de-
pendent on the five properties already verified, it was oniy necessary to per-
form a consistency check. This was done by evaluating each of the three deri-
vative functions over a wide range of temperatures and pressures, and by esti-
mating the derivatives via finite differencing of the basic property func-
tions. The results of this study are shown in Table 1.6. As can be seen,
the derivative functions are in excellent agreement with the finite difference
estimates.

One other property function (temperature as a function of enthalpy and
pressure) is also used in MINET. This is simply an inverse of the enthalpy as
a function of temperature and pressure function, and verification was perform—
ed by calculating enthalpy from temperature and the temperature from enthalpy
and comparing over a wide range of pressures and temperatures.

As a result of this testing process, we can say with a high degree of
confidence that the MINET helium properties are accurate over a wide pressure
range and a fairly wide temperature range. We did not study the accuracy of
the ideal gas law models, but believe the tables included could be useful in
the performance of such a study.

l1.1.4 Reactor Building Transients with a Modified ATMOS Code (P. G. Kroeger)

Efforts to extend the ATMOS code to confinement or containmen*t type reac-
tor buildings were initiated. In its previous version, the ATMOS code ana-
lyzed containment building atmosphere transients subsequent to the initial
biowaown for large HTGRs. Its main emphasis was to evaluate the containment
building (CB) gas temperatures, pressures and gas composition to assess the CB
failure potential from over-pressurization or from gas buraning.

To apply the code to reactor building (RB) transients in modular reac-
tors, several extensions of the ATMOS code are required. A typical RB for a
modular HTGR is shown in Figure l.l. 1In Figure 1.2, a schematic representa-
tion of the most essential parts of the RB is given. The major point of im~
portance here is, that the RB for a modular reactor consists of several
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“cavities” with no pressure boundary between them, but with limited mixing be-
tween the gas atmospheres of the various cavities. Also, for modular reac-
tors, the vendor intends to suggest a confinement type RB, vented to the atmo-
sphere. Figure 1.2 shows a safety valve discharge from the steam generator
into the upper part of the RB (cavity 3). This is not necessarily the loca-
tion of the safety valve discharge point, and different flow sequences and gas
mixing would result if the discharge point were in one of the other cavities.

The main objective of the safety anaiyses of reactor buiiding atmosphere
transients is to evaluate the release of fission products from the RB during
such transients, In pressurized (containment type) RBs, the main concern is
for potential building failure due to over pressure, requiring inr assessment
of the gas temperatures, pressures, and flammability ccnditions in the various
cavities., For vented (confinement type) RBs, there is an initial gas release
from the RB to the atmosphere at the time of depressurization (generally long
before fuel failures have occurred), plus potential slow releases later, dur-
ing long core heatup transients. Again, to assess the gas release rates from
the vented RB, the gas temperature histories in the vuoricus parts of the RB
and the flammability conditions are the variables of major interest.

In contrast to CB transients in large HTGRs, cavities 4 and 2 (Figure
1.2) can be heated here directly from the reactor vessel, and, depending on
the status of the Reactor Cavity Cooling System (RCCS), this can significantly
affect the transient., As heat transfer to the surrounding solid structures
was found to be the most important factor in previous work, it is intended to
pertdit specification of an arbitrary number of solid structures in each cavi-
tv, similar to the approach taken in CNTB7 (Landoni, 1979).

The geometric arrangement of the RB as given in Figures 1.1 and 1.2 is
certainly not the only configuration to be investigated in the safety evalua-
tion of DOE/Industry concepts. The code modifications will, therefore, permit
the user to specify the number of cavities and the desired flow connections
between them. Similarly, heat exchange between cavities across solid capaci-
tances (e.g. reactor vessel) will be a user specified option. Other features
to be included were listed in Section 3.4 of our draft report on the assess-
ment of modeling needs (Kroeger and Van Tuyle, 1985).

At this time, a general model for flow between heated and cooled cavities
has been formulated, programmed and tested as a stand-alone set of routines,
using the configuration of Figure 1.2. The inter-cavity flows over most of
the long RB transients (except during the relatively short blowdown perind)
are predominantly due to gas expansion and contraction in the various cavi-
ties, with essentially uniform pressure in all cavities. For such cases, a
limiting flow model can be obtained strictly from the ideal gas law, yielding
the limiting flow required to keep *he pressure uniform in space, but not nec-
essarily in time. This model had been applied very successfully in the cur-
rent ATMOS code. Considering its application to a user prescribed number of
cavities with arbitrary flow connections, it was found that this model cannot
provide unique solutions in case of closed loops in the system, as exists for
instance between cavities 3, 4 and 6 of Figure 1.2. (See also Figure 1.3,
Section 1.1.5). An alternate model using quasi-stationary momentum equations
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was, therefore, provided. While both models have given identical results in
testing thus far, the limiting flow model executes one to two orders of magni-
tude faster than a momentum equation model, which, due to the very low flow
rates and low pressure drops,tends to make the system of ODEs and AEs very
stiff. (A MINET application to this problem is represented in Section 1.1.5.)
As clcsed loops are generally not essential in RB transients, we are currently
proceeding to permit user options for the inter-cavity flows as follows:

a. Limiting flow mode!, with some user specified flow relaticaship for any
flow connection causing a closed loop. This mocel will erecute rapidly
and will be suitable for most appiications.

b. Inter-cavity flows computed frum quasi-stationary momentum equaticns.
This model works slower, but can fully evaluate closed loops.

At this time, the previous ATMOS model for heac conduction in*eo solids
has been revised into an implicit mcdular rovtine so that it can now te ap~
plied to any number of solid str-uctures.

Before beginning with the final inclusion of the above iteams into the
code, an alternate solution method was investigated. Tue current code, with 3
cavities and a maximum of 6 gas species per cavity, thus has 18 gas concentra-
tions state variables for which mass conservatiou ODEs wust be solved. It is,
in principle, possible to substitute one single ODE for the total gas in the
system and obtain the gas distribution over the cavities from algebraic equa-
tions. The advantage of this procedure would be the significantly lower num—
ber of ODEs to be integrated. However, in this second appreoach, the "updated”
gas volume fractions in each cavity are not available at the beginning of a
time step and must either be "lagged” (i.e., use last time step values),or be
obtained by iteration. Furthermore, the flow rates between cavities, needed
for solution of the gas energy equations, must be obtained from numerically
computed derivatives in this method. Before initiating a major revision of
the current code, it was felt to be desirable to investigate this option. The
current code was modified to execute in this revised form with 17 less ODEs.
It was found that time savings of only about 10 to 15% were obtainable from
the revised method. However, since truncation errors were higher (even though
tolerable), and since the coding became more cumbersome, it was judged to be
preferable to retain the current method, since current code run times for 10
day transients range from 3 to 20 s (i.e., quickly enough so a 10% raduction
is unimportant).

1.1.5 Confinement Analysis Using MINET (G. J. Van Tuyle, P. G. Kroeger)

In a recent effort to extend the capabilities of the ATMOS code, which is
used to perform containment/confinement building atmosphere transient analy-
sis, some difficulties were encountered in representing multiply connected
chambers (i.e., portions of the building conrecting with twn or more other
portions forming closed loops). With such multiply connected regions, momen-
tum equations have to be employed to determine the various flow rates. When
the momentum ecuations were added to ATMOS, unacceptably small time steps be-
came necessary, unless the form loss factors (between regions) were set
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artificially high (e.g., 20). At the low pressure drops and flow rates pre-
vailing, this has no significant effect on the resulting flow rates, and only
changes cavity pressures in the fourth or fifth significant figure. Neverthe-
less, it is preferable to avoid such an artifice. As ATMOS employs a sophis~-
ticated DGEAR integration package that has been widely tested and applied, we
were somewnat puzzled by the difficulties that were encountered.

In an 2ffort to better understand the ATMOS difficulties, we set up and
ran an equ.valent representation using the MINET code. The system correspond-
ed to a side-by-side modular HTGR confinement, as shown schematically in Fig-
ure 1.,2. In representing this layout using MINET, we used 6 volume modules
for the various chambers, along with 10 short pipes, and 4 boundary modules,
as shown in Figure 1.3. Of the boundary modules, only the vent to atmosphere
is important, as the ones labelled "trace" are extremely small and used only
for initialization (to obtain non-zer: flows). The MINET simulation of this
system proceeded smoothly, and the time step size problem that was evident in
the ATMOS analysis was absent from the MINET tun, even for low form loss fac-
tors (e.g., 2). It should be noted that the tcial effort to set up, test, and
run the MINET code for this case was about one man-day, and that the simula-
tion of 100 seconds of transient time required iess than | second of CPlU time
on : CDC 7600 mainframe.

These results show that the MINET numerics can handle such low pressure
drop transients better than the well knowu L.-Ak package, at least for this
test application. While the above MINET run tiwes are significantly slower
than those of the version of ATMOS with the limiting expansion/contraction
flow model, which runs at 20 s machine time for a 10 day transient, this test
assures us of a valuable backup option should we encounter future difficulties
in ATMOS with multiply-connecced cells.

1.2 Effect of Radioactive Decay Chains on Source Terms (P. Kohut, A. L.
Aronson)

The purpose of this effort is to evaluate the effect of fission product
transmutation an; decay on fission product transport during severe accident
conditions. In  1e first phase of this study, the effect of fission product
decay has been arvilyzed for an HTGR core. The hypothetical accident sequence
involved the fail're of the liner cooling system leading to total core degra-
dation., The buil -up and assumed deflagration of combustible gases eventually
lead to the failure of the containment building, veleasing a significant
amount of radiation fission products. The details of the various models in-
cluded to describe a) the release of fission products from the fuel, their
subsequent transport through the graphite, upper plenum and containment build-
ing, and b) the decomposition of structural materials, are discussed in
(Reilly et al,, 1984). The present study is an analysis relative to those of
(Reilly et al., 1984), where the complete treatment of the various decay
schemes has been simplified using a decay factor based on more detailed calcu-
lations.
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Three groups of isotopes have been selected for complete decay treatment:

noble gases (Xe, Kr)
. iodine
* organic iodine

The fraction of iodine converted to organic form has been set in accordance
with (Reilly et al., 1984).

The initial fission product inventory has been determined using the iso-
tope generation and depletion code, ORIGEN (Bell, 1973). A two year HTGR fuel
cycle has been assumed, with 20% enriched fuel, at a core power level of 2240
MWt. The resulting initial inventory of hundreds of radiocactive actinide fis-
sion pr ducts and structural material isotopes has been lumped into several
groups for calculational purposes. The BNL in-house code, FPATMOS has been
used to calculate the distribution and transport of the various radiocactive
isotopes, through the fuel, graphite, plenum and containment. The decay equa-
tions for all selected isotopes are solved separately in each volume, account-
ing for the differences in the transport and distribution of the precursors.
The accident sequence has been analyzed by two sets of calculations.

In (Railly et al., 1984) the inventory of radioactive nuclides is de-
creased by a decay factor, which represents the fraction of radioactive nu-
clides remaining afrer 10 hr. of decay.

The decay factor was derived from more detailed calculations with
ORIGEN. This approximation accounts for the decay of each isotope rather
well, with a few exceptions (~10-20% error after 300 hr.). However, the in-
crease in inventory due tc precursor decay is totally neglected.

In the second calculation, these approximations have been replaced with
complete decay treatment for the three groups of selected isotopes.

In the anulyzed accident all forced cooling is lost, the primary system
depressurizes, the liner cooling system does not function, and the core heats
up. Subsequently, the concrete starts decomposing, generating non-condensible
gases. Due to the bYuild-up and deflagration of combustible gases, the con-
tainment building fails at 140 hr into the accident. The major consequences
are (Reilly et al., 1984):

a) Noble gases (Xe, Kr) and organic iodine are essentially released to the
environment,

b) Iodine is primarilv deposited on the containment building floor,

¢) The Te group is also deposited on the containment building floor, in the
form of settled aerosols, and

d) Only a small fraction of the remaining fission products will escape to
the environment.



The main results of the present study relative to (Reilly et al., 1984) are
shown in Figures 1.4 and 1.5. The total atmoepheric radioactivity releases
due to all fission products have been substantially reduced, by ~40X. This
is mainly due to the ~55% reduction in the activity of the released noble
gases (Xe, Kr). However, the iodine and organic iodine gro\ﬁ behavigzoo-evlut
differently., Here, primarily due to the precursor Te (M1e » 1), the
amount of iodine and organic iodine present in each volume can actually in-
crease. Since all organic iodine is suspended in the containment building at-
mosphere, and iodine settles out at a particular rate, the atmospheric release
will contain all organic iodine and only a fraction of the lodine isotopes.
Even though the total atmospheric release due to all fission products is de-
creased by =-40%, the iodine release is reduced by only =107 due to the
build-up of I from the decaying precursor 1321e, This effect is even more
significant in the case of organic iodine, where the atmospheric activity re-
lease actually increases by a factor of ~2.5.

In summary, the physical and chemical behavior of precursors, as well as
the complete decay treatment of fission product isotopes, are relatively im-
portant effects which, depending on accident sequences, cannot be neglected.

1.3 HTGR Safety Handbook (K. J. Araj et al.)

A draft of all handbook sections assigned to Brookhaven National Labora-
tory was completed and submitted to the NRC for comments and review.

1.4 Craphite and Ceramics (J. H. Heiser, III, D, Wales, C. Finfrock, B. S.
Lee)

As part of the experimental effort, the elastic moduli of oxidized and
control samples of 2020 graphite were measured from the slopes of the stress-
strain curves which were produced during destructive compressive strength
testing. Also, the oxidation rate runs with the larger size H-451 graphite
were completed, and a preliminary analysis of the oxidation kinetic data from
TS-1621 and H-45] graphite was performed.

1.4.1 Modulus of Elasticity of 2020 Graphite

The elastic module for HIL 2020 graphite samples #1 and #3 and one unox-
idized control sample were measured from the slope of stress-straia curves
(Figures 1.6 = 1.8) produced during destructive compressive strength testing.
The elastic modulus was obtained from the linear portion of the curve:s where
compression is elastic. This occurs near the origin of the s*r~us-strain
curves, Young's modulus for the control sample was 7.5 GPa, for sample #1
(5.9% B.0,) it was 6.9 GPa, and for sample #3 (7.8% B.0.) it was 5.0 GPa.
These values ar= in agreement with values from GA. Young's modulus was also
wmeasuced for sample #3 and the control via strain gages glued to the sample
surfaces, Sample #3 yielded a value of 3.6 GPa and the control yielded 7.1
GPa. Agreement between curve values and strain gage values was good for the
unoxidized control but poor for sample #3. This may be due to the high
surface oxidation on specimen #3,
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1.4.2 Oxidation Kinetics Measurements

The oxidation rate runs with larger size (5.97 em x 5.72 em x 15.24 cm)
H-45] graphite have been completed, and preliminary analyses of the oxidation
kinetic data from TS=1621 and H-451 graphites have been conducted,

In the previous progress report (Guppy et al., 1985), it wac shown that
2020 graphite followed a Cadsby-Hinshelwood type relationship at 850°C for the
gas composition studied., It was also reported thut PGX graphite also followed
the same relationship when Hy/H;0 = 1.7 to 10 at 850°C, The details of the
analysis were discussed in that report,

The plot of 1/R vs. /P for TS-1621 graphite, Figure 1,9, shows that
the oxidation behavior can b‘e‘zgxprened by a Gadsby-Hinshelwood type equation.
The same conclusion can be drawn from the plot of 1/R vs. ¢V P_ , Figure 1.10,
The total weight loss for the TS-1621 graphite sample was 1.06!3

The preliminary analysis of the plot of 1/R vs. 1/P shows that the F
value, product of burnoff factor (F ) and catalysis or  A¥ ), is %09
when the F for 2020 graphite is set as 1, which indicates that Ts-f(le graph=-
ite is about 0.9 times reactive compared to 2020 graphite. : This result is
consistent with the measured oxidation rates shown in Table 1.7 (see after 440
hours) .

Table 1.7

Oxidation Rates for 2020, PGX, TS-1621 and H-451 Graphites at
850° with 500 ppm H,0/5000 ppm H» (Balance He)

Oxidation Rate (ppw (CO+CO, )/hr)
Graphite
Initial Rate After 50 hrs After 440 hrs
202 278 239 262
PGX 673 1273 3746
TS-1621 451 340 242
H=451 198 199 40

The plots of 1/R vs. 1/P o and 1/R vs, /P for H-45]1 graphite show that
the oxidation rate can also k expressed by a Cadsby-Hinshelwood type rela-
tionship as shown in Figures 1.11 and Figures 1.12, respectively.

The preliminary analysis of the plot of I/R vs. 1/H,0 and 1/R vs, /P re-
sulted in the F values of 0,08 and 0.19, respectively, which indicate thab?the
reactivity of H-451 graphite is between =8 and ~19%Z of that of the 2020
graphite, This result is consistent with the mecasured oxidation rates shown
in Table 1.7 (see after 440 hours).
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For the H-451 graphite runs, after about 10 runs, it was difficult to
keep the P at *5 x 10™ atm (it was higher than this level without any
injection oP%O). It was speculated that, due to the very low K 0 consump-
tion by the sample (very low oxidation rates), water was condensing on the in-
ner surface of the tubes (at room temperature), close to the outlet of the gas
from the reaction chamber, and was accumulating. This problem was clrcus
vented by running most of the experiments at H,0 levels higher than 1 x 10
atm,

Figure 1.12 shows the four groups of data points in the order in which
they were collected. For instance, group | data are from the early stage of
the experiment (1400 = 1800 hours of duration) and group 4 data are from the
last stage (2700 = 3000 hours). The _gertod between group | and group 2,
P 0 of = 2 x 10~ atm and - 3 x 10 atm were used and as shown in
l’ﬁun 1.12, the oxidation rates were high for these H,0 levels. Thus, it is
believed that the major amount of oxidation occurred in the period between
group | and group 2. The total relative weight loss for the H-45]1 sample was
0.63%,

Assuming that the catalytic effect of the impurities for H-451 is negli-
gible, which is acceptable because of the very low impurities level of this
graphite, it can be said that 0.63% burnoff caused an oxidation rate that was
about two times higher than if there was no burnoff.
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2. SSC/MINET Improvement, Validation and Application (J. G. Guppy)

The SSC/MINET Improvement, Validation and Application Program deals with
advanced thermohydraulic codes to simulate transients in liquid metal-cooled
reactors (ILMRs). During this reporting period, work continued on three codes
in the Super System Code (SSC) series, These codes are: (1) SSC-L for simu-
lating short-term transients in loop~type LMRs; (2) SSC-P which is analogous
to SSC-L except that it is applicable to pool-type designs and (3) SSC-S for
long-term (shutdown) transients occurring in either loop- or pool-type IMRs.
In addition to these code development and application efforts, validation of
these codes is an ongoing task. Reference is made to the previous quarterly
progress report (Guppy, 1985) for a summary of accomplishments prior to the
start of the current period.

Additionally, this program deals with a generic balance of plant (BOP)
modeling effort, which encompasses the development of safety analysis tools
for system simulation of nuclear power plants. It provides for the develop~-
ment and validation of models to represent and link together BOP components
(e.g., steam generator components, feedwater heaters, turbine/generator, con-
densers) that are generic to all types of nuclear power plants. This system
transient analysis package is designated MINET to reflect the generality of
the models and methods, which are based on a momentum integral network meth-
od., The code is fast-running and capable of Operatlng as a self-standlng code
or to be easily interfaced to other system codes.

2.[ SSC'S Cod! (Bo Co Chll‘\)
2.1.1 Upper Plenum Model Coupling (B. C. Chan, R. J. Kennett)

The two-dimensional upper plenum thermal-hydraulic model has been inter-
faced with the SSC code, This module can be used in the steady-state and
the transient calculations, Several test cases of the upper plenum model
have been performed, These cases are testing the flexibility of the model,
as it applies to various plena with differing dimensions, internal struc-
tures, grid number and grid specing. All of these can be controlled from the
external input data, A seven channel core model simulation, representing an
LMR transient, has been chosen for debugging and testing purposes. Work is
continuing,

2.1.2 Testing of SSC - Upper Plenum Interface (B, C. Chan, R, J, Kennett)

As the interfacing of the 2-D upper plenum model with the SSC code pro-
ceeds, calculations are routinely performed to test the interfaces., Selected
results from one of these tests are shown in Figures 2.1 through 2.5.

The upper plenum domain was modeled in cylindrical coordinates as a two-
dimensional axi-symmetric field, using an 1l x 13 grid (radial x axial) of
variably-spaced cells, Upper plenum structure is represented as a cylinder
located above the core outlet, and the sodium has to pass above (full flow
conditions) or below (low flow conditions) the cylinder in order to exit the
region directly above the core,
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time and priorities permit. Alternative correlations for ti» drift flux para-
meters C and V_ . were also suggested, although it is not clear that this
alternat® packﬁit would be any better or worse than che package we adapted
from the TRAC code.

2.2.2 MINET Code Improvements (G. J. Van Tuyle, T. C. Nepsc.)

The steady-state and transient code modules are now operational in the
CDC environment. using the FTN5 compiler under SCOPE 2.1.5 on the 7600. A
transient based on the MINET X2 Sample Problem was run to normal termination,

All files necessary to construct the FORTRAN 77 Version from MINET Ver-
sicn (.10 have been backed up on tape.

2.2.3 MINET Standard Input Decks (G. J. Van Tuyle)

A new deck for side-by-side modular HTGR systems was developed and
tested, and designated deck HT2, Testing included a successful null (steady-
state) transient and a ten minute LOFW ATWS with circulator trip, which gave
results that appeared to be reasonable and consistent,

2.3 SSC-P Code (W. C. Horak)
2.3.1 Code Upgrade (W. C. Horak, R, J. Kennett, I. K. Madni)

Work on this effort was intensified during this reporting period. The
Phenix input deck was made compatible with Cycle 41 of the SSC base program
library. Those independent subroutines, which are only needed for SSC-P re-
lated calculations, were made compatible with and inserted into Cycle 41, Due
to recent changes in the steady-state solution algorithm, the logic for the
overall SSC-P steady-state procedure had to be extensively revised. These
changes were developed and successfully implemented. The computations are now
complete through the input processor and the steady-state initialization seg-
ments of SSC-P.
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3. Thermal-Hvdraulic Reactor Safety Experiments

3.1 Core Debris Thermal-Hydraulic Phenomenoclogy: Ex-Vessel Debris Quenching
(T. Ginsberg, J. Klein, J. Klages, and C.E. Schwarz)

This task is directed towards development and experimental evaluation of
analytical models for prediction of the rate of steam generation during
quenching of core debris under postulated LWR core meltdown accident condi-
tions. This program is designed to support development of LWR containment
analysis computer codes.

3.1.1 Comparison of Bed Heat Flux During Quenching with Steady-State Bed Heat
Removal Data and Model

Analysis of the data from the ex-vessel, top-flooding bed quench experi-
ments is complete, and the draft of the final report on this task has been
prepared.

Data from the experiments are compared with mathematical models of the
debris bed quench process and with data from other sources. Figure 3.1 com-
pares the experimental data from the quench experiments with available steady-
state debris dryout heat flux data and with the Lipinski debris bed dryout
heat flux model (Lipinski, 1984). Also shown is a data point from the quench
experiments of Cho et al. (1982). These results indicate overlap of the
transient bed quench and steady-state dryout heat flux data, suggesting that
the mechanism of heat removal in the transient and steady-state regimes is
similar. 1In fact, the agreement, at least to first order, is taken to imply
that the mechanism which limits the bed heat removal rate during the quench
process is that of countercurrent two-phase flux within the top region of the
bed where the steam and liquid fluxes are the greatest.

It is also observed that the steady-state Lipinski model agrees reason-
ably well with bed quench data. This model, however, does not account for two
mechanisms which differentiate the bed quench process from steady-state decay
heat removal, i{.e., fillup of voids and superheating of the steam and steam
cooling of the debris during the quench process. Both of these mechanisms act
to reduce the bed heat removal rate. Thus, the agreement between the quench
data and the steady-state model may be somewhat fortuitous.

A model of the bed quench process has been developed which incorporates
the above two effects. The model uses the framework of the Lipinski model for
the debris bed hydrodynamics together with energy equations for the solid par-
ticles and the steam. It was found necessary to adjust the bed permeability
parameters in order to obtain good agreement with the bed heat flux data. The
parameters n, and n, are exponents in the bed permeability relat onship, given
by
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g » (1eg)™ n, = (1-a)"2

where x and n are the relative bed permeability and turbulent bed permeabil-
ity, respectively, and the subscripts g and L refer to the vapor and liquid
phases. The quantity a is the volume fraction of vapor in the free space of
the bed. Lipinski proposes (n,,n;)=(3,5). Use of these parameters in the bed
quench model, which incorporates the effects of void fillup ana steam super-
heating, led to underestimation of the data by as much as 40%Z. Agreement to
within approximately 15X was achieved by adjusting the parameters to (n;,n;)=
(3,3) for beds whose particle diameters are greater than 3 mm ard (n,,n,)=
(2,3) for smaller particles.
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Figure 3.1 Steady-State Dryout Heat Flux and Bed Quench
Heat Flux Data Compared with Steady-State Lipinski
Model: P = 0.1 MPa, Porosity = 0.4, (n;,n,)=(3,5),
Bed Height = 0.3, 0.4 m
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3.2 Core Debris Thermal-Hydraulic Phenomenology: In-Vessel Debris Quenching

(N. K. Tutu, T. Ginsberg, J. Klein, J. Klages, and C.E. Schwarz)

The purpose of this task is to develop an understanding of the transient
quenching of in-vessel debris beds (formed in the reactor core region) when
the coolant is injected from below. The experimental results would, in addi-
tion, generate a data base for verifying the transient thermal-hydraulic
models {or the quenching process. The present experimental and model develop-
ment effort is directed towards the case where the (oolant is being injected
at a constant rate.

3.2.1 Experimental Program

A debris bed consisting of 3.18-mm stainless steel spheres is formed in a
stainless steel test vessel of 108-mm inside diameter, and is held between two
fixed screens to prevent fluidization during the quenching process. After the
debris bed is heated to a predetermined initial temy rature, water at satura-
tion temperature is injected from below at a constant flowrate to begin the
quenching process. Analysis of the acquired data during a new series of
debris bed quench experiments was completed. Here, we present a few results,

Figure 3.2 shows the observed instantaneous lreat flux at the top of theg
debris bed for the cases where the nominal initial debris bed superheat, AT'
was 424K, These results (for a bed height of 0.85 m) are qualitatively simi-
lar to those obtained for a bed height, H of 0.422 m. However, for water
injection superficial velocities greater than 4 mm/s, the peak heat fluxes are
much larger than those observed for H = 0.422 m. This is because at rela-
tively large water injection rates, water reaches the top of the debris bed
before significant bottom portions of the bed have completely quenched. Thus
if the debris bed height is increased, more of the debris can come iato con-
tact with the liquid, and hence increase the instantaneous heat flux.

Figure 3.3 shows the measured time averaged heat flux leaving the top of
the debris bed per unit water injection superficial velocity (Jo), per unit
initial particle superheat for various experimental conditions,” The solid
line in the figure is the prediction from the 1-D quasi-steady model (Tutu et
al,, 1984). Considering the scatter in the data, the agreement is reason-
able. These results are similar to those observed for a bed height of 0.422 m.
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3.3 Core-Concrete Heat Transfer Studies (G. A. Greene)

The purpose of this task is to study the mechanisms of liquid-liquid
boiling heat transfer and its effect on the ex-vessel attack of molten core
debris on concrete. This effort is in support of the CORCON and VANESA devel -
opment programs at Sandia National Laboratories.

3.3.1 Experimental Development

Previous analysis of experimental liquid-liquid film boiling data with
RlIl and liquid metal melts has indicated that the data for the cases with zero
non-condensable gas flux exceeded the Berenson film boiling model prediction
by approximately 20X on the average. Examination of some of the thermocouple
data suggests that one possible source of crror in the experimental heat bai-
ance could be neglect of axial heat conduction in the walls of the test appa-
ratus vertically above the plane of the melt surface.

In order to account for this possible effect, modifications to the test
apparatus were effected. A series of eight exposed-junction microthermo-
couples were spot welded into the wall of the test apparatus in a .ertical
array in order to map the transient thermal response of the wall both above
and below the location of the liquid metal snrface. Two of the thermocouples
were above this plane and the other six v (. b low.

3.3.2 Experimental Test Series

After completion of the modifications to the experimental apparatus, a
series of eight experiments were performed with saturated R1l in film boiling
over melts of Wood's metal, lead, and bismuth., The temperature of the molten
pool was monitored as in previous experiments as well as the transient re-
sponse of the walls of the apparatus. TIn the analysis of the experimental
data, the measured spatial temperature distribution of the wall was curve-
fitted and the axial conduction heat losses from the vessel were evaluated
from the derivative of the temperature field ac the location of the liquid
metal interface. This heat loss was subtracted from the lumped parameter
energy balance at each time step.

3.3.3 Comparison of Experimental Results to the Berenson Model

The experimental data for liquid-liquid film boiling were analyzed and
compared to the Berenson film model. The results of this data analysis are
shown for experiment 153 in Figure 3.4, It was found that correcting the poal
heat balance for axial heat losses through the walls brought the experimental
data into excellent agreement with the Berenson film boiling model. For the
case of experiment 153, the deviation between the experimental data and the
Berenson model was found to be 3% on the average, within the experimental
uncertainty.
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4. Plant Analyzer
(ﬁ. Hui?‘f

4.1 Iatroduction

This program is being conducted to develop an engineering plant analyzer,
capable of performing accurate, real-time and faster than real-time simula-
tions of plant transients and Small-Break Loss of Coolant Accidents (SBLOCAs)
in LWR power plants. The engineering plant analyzer is being developed by
utilizing a modern, interactive, high-speed, special-purpose peripheral pro=-
cessor, which is designed for time-critical systems simulations. Thz engi-
neering plant analyzer currently supports safety analyses and NRC staff train-
ing, but it can also .erve as the basis of technology development for nuclear
power plant monitoring, for on-line accident diagnosis and mitigation, and for
upgrading operator t aining programs and existing training simulators.

Originally, there were three activities related to the LWR Plant Analyzer
Development Program; namely, (1) the assessment of the capabilities and limi-
tations of existing simulators for nuclear power plants, (2) the selection and
acquisition of a special-purpose, high-speed peripheral processor suitable for
real-time and faster than real-time simvlation of power plant transients, and
(3) the development of mathematical models and the software for this peripher-
al processor.

Below is a brief summary of previous results and a detailed summary of
achievements during the current reporting period.

4.2 Assessment of Existing Training Simulators (W. Wulff and H. S. Cheng)

The assessment of then current simulator capabilities consisted of evalu=-
ating qualitatively the thermohydraulic modeling assumptions in the training
simulator and comparing quantitatively the predictions from the simulator with
results from the detailed systems code RETRAN,

The results of the assessment have been published earlier in three re-
ports (Wulff, 1980; wWulff, 198la; Cheng and Wulff, 1981). It had been found
that the reviewed training simulators were limited to the simulation of
steady-state conditions and quasi-steady transients within the parameter range
of normal operations. Most PWR simulators delivered before 1980 cannot simu=-
late two-phase flow conditions in the primary reactor coolant loops, nor the
motion of the two-phase mixture level beyond the narrow controls range in the
steam generator secondary side. Most BWR simulators delivered before 1980
cannot simulate two-phase flow conditions in the recirculation loops or in the
downcomer and lower plenum, ncr can they simulate coolant level motions in the
steam dome, the lower regions of the downcomer (below the separators), or in
the riser and core regions. These limitations arise from the lack of thermo=

hydraulic models for phase separation and mixture level tracking (Wulff, 1980;
198la).

The comparison between PWR simulator and corresponding RETRAN results,
carried out for a reactor scram from full power, showed significant discrep~
ancies for primary and secondary system pressures and for wmean coolant



temperatures of the primary side. The discrepancies were found even after the
elimination of differences in fission power, feedwater flow and rate of vapor
discharge from the steam dome. Good agreement was obtained between simulator
and RETRAN calculations for only the early part (narrow control range) of the
water Levei motion in the steam generator. The differences between simulator
and RETRAN calculations have been explained in terms of modeling differences
(Cheng and Wulff, 1981).

4.3 Acquisition of Special-Purpose Peripheral Processor and Ancillary Equip-
ment (A.N. Mallen, R.J. Cerbone and S.V. Lekach)

The ADIO had been selected earlier as the special-purpose peripheral pro-
cessor for high-speed, interactive systems simulation through integrating
large systems of noanlinear ordinary differential equations. A brief descrip~
tion of the processor has been published in a previous Quarterly Progress
Report (Wulff, 1981b). A PDP-11/34 DEC computer serves as the host computer.
An IBM Personal Computer is used for graphics displays and for remote access
via commercial telephone lines.

Two ADIO units, coupled directly to each other by a bus-to-bus interface
and equipped with a total of one megaword of memory, have been installed with
the PDP-11/34 host computer, two 67 megabyte disc drives, a tape drive and a
line printer. On-line access is facilitated by a model 4012 Tektronix oscil-
loscope terminal and a 28-channel signal generator. The system is accessed
remotely via up to four ADPS CRT terminals and two DEC Writer terminals, one
also equipped with a line printer. An IBM Personal Computer is also used to
access the PDP-11/34 host c mputer remotely via commercial telephone lines and
to generate labeled, multicolored graphs from ADIO results. A Tektronix 41158
multicolor graphics terminal nas been purchased for direct on~line display of
simulated parameters generated by the ADIO at real-time or faster computing
speeds.

4.4 Model lamplementation on ADIO Processor and Developmental Assessment

A four-equation model for nonhomogeneous, nonequilibrium two-phase flow
had been formulated and supplemented by constitutive relations from an exist-
ing BWR reference code, then scaled and adapted to the ADIO processor to
simulate the Peach Bottom-2 BWR power plant (Wulff, 1982a). The resulting
High-Speed Interactive Plant Analyzer code (HIPA-PB2) has been programmed in
the high-level language MPS10 (Modular Programming System) of the ADIO, After
implementing the thermohydraulics of HIPA-PB2 on the ADIO, we compared the
computed results and the computing speed of the ADIO with those of the
CDC~7600 mainframe computer, to demonstrate the feasibility of achieving en~
gineering accuracy at high simulation speeds with the low-cost ADIO wmini-
computer (Wulff, 1982b).

It has been demonstrated (Wulff, 1982b) that (i) the high-level, state
equation-oriented systems simulation language MPSI0 compressed 9,950 active
FORTRAN statements into 1,555 calling statements to MPSI0 modules, (ii1) the
hydraulics simulation occuples one-fourth of avallable program memory, (i11)
the difference between ADIO and CDC~7600 results is only approximately +5% of
total parameter variations during the simulation of a seveie licensing base
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transient, (iv) the ADl! is 110 times faster than the CDC-7600 for the same
transient, and (v) the ADIO simulates the BWR hydraulics transients up to 10
times faster than real-time process speed. It has been demonstrated that even
after the inclusion of models for neutron kinetics, conduction, balance of
plant dynamics and controls, the ADIO still achieves 9 times real-time simula-
tion speed for all transients reported earlier (Wulff, 1983c). The program
includes now more than 4,500 calling statements to MPSI0 modules
(subroutines).

The expanded version is called HIPA-BWR/4 and simulates all BWR/4 reactor
plants. The simulation includes neutron kinetics (point kinetics), thermal
conduction in fuel elements, reactor hydraulics, acoustical effects in the
steam lines and the safety and relief valve logic (Wulff, 1982c; 1983a and
Wulff et al., 1984), and further, the balance of plant components, such as the
turbines, condensers, feedwater trains and suppression pool, as well as the
control and plant protection systems as shown in Figure 4.1 below (Wulff,
1984). It also includes the boron tracking simulation (Wulff, 1983d; 1984a).

GENERATOR

SUPPRESSION

’OOngéi:—: _: 1 "" ' {'cqg&&g
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={> ACTUATOR D SENSOR O-SETPOINT  [J—MANUAL CONTROL

Figure 4.1 Flow Schematic and Control Blocks for BWR Simulation;
FW « Feedwater Controller, P -~ Pressure Controller,
RF = Recirculation Flow Controller

“585«



Extensive developmental assessment has been carried out for HIPA-BWR/4.
Thirty-seven transients have been documented (Wulff, 1984a; 1984b and Wulff et
al., 1984) comprising the comparisons of plant analyzer results with calcula-
tions from GE, TRAC-BDl, RELAP5 and RAMONA-3B. The comparisons have shown
that the plant analyzer can simulate a large number of severe abnormal transi-
ents and that it produces the same results as TRAC, RELAPS and RAMONA-JB, but
at a considerably lower cost and in a much shorter time: 137 transients have
been simulated, checked for consistency and documented with hard-copy graphs,
using the plant analyzer, in less than four days by two staff members.

The graphics capabilities had been significantly enhanced during the sec-
ond reporting period of 1984 to allow the on-line display of two parameter
variations versus time on the four-color monitor of the IBM PC. The parame-
ters are displayed in separate colors on labeled diagrams. Also, a Local Area
Network had been assembled to display on-line simulation results from the
plant analyzer in a remote conference room (Wulff, 1984a). The graphics capa-
bilities had been expanded to permit the storage of |5 selected parameters in
IBM PC memory, while a simulation is being performed at the simulation speed
nine times greater than real-time process speed.

Finally, we doveloped the software for remote access of the plant ana-
lyzer via commercial telephone lines, using the IBM perscnal computer. The
necessary accessories and a condensed user guide for remote access were
veported earlier (Wulff, 1984d). We demonstrated in the previous reporting
period that the plant analyzer is fully operational from the keyboard of the
IBM, Two parameters are displayed as functions of time during the calculation
and while 100 additional parameters are stored on disc in the host computer
for later replay. All operator actions and malfunctions can be entered on-
line without (nterrupting the simulation. The plant response to input changes
is instantly displayed.

Specific accomplishments of the current reporting period are described
below in Sections 4.5 and 4.6,

4.5 Model Development (H.S. Cheng and W. Wulff)

The level tracking model for the downcomer i{s now completed. The time
Limit for an individual simulation run was used earlier for scaling the signal
delay times assoclated with the mgineered safety system. The model of this
system has been made Independent of an operational referen.e time and can now
simulate indefinitely long transients. A valve leakage model has been imple-
mented to predict the escape of radioactive steam from the vessel through the
Maln Steam Isolation Valves and into the turbine and condenser buildings.
Work has been started to expand thermophysical properties for the vessel
hydraulics to the low pressure region.

The main focus of model development during the current reporting period
was on the containment models. The containment s modeled In three parts:
the drywell, the wetwell and the systems for emergency core injection, resid-
ual heat rejection and containment cooling.
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Four state variables determine the drywell conditions, namely the masses
My; and Mg, of the vapor and the vapor-nitrogen mixture, respectively, the
internal energy (Mu)g) of the mixture and the liner wall temperature Ty).
Seven state variables describe the conditions in the wetwell, namely in the
wetwell atmosphere, the suppression pool liquid and the suppression pool tor-
ous with its internal structures. The seven state variables are the masses
2, My2 and Mgy, respectively, of liquid, of vapor above the nool and
of the nitrogen-vapor mixture above the pool, further, the internal energies
of the pool liquid (Mu);; and the gaseous atmosphere above the pool (Mu)g;
and, “inally, the pool wall temperatures Tyy, and Tyry of the nool strue-
tures above and below, respectively, of the pool liquid level elevation., All
the state variables are predicted by integrating global mass and energy
balances.

The use of two gas mass balances each for the dry- and wetwells provides
the means for computing relative humidity under all conditions of disequi-
librium between liquid and vapor of water.

Rates of mass flows from, between and into the c/itainment compartments
are computed from quasi-steady mechanical energy balunces with frictional
losses for turbulent and laminar flow regimes.

Rates of condensation and evaporation at the pool liquid surface are com=
puted on the basis of the similarity between heat and mass transfer (Kreith,
1973)., Bulk condensation in the containment atmosphere {s predicted from a
relaxation model and with the difference between vapor and saturation pres-
sures as the driving potential, The combination of heat and mass transfer is
modeled to occur at the liner walls.

The Residual Heat Rejection coolers are modeled as tube and shell heat
exchangers in countercurrent flow. The drywell air cooler {s modeled as a
cross=flow heat exchanger. The heat exchanger models imply quasi-steady heat
transfer and thermal inertia will be accounted for by first-order delay
approximations,

4,6 Remote Access Operations (E, Cazzoli, H.S. Cheng, and A.N. Mallen)

The remote access capability has been further developed for simulating
reactor transient over {ndefinitely long perfods of time. This capabllity is
needed for long~term similations in emergency drill exercises.

Graphical displays of keyboard parameters are now displayed as functions
of time such that the time axis spans a selected interval (for example: five
w'nutes) and (s renewed periodically at the end of every time span. This fea~
ture allows the observation of {instantaneous plant conditions as well as
trends and past histories,

Tabulated results are now avallable on the IBM PC screen, or a printing
terminal, through on=line remote transmission from the host computer of the
plant analyzer. The tables contain parameters specifically required for emer=-
gency drill exercises, As shown In Table 4.1, the tabhles contain not only the
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current data at the time of request, but also the data from five and ten
minutes earlier, thereby presenting trends during slow, long-term transients.

A drill exercise has been planned for the end of July.

4.7 Transatlantic Remote Access (A.N. Mallen)

The plant analyzer at BNL has been accessed successfully for the first
time from Burope via commercial telephone lines. One remote access demonstra-
tion was performed in Pisa, Italy, as part of the Speclalists Meeting on Small
Break LOCA Analyses in LWRs. A second demonstration was given for the Consejo
Seguridad Nuclear in Madrid, Spain.

The data transmission has been facilitated with a Hayes Smartmodem, hav~
ing US standard carrier frequency and being powered by a step~down transformer
from a 220V, 60 Hz power source. The modem had to be reprogrammed for proper
timing because transatlantic connections take longer than domestic ones to be
completed.

Difficulties arose from transmission line noise. The plant analyzer
operation could be demonstrated fairly reliably at the 300 baud transmission
rate and only once for abovt an hour at the 1200 baud rate from Pisa, Italy.
It 18 strongly recommended that routine simulations be carried out with ground
cable connections rather than via satellite, or with gpecial data transmission
links.

4.8 PFuture Plans

Assessment and model Improvement will continue. Methods will be devel-
oped to improve the display of data trends indefinitely in graphical and tabu=-
lar forms. Work will pe continued to develop new simulation models for the
containment,

The plant analyzer will be presented and demonstrated to domestic i{ndus~
tries and foreign institutions interested in nuclear power simulation for the
purpose of promoting cooperative programs directed toward PWR simulations.
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5. Code Q”ﬁ’m and m;geg;m
(P, Saha, J. M. Jo, H. R, Comnell, C. Yuelys-Miksis, and L. Neymotin)

This project includes the independent assessment of the latest released
versions of LWR safety codes such as TRAC, RELAPS, and RAMONA-3B, and their
application to the full-scale plant accident and/or transient simulation.
In the past, the TRAC-PIA, TRAC-PD2, TRAC-PFl, RELAPS/MODL and TRAC~BODI
codes were assessed at BNL primarily through various separate-effects exper-
iments, Also, the code application task at BNL included (1) determination
of Appendix K conservatism for a Westinghouse RESAR-3S 4-loop PWR using the
TRAC-PD2/MOD]1 code, and (11) comparative analysis of TRAC-8BD! and RAMONA-1B
caleulations for a typical BWR/4 MSIV closure ATWS. At present, emphasis is
placed on the assessment of the TRAC-BDI/MODI and RAMONA-3B codes.

The major activities performed during the reporting period of April to
June 1985 are described below.

5.1 Code Assessment

5.1.1 Simulation of FIST Experiments with TRAC~BD 1 /MO |
(J. He Jo and H, R, Connell)

The following five FIST Phase | tests are being simulated using the
TRAC-BD1/MOD] code:

. BWR/4& MSLIV closure ATWS (4PMCL),

2, BWR/6 small break with HPCS fallure (688B2C),

3. BWR/6 large break (6DBAIB),

4, BWR/6 small break with HPCS fallure and stuck-open 1/RV (6581),
5. BWR/6 main steam line break (6MSBI1).

Test 4PMCL is a power transient simulation test for a BWR/4 with MSIV
closure and without power scram. The TRAC-BRI/MODL transient caleulation
for this test has progressed up to 400 geconds and some of the results were
reported in the last quarterly report (Jo, 1985). The code prediction was
generally in good agreement with the test data., However, in the caleula~
tion the HPCL/RCIC injection was inftiated at 49 seconds, as reported (n the
test documentation, (Hwang, 1983) with a 20 second delay after the level
reached "Level 2," Since 1t was not clear how this timing was obtained in
the test report, the translent calculation has been repeated with different
safety Injection times to study the sensitivity of the code prediction to
the timing of the HPCI/RCIC fnjection. In the first caleulation, the “Level
2" based on the collapsed liauid level was reached at ¥ seconds which is
about 10 seconds later than in the test; therefore, In the second (or sensi~
tivity) caleulation, the HPCI/RCIC injection was initiated at % seconds (20
second delay). However, we have been experiencing some difficulty with the
code calculation apparently caused by some coding difficlency, particularly
division by #ero, We are in communication with the INEL staff to resolve
this problem and the calculations will resume as woon as this difficulty is
resolved,
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Test 6SB2C is a small break test, simulating a BWR/6 recirculation line
break of 0,05 ft? with WPCS assumed to be unavailable. The MSIVs were
closed when the downcomer water level reached "Level 1" and the ADS (automa~
tic depressurization system) was activated with a 120 second delay after the
"Level 1" was reached. The calculation has so far progressed to 380 sec~
onds. The preliminary comparisons between the data and the calculation in-
dicates generally good agreement., However, the predicted downcomer water
level reached "Level 1" approximately 10 seconds later than in the test (75
seconds in the test vs 85 seconds). Also, the code predicted a slightly
slower depressurization after the ADS was activated which resulted in some
delays in the LPCS (310 seconds in the test vs 345 seconds) and LPCI (335
seconds in the test vs 365 seconds) initiations. This calculation will be
continued out to 500 seconds.

Test 6DBAIB simulates a 200X large break in a recirculation loop of a
BWR/6, All the ECCS were assumed to be available. The calculation has been
run out to 120 seconds; a preliminary review indicates that the predicted
pressure matches the test data very well up to this point. The calculation
will be continued up to 200 seconds.

Two more transient calculations, o e tor Test 6SBl and the other for
Test 6MSBl, have bheen initiated during the reporting period. These two
tests started from the same initial condition. An acceptable steady state
has been achieved and the transieant calculations have begun,

5¢1.2 Simulation of FRIGG Tests with TRAC-BDI/MODI
(Co Yuelys=Miksis, L, Neymotin, and J, H, Jo)

A series of forced circulation steady-state experiments were performed
in the FRIGG loop with an electrically heated rod bundle (Nylurd, 1968),
Several of these tests have been simulated with the RAMONA~IB/MODO/Cycle 8
and TRAC-BDI/MOD]l codes to assess the subcooled boiling, vapor generation
and slip or interfacial shear models used in these codes. The results of
the RAMONA-IS simulations were reported {(n the previous quarterly report
(Yuelyr-Miksis, 1985). For comparison, the same tests were simulated with
the TRAC-BDI/MODI code, FEach of these tests had different bundle power,
bundle inlet subcooling and flow rates, but all tests were performed at a
pressure of approximately 50 bars. The operating conditions of these tests
are shown in Table 5.1,

The axial vold fraction profiles along with the code predictions for
each test are shown in Flgure 5,1 through 5,12, Fach figure shows a compar~
{son between the experimental data and the RAMONA-JIB and TRAC-BDI/MODI code
results, The RAMONA=IB results were calculated using the Bankoff-Malnes
correlation to compute the slip parameter in the dore and riser reglons.
The Bankoff-Malnes correlation (s the recommended slip parameter for the
RAMONA- 3B code.
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Table 3.1 Qpeseting Conditions for FRIOC Ryng

INLET
RUN NO | PRESSURE MASS POWER SUBCOOL ING
(bars) (kg/m"=s) (MW) (*¢c)
313006 50,0 729 150 3.7
313010 50.0 687 2.98 b.b
313005 49.8 1110 1.50 3.7
313009 50.0 1107 2.98 E)
JLi019 49,5 W “» 8.6
313001 49,6 1492 1,50 5.0
313008 50,0 1471 3.00 4.3
31017 49,6 Labh 4,40 2.4
313007 50,0 Lo 1.50 1,7
313014 9,7 1163 291 1.0
313016 9.6 1208 .91 19,3
313020 9,7 1% PR 22.4

!“ the low inlet subcooling (3.7 and 4,6°C) and low mass flux (=700
kg/m“=s) tests, i.e., Run Nos, 313006 and 313010, there was good agreement
between the experimental data and the results of both the RAMONA=IB and
TRAC-BD1/MODL codes, as shown (n Figures 5.1 and 5.2, The RAMONA-IB and
TRAC-BDL/%D1 predictions are similar at low inlet subcooling, although the
TRAC=BD1/MODL code {s slightly better at predicting the experimental data.

In the next three tests, f.e,, Run Nos, 313005, 313009, and 313019, the
mans flux was higher (*1100 hg/;’--). but the inlet subcooling was still
low (3.7 te 8.6°C). In these tests the code results were again in good
agresment with the experimental data and the KAMONA-IB and TRAC-BDI/MODI
predictions were nearly identical., Both codes slightly uwaderpredicted the
vold fraction for Run No, 313005, which had low power, as shown In Plgure
5.3. The results of Kun Nos. 313009 and Y3019 are shown in Figures 5.4 and
5.5, respectively, As can be wseen, the code results for these runs were (n
good agreement with the experimental data, The results of the hi t mass
flux (“1475 kg/w“=n) tests with low inlet subcooling (2.5 to 5.0°C), (.e.,
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Run Nos. 313001, 313008, and 313017, are shown in Figures 5.6 through 5.8,
Again, the RAMONA-IB and TRAC-BDI/MODI code predictions were nearly identi-
cal., The codes slightly underpredicted the vold fraction for Run No. 313001
and slightly overpredicted the void fraction for Run No, 313017, However,
the results are well within acceptable limits,

Although the TRAC-BDI/MODI and RAMONA-3IB predictions were very similar
at low inlet subcooling, the results for high inlet su'coolings showed large
variations. For Run No. 313007 (Figure 5.9) vhleh had higher inlet subcool=
ing (11.7°C) and medium mass flux (1100 kg/m“~s), but low power, the two
code predictions were significantly different, For this test, RAMONA-3B
significantly overpredicted the axial vold fraction while TRAC-BDI/MODI sig-
nificantly underpredicted the same. However, when the power was increased
while the tnlet subcooling and mass flux were maintained at a similar level,
there was better agreement between the code results and the experimental
data, This is shown for Run No. 313014 in Figure 5.10, where both codes
produced similar results with excellent agreement with the data.

In the last two tests, f(.e., Run Nos. 3130le and 313020 (Figures 5,11
and 5.12), the inlet subcooling was very high (19,3 and 22.4°C, respec~
tively), For Run No, 313016, which had medium power (2,91 MW), RAMONA-IB
and TRAC~BDI/MODI produced very different results. For this test RAMONA-3B
slgnificantly overpredicted the vold fraction whereas TRAC-BDI/MODI signlfi~
cant ly underpredictod the void fraction. In contrast, for Run No, 313020,
which had higher power (4,415 MW), both codes slightly underpredicted the
void fraction,

In summary, for low inlex subcoolings (2 to 9°C), where the subcooled
bolling effect is minimal, both the RAMONA=3IB and TRAC~BDI/MODL codes showed
good agreement with the FRIGG data over a wide range of mass fluxes and bun=
die power. Thus the slip (Bankoff=Malnes) model used in RAMONA=3IB and the
Interfacial shear model used in TRAC-BDI/MODI seem to be adequate, However,
for Wigher inlet subcoolings (210%°C) the code results significantly differed
from each other and the experimental data., The onset of net vapor genera=
tion (NVG) in cthe TRAC-BDI/MODL code Is determined by the Saha~Zuber corre~
latton (1974) which appears to be adequate, However, the Lahey (1974) sub~
conled bolling model as used (n TRAC-BDI/MODI appears to underprediet thae
vapor generation rate.

It is recommended that the TRAC-BWR code developers at INEL i(nclude a
different model (Saha, 1981 for example) for vapor generation in the sub~
cooled bolling reglon, For RAMONA- 3B, BNL has developed a plan to fmplement
a4 new model for subcooled bolling, The new model will consist of the Saha~
Zuber correlation (1974) for the onset of net vapor generation (NVG) as used
in TRAC=BDI/MODI, and the Saha (1981) model for net vapor generation, This
model has already been proven to produce good results for subcooled botling
(Saha, 1981) and was developed for possible (nclusion In the NKC advanced
codes, 1,e., TRAC and RELAPS,
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FRIGG RUN NO, 313000
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Figure 5.1 Comparison Between the Experimental Data and the Code
Predictions of Axial Void Fraction for FRIGG Test 313006,
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Figure 5.2 Comparison Between the Experimental Data and the Code
Predictions of Axial Void Fraction for FRIGG Test 313010,
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FRIGG RUN NO, 313005
SUg=3.7, G=1110 K6/M2-S, 0-1.5 MW, P-49.8
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Figure 5,3 Comparison Between the Experimental Data and the Code
Predictions of Axial Void Fraction for FRIGG Test 313005,
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Figure 5.4 Comparison Between the Experimental Data and the Code
Predictions of Axial Vold Fraction for FRIGG Test 313009,
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Figure 5.5

Figure 5.6

ERIGG RUN NO, 313019
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