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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 Nuclear Regulatory Re-
search - Quarterly Progress Report.” This progress report will describe cur-
rent activities and techncial progress in the programs at Brookhz en 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 Development, Validation and Application, Generi. Balance of Plant
Modeling, Thermal-Hydraulic Reactor Safety Experiments, Development of Plant
Analyzer, Code Assessment and Application (Transient and LOCA Analyses), Ther-
mal Reactor Code Development (RAMONA-3B), Calculational Quality Assurance in
Support of PTS; Stress Corrosion Cracking of PWR Steam Generator Tubing, Prob-
ability Based Load Combinations for Design of Category I Structures, Identifi-
cation of Age Related Failure Modes; Analysis of Human Error Data for Nuclear
Power Plant Safety Related Events, Human Factors Aspects of Safety/Safeguards
Interactions, Emergency Action Levels, and Protective Action Decisionmaking.
The previous reports have covered the period October 1, 1976 through June 30,

1984 .
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1. DIVISION OF ACCIDENT EVALUATION

SUMMARY

High Temperature Reactor Research

The No. 3 medium sized 2020 graphite sample was taken to Oak Ridge
National Laboratory for nondestructive measurements after it added 50 hours of
oxidation time (total oxidation time, 6286 hours) through oxidation rate
runs. On this sample, eddy current responses were measured at different posi-
tions of the sample to see the density changes on the surface., Elastic modult
were estimated by ultrasonic wave velocity measurements. The results are com-
parable to those from the previous testings of the other three samples.

The oxidation rate runs with larger size (15.24 em x 5.97 em x 5.72 em)
2020 and PGX graphites are completed, and the testings with TS~162]1 are in
progress. The results suggest that it may be dangerous to extrapolate the
short-term experimental results to the long-term reactor condition,

Four 1integrated fission product transport experimental runs have been
completed. The results show that silver fission product aerosols do form and
are transported to the environment when the temperature gradient 1is large
enough and flow rate is high enough. Presently, we are attempting to quantify
this information by monitoring the temperature gradient throughout the experi-
mental run.

In previous work the water {ngress into the core cavity from degrading
PCRV concrete during unrestricted core heatup accidents had been analyced. In
this quarter, the effects of chemically bound water were included in the anal-
ysis, It was found that the water {ingress into the core cavity increased
about proportional to the increase in total initial water in the concrete,

A model analyzing the containment building temperatures and pressure
during Unrestricted Core Heatup Accidents was added to our ATMOS code. Re-
sults show that the previously used temperature history estimates were valid.
However, with the reduced water Ingress rates {ndicated by the above work,
anticipated containment building fallure times are significantly extended,

An appiication of our THATCH code to modular pebble bed reactor accidents
was made, using data representative of concepts currently considered in the
DOE program, Since several of the dimensions and material descriptions are
not finalized at this time, various assumptions had to be made. The typlcal
results are in general agreement with those reported in the DOE program, The
sensitivity of input assumptions on the essentlal results, and the effects on
the confinement building atmosphere will be investigated next,






The RAMONA/MINET composite code (to provide an improved SASA capability
for BWRs) is undergoing extensive testing and input deck improvement. Current
efforts have been focused on proper representation of the feedwater line, in-
cluding the high pressure coolant injection (HPCI) and the reactor core isola-
tion cooling (RCIC) systems.

During this reporting period, a workshop on the MINET code was con-
ducted., The response from participants was quite positive. They provided
some useful immediate feedback concerning several user related enhancements,
Also, two organizations are planning to obtain the MINET code.

Thermal-Hydraulic Reactor Safety Experiments

The top-flood debris bed quench experiments with beds of |-mm steel par-
ticles were repeated, and the results show that heat balances are accurate to
within 5-10%. The final reduction of the debris bed quench data gathered to
date was ocmpleted. A final report is in preparation.

The core~debris heat transfer facility was modified to allow the debris
bed height to be douhled. To measure the instantaneous rate of heat loss ex-
pecienced by the solid particles during the quenching process, special thermo-
couple probes, with the thermocouple junction inside the particle (3.18-mm
stainless steel sphere), were fabricated and tested.

Analysis of the compiled Rl1/liquid metal and H0/liquid metal liquid-
liquid film bolling data continued. The RIl data demonstrate stable film
boiling, increasing with gas superficial velocity in a linear fashion. The
H20 data exhibit unstable film boiling, almost invariably resulting in pool-
geometry steam explosions when boiling on liquid metal melts.

Development of 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 fasrer than real-time
simulations and faster than mainframe, general-purpose computer (CDC-7600)
simulations through the use of modern, interactive, high-speed, special-pur-
pose minicomputers, which are specifically designed for interactive time-crit-
ical systems simulations., It has been successfully demonstrated that special~-
purpose minicomputers can compete with, and outperform, mainframe computers in
reactor simulations., The current program phase is being carried out to pro-
vide a complete BWR simulation capability, {including on-line, multicolor
graphic display of safety-related parameters.




The plant analyzer program is directed primarily toward reactor safety
analyses, but it is also useful for on-line plant menitoring and accident di-
agnosis, for accident mitigation, further for developing operator training
programs and for assessing and improving existing and future training simula-
tors. Major assets of the simulator under development are {ts low cost, un-
surpassed convenience of operation and high speed of simulation, Major
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 simulations and to restricted quasi-steady transients within the range
of normal operating conditions.

A special-purpose, high-speed peripheral processor had been selected for
the plant analyzer, vhich 1s specifically designed for efficient systems simu-
lations at real-time or faster computing speeds. The processor {s the ADID
from Applied Dynamics International (ADI) of Ann Arbor, Michigan. A PDP-11/34
Minicomputer serves as the host computer to program and control the ADIO peri-
pheral processor. Both the host computer and the peripheral processor have
been operating at BNL since March 15, 1982,

A four-equation model for nonequilibrium, nonhomogeneous two-phase flow
in a typical BWR/4 had been implemented on the ADIO processor. It s called
HIPA-BWR/4 for High-Speed Interactive Plant Analysis of a BWR/4 power plant,
The implementation of HIPA-BWR/4 had been carried out in the high-level lan-
guage MPS10 of the AD1O,

It had been demonstrated during the last quarter of 1982 that the ADIO
speclal-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 mainframe computer carrying out the
same simulation,

After the successful completion of the feasibility demonstration, work
has continued to expand the simulation capability to 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 aitomatic 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 ADIO
special-purpose peripheral processor have been upgraded to achleve greater
comput ing speed and a larger number of analog {input/output channels, Two
AD10Os are coupled via a direct bus~to~bus {Interface to compute in parallel.




Models had been developed and implemented for the feedwater controller,
the pressure regulator and the recirculation flow controller. Twenty-eight
parameters for initiating control systems and valve failures and for selecting
set points can be changed on-line from a 32-channel contro' panel. Sixteen
dedicated analog output lines are provided for the simultaneous display of 15
selected parameters versus time, All {input-output channels are addressed
approximately 200 times per second.

All program modules have been combined into the HIPA-BWR/4 code. The
entire BWR power plant simulation, including the nuclear steam supply system,
the steam lines with all valves, the turbines, condensers, feedwater preheater
and pumps, and the control and plant protection systems, has been executed.
Fifteen selected parame.ers can be stored simultaneously in the IBM Personal
Computer and then displayed as functions of time in labelled diagrams. A
gilent movie has been produced to show how the plant analyzer is operated and
how it responds to on-line ana’'og signals.

During the first reporting period of 1984, we presented the comparison of
plant analyzer results with published results from GE 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., A draft report has been completed to document the
plant analyzer.

During the previous reporting period, we continued the developmental
assessment of the plant analyzer by comparisons against GE, TRAC-BDl, RELAP-5,
and RAMONA-3B. The results showed that the plant analyzer is capable of real-
istically simulating a large class of plant transients efficiently at very low
cost.

During the current reporting period, we {implementea the capability of
simulating flow reversal, continued the implementation of the level tracking
model with the drift flux model, and demonstrated successfully the simulation
of boron injection and the subsequent cessation of fission power. Several
transients have beer simulated to demonstrated the plant response to manual
depressurization and HPCI flow reduction during an ATWS event in order to
assess the efficacy of proposed emergency procedure guidelines., The results
indicated that thz fission power can be reduced without boron injection and
core uncovery, by lowering the pressure and by lowering the coolant level in
the downcomer and thereby reducing the core flow rate,

The previously distributed draft report documenting the BWR plant ana-
lyzer has been updated as a final report [Wulff, Cheng, Lekach and Mallen,
1984) and submitted for printing.

The interest in the Plant Analyzer Development Program continues to be
high, both In domestic and foreign {nstitutions. Four presentations with
demonstrations were given at BNL to forelgn and domestic visitors, and two In-
vited papers have been submitted for publication during the current reporting

W
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l. High Temperature Reactor Research

1.1 Graphite and Ceramics (B. S. Lee, J. H. Heiser, III, and D. R. Wales)

l.1.1 Nondestructive Measurements

The No. 3 medium sized 2020 graphite sample was taken to the Oak Ridge
National Laboratory for nondestructive measurements after it added 50 hours of
oxidation time (total oxidation time, 6286 hours for No. 3 sample) through
oxidation rate runs. On this sample, eddy current responses were measured at
different positions of the sample to see the density changes on the surface.
Elastic moduli were estimated by ultrasonic wave velocity measurements.

1.1.1.1 Eddy Current Measurements

The eddy current responses were measured on the No. 3 medium sized 2020
graphite sample that had been oxidized for 260 days. The measured values were
converted to densities using the relationship between eddy current response
and density developed by C. R. Kennedy of Oak Ridge National Laboratory.
Table 1.1.1 shows the surface densities of the top, bottom, and sides of the

sample.
l.1.1.2 Senic Testings

Ultrasonic wave velocity measurement methods utilizing longitudinal and
shear waves were used to estimate the elastic moduli of the oxidized 2020
graphite sample No. 3 in the axial direction and the results are shown in
Table 1.1.2.

Due to the severely oxidized portions on the side of the sample, the
ultrasonic wave velicities could not be measured in the radial direction.

These values will be compared with those which will be generated with a
destructive method.

1.1.2 Oxidation Kinetics Measurements

The oxidation rate runs with larger size (15.24 em x 5.97 em x 5.72 ¢m)
2020 and PCX graphites are completed, and the testings with TS~1621 are in
progress. The oxidation rates were measured as a function of time in the
helium impurities loop (HIL) at B50°C with the initial gas composition of 500
ppm H,0/5000 ppm H,/balance He. With the gas purifying system disconnected,
the levels of CO and CO; were monitored by infrared monitors. The H, level
was monitored by a gas chromotograph. The H,0 level was maintained at §00 ppm
with a water dew point meter. The rate run duration depends on the reactivity
of the graphite, and for 2020 graphite, it ranged between | and 3 hours for
each run., After each rate run, the gas purifying system is connected, and the
levels for H,0 and H, are maintained at 500 ppm and 5000 ppm until the next
rate run.






Table 1.1.2
The Estimated Moduli of Elasticity, E (GPa), for the Oxidized
Sample No. 3
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1.2 Fission Product Transport (B. S. Lee, J. H. Heiser, III, and
C. €. Finfrock)

During the last quarter, three integrated fission product transport
(IFPT) experimental runs incorporating silver were conducted. An earlier run
at 1500°C with a flow rate of 7.3 cm/sec (Run #51884) was reported in the pre-
vious progress report. In this period, all four chimneys and filters were
analyzed for silver.

Since we have no means of controlling the temperature gradient in the
chimney at the present time, we have used two different sized IFPT systems to
generate different temperature gradients.

Since no silver was detected with an EDAX on the filter of the Run
#51884, two more experimental runs were conducted in the small IFPT system
which generates larger temperature gradient in the chimney.

Runs #70884 and #81484 (small IFPT) were at 1400°C and 1480°C, loaded
with 12g and 9g of silver, and had He flow rates of 0.1 and 25 cm/sec, respec-
tively. In run #70884 (12 hrs) no silver was collected on the filter while
46.8 mg of silver plated on the chimney wall. Run #81484 (8 hrs) had 10.8 mg
of silver (as aerosols) reached the filter with 38.6 mg plating oulL on the
chimney.

In order to determine the silver distribution, the chimneys were cross-
sectioned at 2.54 cm intervals and leached for 24 hours with 35% nitric acid.
Atomic absorption spectrophotometry analysis was used to measure the amount of
silver plated-out as a function of distance from the susceptor. The results
from runs #70884 and #81484 are shown in Figures 1.1.3 and [.1.4 as histo-
grams.

Another run at 1500°C with the large IFPT system loaded with 24 g of
silver was conducted with a coolant flow rate of 19.7 cm/sec for 7 hours. In
this run, 0.47 mg of silver reached the filter as aerosols and 291 mg of
silver plated out on the chimney. The same analytical method as described
above was used for the analysis. The chimney and the filter from the earlier
run, run #51884, were also analyzed. The amount of silver on the filter was
below the detectability limit, and the amount of silver plated out on the
chimney was 189 mg. These results are shown in Figures 1.1.5 and 1.1.6.

The results so far showed that silver fission product aerosols do form
and are transported to the environment when the temperature gradient is large
enough and flow rate is high enough. Presently, we are attempting to quantify
this information by monitoring the temperature gradient throughout the experi-
mental run.

13
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Figure 1.3.1 Containment Building Temperatures and Pressures Dutring Un-
restricted Core Heatup Accidents (Frame a: Gas and Structure

[emperatures, Frame b: CB Atmosphere Pressures For Base Case

and Limiting Case of Reduced Wall Surface).







is still too high based on our current knowledge, but was used to qualitati-
vely assess the effect of reduced water ingress. Figure 1.3.2 clearly show
the reduced temperatures and pressures, and even for this conservative case
failure pressures would now be expected only after more than 350 hrs.

1.3.3 Severe Accident Transient for Modular Pebble Bed Reactor

With the current emphasis on modular HTGR's and the recent interest in
pebble bed core designs, the severe accident of loss of forced circulation
with depressurizat ‘on was analyzed using our THATCH code. A 250 MW pebble bed
core reactor was modeled with a rominal power density of about 4.2 W/cc
(Bechtel Group, 1984). As many of the material and design data are not
finalized at this time, assumptions had to be made in particular with respect
some of the support structure materials. Some of these data are based on
information reported for the DOE program (Lutz et al, 1982) or from KFA
Germar y (Jahn et al, 1983).

These results represent the first application of the general THATCH code
to a modular pebble bed reactor. Aside from very few debug problems which
typically occur with new codes, the application was straightforward. The
model includes a pebble bed core, side reflectors, top and bottom reflectors,
support structure, reactor vessel, cavity, and cavity cooling systems. The
initial results shown here used 400 nodes, which was ample, and assumed a
cavity cooling system operating in the passive emergency mode. Computer
running costs for 100 hrs transients were negligible.

Typical core, side reflector and reactor vessel temperatures are shown in
Figure 1.3.3 (a). Heat flows out of the core, and out of the reactor vessel
are compared against the decay heat in Figure 1.3.3 (b). The core peaks at
about 1820°C at about 50 hrs and at about 60 hrs the heat transfer out of the
core exceeds the decay heat production. Similarly the heat transfer out of
the reactor vessel peaks at about 95 hrs from which time on all reactor com—
ponent begins to cool down. The initial drop in heat flow out of the rector
vessel is due to the change to the emergency cooling mode.

The current set up of the THATCH code, applying it to such modular
reactor accident scenarios, can be readily modified to accommodate changes in
geometry, power level, or different material properties. While the quantita-
tive values will be revised as better material descriptions and dimensions
become availahle, this work establishes a base for understanding the accident
behavior of modular pebble bed or prismatic fuel reactors.

One of the objectives of this work was to establish the capability to
compute expected gas flows from the core to the cavity for various severe
accident scenarios which will provide 1inputs for the assessment of
confinement/containment building transients during such accidents. At the
prevailing cavity temperature levels it was found that radiation will be the
dominant mode of heat transfer across the cavity, from reactor vessel to the
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Development, Validation and Application (J. G. Guppy)
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The expressions for the overall heat transfer coefficients are:

where,
length of axial node

nner radius

convective heat transfer coefficient between the coolant and
pipe wall

onductivity of
pipe wall outer radius
thermal conductivity of t insulation
radius of the outer surface

the combined convective and radiative surface heat transfer
coefficient

The convective heat transfer coefficient, h and the pipe wall thermal
conductivity, k , were determined using functions already present in

)
The piping insdlation thermal conductivity was obtained using t} relation

L e

(Vossebrecker and Kellner 1979):

The combined surface heat transfer oefficient was taken to be (V
al., 1984):




ablishe

ympleted










qs=0 I I |q$=0

q4=0 I I lqg 0

-

Fig. 2.4 Seven-Assembly Cluster Model for
Inter-Assembly Heat Transfer

3l



The sodium in the interstices betweer he assemblies

stagnant, Future models will

sodium, The heat capac ity 3 | h interstitial

odlium
mitting the interstices be represented as

duct walls.

In the steady-state, temperacures

srties ¢ 2 particular
Since he heat transfer
dependent n iterativ
at"}‘.’é‘f..‘t‘x';‘
the firec« tion

temperat
lirect

il

transter

summatio

ransfer




summation i ! h adjacen i wall surfaces

the duct

ions also ) ; anded matrix, which is inverted
The heat transfer coefficients and material
the temperatures culated at the previous

the duc wall mperatures is calculated f

has been

been develope
interactive version
plant conditi

the first de

eari




The user to use automatic « \ specified scaling.

ic sce T give odd looking curves y-axis scale is

quite small., scales of the variables

should encompass all u ¢ user may choose any

ile he wishes. The input she i ; real numbers, separated
each variable,

comma ,

generated usi:

[imesteps imulati

has shown that

timesteps
taken by SSC during

a slowly changing transient, ] : 2 1 in ex] it
alculations in the IHX representation are suppressed. 1llow such
mng timesteps on a routine baslis, two potential problems have to b
yut, First, of implicit formulation and
calculations., Se

e worked
type
eeded for the

re-nodalization will
mnd, abrupt
- |
' A

t hanges, resulting from
must be anticipated when the timestep size is determined

revious testing

. iplicit numerical treatment
the time integration { he 1

'i‘h»'kift'ﬂ*‘- must be I

m the order of 1.0 ¢t slowly varying transients.

The lagging of the heat flux the 1 s numerical insta-
s when the timesteps

large.
ng term transients, a new option is being

i i
switch to a fully implicit integration

itions when desired. The first model be

the matrix inversi

circumvent

11

shich will

11 banded

This will

handling
implicit ¢
the matr




Plant Name: FFTF
Plant Type: 3-Loop LMFBR
Depicted: Loop-1
Elapsed Time: 100.00 sec

0O 8B7RPM




KHATIB-RAHBAR, M. and CAZZOLI, E. G., (1983), "Two-Dimensional Modeling of
ntra-Assembly Heat Transfer and Buoyancy-Induced Flow Redistributfon 1in

Brookhaven National Laboratory, NUREG/CR-3498, BNL-NUREG-5]

MADNI, I. K (1980), "Transient Analysis of Coolant F ‘ Heat

>
LMFBR Piping Systems,” Brookhaven National Laborato UREG
NUREG-51179, April 1980.

D R. and MARKLEY, R. A., (1981), "Friction F

Wire-Wrap-Spaced LMFBR Fuel Assemblies,” Trans. Am.

IYLE, G. J., NEPSEE, 1T nd GUPPY, J. G., (198 "MINET Code Do

mentation,” Brookhaven Nati Laboratory, NUREG/CR-3668, BNL~-NUREG-5I]

February 1984.
VOSSEBRECKER, H. an (ELLNER, ( ), "Inherent Safety Characteristics
Loop-Type LMFBRs,” Pro« \ Fast Reactor Safety Technology, Vol. II,

554, American

Buoyancy-Dominated Model for LMFBR Upper Plenum

Laboratory Report to be published, 1985.

i ‘A Numerical
Buoyancy-Induced Flow Stratificati in the LMFBR Upper F
National Laboratory Report to be published, 1985.
« C., GUPPY, J.
Losses on a Loss-of-Heat Sink Acci 1 LMR," Proceedings « the
Specialists' Meeting on Heat Remov and Nat Convection LMFBRs,
to be published, 1985.




J. Generic Balance of Plant Modeling (J. G. Guppy)

The Generic Balance of Plant (BOP) Modeling Program deals with the devel-
opment of safety analysis tools for system simulation of nuclear power
plants. It provides for the development and validation of models to represent
and link together BOP components (e.g., steam generator components, feedwater
heaters, turbine/generator, condensers) that are generic to all types of nu-
clear power plants, This system transient apalysis package is designated
MINET :o reflect the generality of the models and methods, which are based on
a momentum integral network method. The code is to be fast-running and capa-
ble of operating as a self-standing code or to be easily interfaced to other
system codes. Reference 1s made to the previous quarterly progress report
(Guppy, 1984) for a summary of accomplishments prior to the start of the cur-
rent period.

3.1 Balance of Plant Models (G. J. Van Tuyle)

Models for the soon to be exported Version I of MINET have been completed.
Major new models for the plant control system and the rotor module are planned
for incorporation into Version 2 of MINET. n the meantime, various enhance-
ments to Version 1 are to be made, so as to improve on the system modeling
apabilities. This intermediate version of MINET will be designated Versiun
1A, as the name "Version 2" is to be reserved for the version that includes
the control system models.

The model enhancement currently in process is a trapped cover gas option
for the MINET volume module. This model will be useful for 1) BOP tanks where
air is normally trapped above a region of subcooled water and 2) sodium loops
where gas (e.g., argon) is trapped above sodium. A major objective of this
effort 1s to incorporate the appropriate models without significantly perturb-
ing Version | of MINET. A formulation has been worked out that looks a great
deal like the volume formulation already in MINET, and incorporation of the
trapped cover gas option int<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>