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NOTICE

This report was prepared as an account of work sponsored by an agency of the United
States Government. Neither the United States Government nor any agency thereof, or
any of their employees, makes any warranty, expressed or implied, or assumes any
legal liability or responsibility for any third party’s use, or the results of such use, of
any information, apparatus, product or process disclosed in this report, or represents
that its use by such third party would not infringe privately owned rights.

The views expressed in this report are not necessarily those of tk . U.S. Nuclear
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FOREWORD

The Advanced and Water Reactor Safety Research Programs Quarterly Progress
Reports have been combined and are included in this report entitled, "Safety
Research Programs Sponsored by the Office of Nuclear Regulatory Research -
Quarterly Progress Report." This progress report will deccribe current activ-
ities and technical progress in the programs at Brookhavenr National Laboratory
sponsored by the Division of Accident Evaluation, Division of Engineering
Technology, and Division of Facility Operations of the U. S. Nuclear Regulatory

Commission, Uffice of Nuclear Regulatory Research.

The projects reported are the following: High Temperature Reactor Re-
search, SSC Development, Validation and Application, CRBR Balance of Plant
Modeling, Thermal-Hydraulic Reactor Safety Experiments, Development of Plant
Analyzer, Code Assessment and Application (Transient and LOCA Analyses),
Thermal Reactor Code Development (RAMONA-3B), Calculational Quality Assurance
in Support of PTS; Stress Corrosion Cracking of PWR Steam Generator Tubing,
Bolting Failure Analysis, Probability Based Load Combinations for Design of
Category [ Structures, Mechanical Piping Benchmark Problems, Identification of
Age-Related Failure Modes; Analysis of Human Error Data for Nuclear Power Plant
Sarety-Related Events, Human Factors in Nuclear Power Plant Safeguards,
Emergency Action Levels, and Protective Action Decision Making. The previous

reports have covered the period October 1, 1976 through September 30, 1983,
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I. DIVISION OF ACCIDENT EVALUATION

SUMMARY

High Temperature Reactor Research

At the end of this quarter, the accumulated oxidation time for the
Stackpole 2020 medium sized samples (3 inches ¢ x 6 inches long) was 4,812
hours (~200 days). These samples will be strength tested after one year's ac-
cumulated oxidation time.

The effects of He flow rate, experiment duration time, and temperature
gradient on the amount of aerosol formation were studied with silver at
15009C. It seems that the aerosol formation may not be affected much by the
flow rate of the coolant gas. However, it appears that the reactor column
temperature affects the amount of aerosol formation rather significantly even
when the temperature variation is not large (< 11°C).

An experimental setup to study the integrated fission product transport
under a simulated accident condition has been completed. Mock-up fuel blocks
with simulated fission products are to be taken to high temperatures up to
3000°C. We have completed two preliminary runs filling the fuel channels
with MojC. In both runs, the chimney that was connected to the cooling
channel at the center of the H451 susceptor was completely blocked. The ex-
perimental setup is under modification to get rid of the possible cause for
this, and blocking mechanism is under investigation.

Our assessment of containment atmosphere responses with burning during
severe accidents under conditions more remote than those considered in previ-
ous analyses was completed, showing essentially that the previous analyses,
and in particular the siting study, were conservative.

Improvements in the THATCH code treatment of the thermal barrier were
made, affecting primarily long term runs without LCS, i.e., with PCRV concrete
degradation.

Results of the idealized analysis of vapor migration in cor.rete were
documented. Application to conditions during PCRV concrete degradation is
currently in progress.

SSC Development, Validation and Application

The Super System Code (SSC) Development, Validation and Application Pro-
gram encompasses a series of three computer codes: (1) SSC-L for system
transients in loop-type LMFBRs, (2) SSC-P for system transients in pool-type
LMFBRs, and (3) SSC-S for long term shutdown transients. In addition to these
code development and application efforts, validation of these codes 1s an on-
going task.



Under SSC-L activities, the previously developed, two-dimensional, tran-
sient model to account for intra-assembly heat and flow redistribution effects
was tested. Initial validation studies to test the model against experimental
data were accomplished and a report was written describing the modeling and
preliminary results. The next step is to carry this work forward and include
it in an improved representation of inter-assembly heat transfer effects under
low flow conditions. This inter-assembly work is currently being concentrated
on modeling needs for the interstitial sodium and duct wall temperatures. In
a joint effort with the GRS/FRG, a study is being conducted to assess any po-
tential safety implications of using flow control devices in the sodium loops.
Such devices are typically used in German designs. Under the area of user
support, work is continuing (o provide the specific modeling needs of several
special control system-related features of the SNR-300 design.

Efforts on the SSC-P code continued in order to make it compatible with
the base program library and be able to take advantage of many improvements
accomplished under SSC-L development. Additionally, changes necessary to
provide an improved model of the EBR-II primary loop representation were de-
fined. These include changes to account for hydraulic-related features as
well as thermal features, such as heat transfer to the cold pool from the hot
leg "Z" pipe.

Work on SSC-S remains focused on the improved upper plenum modeling. The
stand-alone code was tested using a 15 x 13 variable mesh spacing for a simu-
lation of the FFTF upper plenum, using boundary conditions typical of a coast-
down to natural convection event.

Having accomplished the comparisons of SSC results to the long term ex-
perimental data from the FFTF tests, validation studies with the FFTI data
have been completed. A report discussing the long term results and compari-
sons is being written.

CRBR Balance of Plant Hodelin;

The Balance of Plant (BOP) Modeling Program deals with the development of
safety analysis tools for system simulation of nuclear power plants. It pro-
vides for the development and validation of models to represent and link to-
gether BOP components (e.g., steam generator components, feedwater heaters,
turbine/generator, condensers) 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 inte-
gral network method. The code is to be fast-running and capable of operating
as a ;;Tf-standing code or to be easily interfaced to other system codes.

The turbine stage model that was recently incorporated into the MINET
code is functioning properly. Due to convergence difficulties for modules
with very large pressure gradients, the steady-state network pressure and flow
solver was modified. The modeling of Version 1 of MINET is completed. One of
the major features to be included into Version 2 will be a generic control
system representation.



Testing of Version 1 continues in the follewing areas, where improvements
or new features have been added: Thom two-phase friction multiplier; improved
iterative scheme for steady-state heat exchanger calculations; critical flow
modeling changes; and revisions to the global steady-state solver, particular-
ly for urnderconstrained problems.

Work is progressing on interfacing MINET with RAMONA-3B, for BWR plant
transient analysis, in support of the SASA Program. The MINET code will pro-
vide improved feedwater/ECCS flow and temperature boundary conditions to the
RAMONA code. Both codes have numerous options available for specifying a va-
riety of boundary conditicons via input tabular data. We are currently plan-
ning to link the codes together using these tabular input points. Thus, even
though the codes will be coupled and advancing in time together, they will be
essentially unaware of each other.

Thermal Hydraulic Reactor Safety Experiments

The ex-vessel debris bed quench front propagation data are presented in
dimensionless form and are compared with the model prediction., The results
suggest that for the 6~ and 12-mm particle beds, water initially penetrates
more rapidly than the theory predicts. The 12-mm particle beds show us down-
ward frontal propagation.

In-vessel bottom-quench experimental data are presented for the average
bed heat flux as a function of initial bed temperature. The agreement with
the model prediction is reasonable, considering the data scatter.

An experimental apparatus was constructed to study liquid-liquid film
boiling with transverse non-condensable gas bubbling which rimulates gas re-
lease from concrete during core-concrete interactions. Data are presented for
pools of molten lead and molten Wood's metal using Freon~ll as the boilirj
coolant. The measured boiling heat flux for gas superficial velocities in the
range 0.6 - 1.0 cm/s are up to a factor of three higher than the heat fluxes
predicted by the Berenson film boiling model.

Development of Plant Analyzer

The LWK 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 ac-
-idents (SBLOCAs) in LWR rower plants. The first program phase was carried
out earlier to establish ine feasibility of achieving faster than real-time
simulations and faster than mainframe, general-purpose computer (CDC-7600)
simulations through the use of modern, interactive, high-speed, special-
purpose minicomputers, which are specifically designed for interactive time-
critical systems simulations. It has been successfully demonstrated that
special-purpose minicomputers can ompete with, and outperform, mainframe




computers in reactor simulations. The current program phase is being carried
out to provide a complete BWR simulating capability, including on-line, multi-
color graphics display of safety-related parameters.

The Plant Analyzer Program is directed primarily toward reactor safety
analyses, but its results are also useful for on-line plant monitoring and ac-
cident diagnosis, for accident mitigation, further for developing operator
training programs and for assessing and improving existing and future training
simulators. Major assets of the simulator under development are its extremely
low cost, unsurpassed conveilence of operation and high speed of simulation.
Major achievements of the program are summarized below.

Existing simulator capabilities and limitations regarding their represen-
tation of the Nuclear Steam Supply System have been assessed previously. Sim-
ulators 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-purpuse, high-speed peripheral processor had been selected ear-
lier. which is specifically designed for efficient systems simulations at
real-time or faster computing speeds. The processor is the AD1O from Applied
Dynamics International (ADI) of Ann Arbor, Michigan. A PDP-11/34 minicomputer
serves as the host computer to program and control the AD10 peripheral proces-—
sor. Both the host computer and the peripheral processor have been operating
at BNL since March 15, 1982.

An existing model for nonequilibrium, nonhomogeneous tw>-phase flow in a
specific BWR hydraulics system has been implemented on the AD1O processor for
the purpose of comparing the computing speed and accuracy of the ADIC, as it
executes the code called HIPA-PB2 for High-Speed Interactive Plant Analysis of
the Peach Bottom-2 BWR power plant. The implementation of HIPA-PB2 has been
carried out in the high-level language MPS-10 of the AD1O.

It has been demonstrated during the last quarter of 1982 that the AD1O
special-purpose peripheral processor can produce accurate simulations of BWR
design base transients at computing eveeds ten 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 hydraulics simulation used for that demonstration
to produce the capability of simulating the entire nuclear steam supply system
as well as the flow of the workinyg medium through turbines, condensers and
feedwater trains.

Models have been developed and implemented for point neutron kinetics
with five feedback mechanisms and seven scram trip initiations, for thermal
conduction in fuel elements, for steam line dynamics capable of simulating
acoustical effects from sudden valve actions, for turbines, condensers, feed-
water preheaters and feedwater pumps, and for emergency coolant injection
systems.



The software systems of both the PDP-11/34 host computer and the AD1O
special-purpose peripheral processor uave been upgraded to achieve greater
computing speed and a larger number of analog input/output channels. Two
AD10s are coupled via a direct bus-to-bus interface to compute in parallel.

During the last reporting period, models had been developed, scaled and
implemented for the feedwater controller, the pressure regulator and the re-
circulation flow controller. Twenty-eight parameters for initiating control
systems and valve failures and for selecting set points can now be changed
on-line from a 32-channel control panel. Sixteen dedicated analog output
lines are provided for the simultaneous display of 15 selected parameters.
All input-output channels are addressed approximately 200 times per second.

During the current reporting period, all program modules have been com-
bined into the HIPA-PB2 code. The entire BWR power plant simulation, includ-
ing the nuclear steam supply system, the steam line with all valves, the
turbines, condensers, feedwater preheater and pumps and the control systems,
have been executed for the first time. Fifteen selected parameters can be
stored simultaneously in thke IBM Personal Computer and then displayed in
labelled diagrams. A silent movie has been produced to show how the plant an-
alyzer is operated and how it responds to on-line analog signals.

Work has been started on developmental assessment and on expanding the
plant analyzer capabilities to other plants.

The interest in the Plant Analyzer Development Program continues to be
high, both in domestic and foreign institutions. Nine presentations were
given with demonstrations to foreign visitors, and two invited papers have
been submitted for presentaiion and publication during the current reporting
period.

Code Assessment and Application (Transient and LOCA Analyses)

Two major code application tasks, namely, the RESAP-38 Zarge break LOCA
study and the typical BWR/4 MSIV closure ATWS analysis, tiat were initiated in
FY 1983, are in the final stages of completion. Also, the code assessment
activity is about to resume after the implementation of the TRAC-BD1/MOD]1 code
on the BNL computer.

Two large break LOCA calculations have been performed for a Westinghouse
four-lcop RESAR-3S plant using the TRAC-PD2/MODl1 code. One of the calcula-
tions used the best-estimate initial and boundary conditions, whereas the
other one used the evaluation or licensing type conditions. The physical or
thermohydraulic models for both calculations were, of course, best-estimate.
A cowmparison of these calculations with the Westinghouse licensing or Appendix
K calculation indicates that there is an overall safety margin of approxi-
mately 1200°F, of which approximately 700°F is due to the conservative or
licensing type physical models, and approximately 500°F is due to the 1i-
censing type initial and boundary conditiorn



A typical BWR/4 MSIV closure ATWS analysis has been performed using the
RAMONA-3B (with three-dimensional neutron kinetics) and TRAC-BD1 (with point
kinetics) codes. The RAMONA-3B calculation has been carried out up to 360
seconds, whereu.s the TRAC-BDl calculation has been performed until the reactor
power reached approximately 2% of the steady state value at approximately 1100
seconds. The suppression pool water temperature at this time has been calcu~
lated to be approximately 170°F. Another TRAC-BD1 calculation with the
RAMONA-3B calculated core power was performed for the first 150 seconds for
the specific comparison of the thermohydraulic responses of both TRAC-BD1 and
RAMONA-3B codes. Based on these results and computer running times, it is
recommended that the RAMONA-3B code be extensively used for the analysis of
ATWS type events in BWRs.

Thermal Reactor Code Development (RAMONA-3B)

Extended support has been provided to the Code Assessment and Application
program for a typical BWR/4 MSIV closure ATWS analysis using RAMONA-3B. In
the course of this activity, several coding errors in the hydraulics part of
the code have been corrected, and the calculation has been run up to 560 sec-
onds of the transient.

Several corrections and/or improvements have also been made in the neu-
tronics part of the code. The reactivity edits developed by Scandpower have
been implemented at BNL. Work hae also been initiated to verify the Scand-
power procedure of collapsing three-dimensional cross sections to one-dimen-
sional data.

Calculational Quality Assurance in Support of PTS

The review of TRAC input decks and steady state results for the Calvert
Cliffs plant has been completed and documented in a BNL memorandum. A quick
review of all the Calvert Cliffs transient results has also been completed and
is being documented.

Review of the RELAPS input decks for the H. B. Robiason plant has begun.
A simple procedure for quantitative review and extrapolation of TRAC and/or
RELAP5 results has also been developed based on overall mass and energy bal-
ances.

Finally, the latest version of the TRAC-PWR code, namely, the TRAC~-
PF1/MOD1 code, has been successfully implemented on the BNL computer and is
available for code assessment and application.



High Temperature Reactor Research

1.1 Graphite and Ceramics (B. S, Lee, J. H. Heiser, III, and D. R. Wales)
1.1.1 Long Term Oxidation Experiments

At ithe end of this quarter, the accumulated oxidation time for the
Stackpole 2020 medium sized samples (3 inches 4 x 6 inches long) was 4812
hours (~200 days). These samples will be strength tested after one-year's
accumulated oxidation time,

The data acquisition system for Helium Impurities Loop No. 1 hes been
improved. Now all the data for CO, €O, CHy, Hy0, H; and time are
collected by two Tektronmix 4923 tape recorders, aad are processed by a
Tektronix 4051 computer. Equipment is on order which wili permit all the
data to be collected by one tape recorder,

1.2 Fission Product Migration (B. S, Lee, J. H., Heiser, III, C, C, Finfrock
and C. Sastre)

1.2.1 Fission Product Migration By an Aerosol Formation

As described in the last progress report, we have built a system that
can heat a small graphite susceptor enclosed in a water cooled quartz reactor
tube up to 2100°C., This system was improved by the addition of an automatic
temperature controller, Now, the specimen temperature can be kept constant

within a couple of degrees at ~1500°C. The completed system with a Faraday
cage is shown in Figure 1.2.1

During this quarter, the effects of He flow rate, experiment duration
time and temperature gradient on tae amount of aerosol formation were
studied.

1.2.1.1 The Effect of He Flow Rate on the Aerosol Formation

Fission product serosol formation/transportation was studied with silver
varying the flow rate of the coolant, He + 1% Hy0, Eleven experimental
runs of 30-minute duration each were carried out with flow rates varying from
100 to 1000 cc/min, and the results are shown in Figure 1.2.2.

The smount of the silver collected by a filter seems proportional to the
flow rate of the coolant, This indicates that the aerosol formation may not
be affected much by the flow rate of the coolant gas, because the aerosol
collected by a filter divided by the total volume of coolant passing through
the system is about the same for different flow rates,

Similar experiments are planned for other fission products
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Figure 1.2,2 Silver aerosol collected by a filter as a function of
He flow rate.



1.2.1.2 The Effect of Experiment Duration Time on the Aerosol Formation

To select the optimum experiment duratiom tir:, the amount of aerosol
forming was measured as a function of duration . ime with a flow rate of
500 cc/min, As shown in Figure 1.2.3, the amour of aerosol collected is
proportional to the duration time, and it was decided that the experiment
duration time will be 2 hours for future runs.

1.2.1,3 The Effect of Temperature Gradient On the Aerosol Formation

In the classical nucleation theory, (Hirth and Pound, 1963) the
homogeneous nucleation rate from vapor phase is

J=13 Loro’.

exp - (1.2.1)
* TS 142
e

where molecular volume
specific interfacial free energy
vapor pressure

equilibrium vapor pressure

Q
o
4
4
e

Because the supersaturation ( %e) enters into the exponentisl term of

Equation 1.2.1, the rate of nucleation is semnsitive to the degree of super-
saturation (Kingery, 1960)., Thus, the temperature of the reactor tube column
temperature was varied to study the effect of the temperature gradient in the
tube on the amount of aerosol formed. The easiest way to vary the column
temperature is varying the flow rate of the cooling water, Only the tempera-
ture at the tcp of the tube was measured, and the temperature difierence bet-
ween the slowest and the highest flow rate was about 11°C, Figure 1.2.4
shows the amounts of silver collected by filters vs. HyO flow rate in the
cooling jacket. The experiments were conducted at 1500°C for 2 hrs each with
He flow rate of 500 cc/min, It appears that the reactor column temperature
affects the amount of aerosol formation rather significantly even though tke
temperature variation was not large (<(11°C)., This study will continue in a
more systematical way in the future,

1.2.2 Intregated Fission Product Transport Experiments

An experimental set-up to study the integrated fission product tranmsport
onder a simulated accident condition has been completed. Mock-up fuel blocks
with simulated fission products are to be taken to high temperatures up to
3000°C, We have completed two preliminary runs filling the fuel channels
(12,7 mm 4) with MojyC. Helium is flowing through a cooling channel
(14.3 mm) at the center of a susceptor (82.5 mm®x 152.4 mm long). The first
run was for 30 minutes at ~3000°C, After the run, the filter did not show
any aerosols. It was found that the chimney was completely blocked at the
interface between the cooling channel and the chimney as shown in
Figure 1.2.5 and 1.2.6., It was believed that the filter may have given too
much resistance to the He flow, and the He inside the chimney was stagnant,
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Figure 1.2.4 The effect of temperature gradient on the aerosol formation.
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Figure 1.2.5 Blocked portion of the chimney that was connected to a
H451 susceptor heated at 3000°C for 1/2 hour. Mag. 10X,
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Figure 1.2.6 Condensed graphite particles on the surface of the blocked
porition of the chimney. Mag. 1500X,
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In the second run, Ee gas was pulled by a mechanical vacuum pump that
was connected after a filter. However, the chimney was blocked again. There
is a possibility that we are pulling too much so that air enters the system
to oxidize the graphite., We are modifying the system to get rid of this pos-
sibility, and the blocking mechanism is under investigation.

1.2.3 Fission Product Migration in H451 Graphite

The experimental part of fission product migration study in H451
graphite were completed last quarter and are summarized in Table 1.2.1. As
shown in this table, we have conducted many experiments, and, as a result,
have accumulated large amounts of diffusion data. We are in the process of
summarizing all the information we have,

To get more information on the physical condition at the interface bet-
ween graphite and the molten pool of fission products, MoyC was filled in a
cavity in a H451 graphite block and heated at ~3000°C for 1/2 hour (the same
graphite block described in Section 1.2.2), and the cross section vertical to
the graphite/fission product interface was examined with a scanning electron
microscope and x-ray mepping method. This information is needed to explain
the '‘virtual source’’ observed in the experimental results (Uneberg et al,
1980),

Figure 1.2.7 a) shows the cross section of the cavity that was filled
with Moy C, As can be seen in this picture, graphite dissolved into the
molten pool of MosC, and changed the composition of the molten carbide
probably to MoC. Upon cooling, graphite reprecipitated as black bars in this
picture, Figure 7 b) is a molybdenum x-ray map of the same ares, and shows
an abrupt change in Mo concentration at the (MoyC + C)/graphite interface.
This could possibly explain the very low '’virtual source’’ mentioned ear-
lier. Analysis of the diffusion data will continue.
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Table 1.2.1

Summary of the Fission Product Migration in H451 Graphite Experiments

Diffusant Temperature (°C) Duration (hrs) Remark®
2250 0.67 61978
2400 4 62178
2800 1 11080
2850 4 41579
lozc
2900 1 32679
2950 2 42380
8 42078
3000 4 41778
3100 0.55 11680
3200 1 4479
3300 0.73 32380
2700 1.67 120181
2800 1.67 111081
UC, /ThC
(111 -%lo rztlo)
2900 1 42881
1.67 82581
3000 1 110680
| 51181
2 91581
ucz 2900 1.75 110281
T\Cz 2900 3.73 102681
2500 2 51883
2800 2 52783
Y-Yb-Mo-Rh~La
~Nb-Zr mixtures
(eqi-molar 2900 2 5483
mixture) 3000 2 41583
3200 0,083 20283
0.5 32383
XC 2900 2 12883

2

. experiment identification number,




(b)

" 9

Figure 1.2.7 a) Cross section of the cavity that was filled with
~ L9 cv
Mo,C and heated at 3100°C for 1/2 hour. Mag. 15X,

“

b) x=ray map for Mo of the same area as a.



1.3 Asalytical

1.3.1 HTGR Code Library (J. Colman)

Table 1.3.1

C 0
Origin/ BNL
Program Code Date Status IR oo
BLAST ORNL/ACC oP A dynamic simulation of the HTGR
8/76 (BNL reheater-steam generator module.
1/80)
BLOOST/ GA/SAI opP Performs zero-dimensional reactor
BLOOST-7 1/70 kinetics calculations,
CHAP-1 LASL opP Simulates the overall HTGR plant
(Jan. 1978) 2/17 with both steady state and
transient solution capabilities.
CIRC (JETS) BNL oP Calculates fluid dynamics in an
4/78 HTGR containment veszel following
a depressurization accident,
CNTB-7 GA opP Analysis of Partially mixed
7719 containment atmospheres during
depressurization events,
ACC Argonne Code Center,

BA¥ = Babcock and Wilcox,

BNL = Brookhaven Nat. Lab.

BPNW = Battelle Pacific N.VW,

GA = Gemeral Atomic,

LASL = Los Alamos Scientific Lab,
NOP = Non-Operational,

OP = Operational

ORNL = Oak Ridge National Lab.

P = Proprietary.

SAI = Science Applications, Inc.
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Origin/ BNL
Program = Code Date Status Function

CONTEMP-G GA-BAW oP (P) Simulates temperature-pressure

(CONTEMPT-G) 2/74 response of an HTGR containment
atmosphere to postulated coolant
circuit depressurization,

Computes the temperature history
and fission product redistribu-
tion following a loss of all
convective cooling of the core,

ORNL ACC A coupled neutron kinetics - heat
1/77 (BNL transfer program for the dynamics
1/80) simulation of the HTGR core.

DECAYREM ORNL RSIC Data Library Collection.
5/74

DIFFTA BNL Finite element method code for
11/75 Steady State Heat Conduction,
Fission Product Migration and

Neutron Diffusion Calculations,

ENDFB and NL Evaluated Nuclear Data File/B and

Satellite file manipulation codes,.
Codes

EVAP L op A model for the Migration of Fis
sion Products along “he coolant
channels of an HTGR following
a hypothetical accident of com
plete loss of cooling.

Calculates external radiation
doses,

One of three codes which create or
add to the reactions data library
for QUIL and QUIC codes. Reac
tions added are of type Free
Energy.

Performs one-dimensional, diffusion
theory, burnup and reload calcu
lations,




FYSMOD

GAKIT

GOPTWO/
GOP-3

H-CON1

INREM

Origin/

GA

3/78

9/76

GA
9/68

GA

GA/ACC

BPNW 6/75
BPNW 10/76

im

BNL
5/76

BNL
5/76

2/75

op

opP

oP

opP

opP

opP

opP

Function

Calculates steady state flow dis-
tributions in arbitrary networks
with heat addition,

Performs simplified fission product
production analysis.

Calculates the two-dimensional
solution of HTGR core blocks sub-
jected to external motion,

Performs one-dimensional multi-
group kinetics calculations
with temperature feedback,

A program for the solution of the
multigroup neutron-diffusion
equations in two dimensions,

with arbitrary group scattering.

Prepares broad thermal cross sec-
tions from the tape produced by
WIFG and MAKE,

Graphite Oxidation Program,
Analyzes the steady state graph-
ite burnoff and the primary cir-
cuit levels of impurities.

Analyzes gas layering and flamma-
bility in an HTGR containment
vessel following a depressuriza-
tion accident,

Calculates one~dimensional heat
conduction for an HTGR fuel pin
by finite difference method.

A program for calculating changes
in enthalpy single phase liquid
due to external heat source,

Calculates internal radiation
doses.
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Origin/ BNL

Program __ Code Date  Status Function
INTERP GA oP Prepares broad group cross sections
MICROX from MICROX output data tapes.
LIBRARY
JANAF Dow Chemi- oP JANAF Thermochemical Tables.
cal Company
11/78
LARC-1 LASL NOP Calculates fission product release
11/76 from BISO and TRISO fuel parti-

cles of an HTGR during the LOFC
accident for single isotopes.

LARC-2 LASL NOP Similar to LARC-1; in addition,
handles release from isotope
chains,

LASAN-BNL LASL/BNL opP A general systems analysis code

LASAN-LASL consisting of a model independent

4/78 systems analysis framework with

steady state, transient and fre-
quency response solution capabil-
ities. There are two versions of
the code available - the original
LASL version and the converted
BNL version.

LEAF LASL NOP Calculates fission product release
11/76 from a reactor containment
building.

MAKE SAI oP Prepares fine group fast cross sec-
tion tape from GFE2 for spectrum
codes.

NONSAP-C LASL NOP Calculates static and dynamic re-

10/78 sponse of three-dimensional re-

inforced concrete structures, in
addition to creep behavior.

ORECA-1 ORNL-ACC opP Simulates the dynamics of HTGR
4/16 cores for emergency cooling
analyses. (Ft. St. Vrain)
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Program

Origin/
Cnde Date

BNL

Sta

tus

ORIGEN

ORNL
4/175

NOP

opP

(P)

T TR r——"
Solves the equation of radioactive
growth and decay for large num-
bers of isotopes with arbitrary
coupling.

A nuclear steam supply system simu-
lation for the dynamic analysis
of HTGR traensients.

Analyzes the transient response of
the HTGR fuel and moderator to
an oxidizing environment.

Calculates steady state 1-D flow
distributions and fuel and
coolant temperatures in a gas
coocled reactor,

Prepares input data and source code
revisions for RECA code.

Reads the fast cross section tape
produced by MAKE,

Solves complex equilibrium distri-
bution in chemical environments,

Solves complex equilibrium distri-
bution in _hemical environments.

One of three codes which create or
add to the reactions data library
for QUIL and QUIC codes. Reac-
tions added are of type Rate.

Analyses the transient behavior
of the HTGR primary coolant
system during accidents,

Calculates time dependent flow dis~-
tributions and fuel and coolant
temperatures in the primary

system,

Solves transient Navier-Stokes
equations in chemically reactive
flows.




Origin/ BNL

Program = Code Date _ Status Function
SODEMME BNL opP Calculates transient thermal hy-
8/17 draulic aspects of circulating
gas systems
SOLGASMIX ORNL opP Calculates equilibrium relation-
4/17 ships in complex chemical
systems,
SORS GA oP (P)
4/74
SORSD GA oP (P) Computes the release of volatile

fission products from an HTGR
core during thermal transients,

SORSG GA oP (P) Computes the release of non-
volatile gaseous fission products
froa an HTGR core during thermal

transients,
SPRINT GA/SAL oP Reads the thermal cross section
tape produced by WIFG.
SURF LASL oP One of three codes which create
2/17 or add to the reactions data

library for QUIL and QUIC
codes, Reactions added are
of type Surface.

SUVIUS LASL NOP Solves the behavior of fission
gases in the primary coolant
of a gas-cooled reactor,

TAC2D GA op Performs two-dimensional, tran-
9/69 sient conduction analyses.
TAP GA oP (P) Calculates the transient be-

havior of the integrated HTGR
power plant,

TEMCO/TEMCO7 GA op Computes reactor temperature co-

efficieats from input cross
section data,
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Origin/ BNL
Deassan  _____ _Cola Bate Beakas o o KRR e

THGRAF BNL opP Calculates position and velocity
11/77 of the thermo-chromatograph as
a function of time for various
models.

Prepares fine group thermal cross
section tape from GAND2 or
FLANGE for spectrum codes,

Performs one-dimensional, diffu-
sion theory, steady state cal-
culations,

1.3.2 Containmunt Atmosphere Response (P, G, Kroeger)

An investigation of the containment atmosphere response under severe
accident conditions, considering scenarios more remote than those of the re-
cent source term study has been completed. The results confirm that the as-
sumption of completely mixed atmospheres, as assumed in the source term study
and in other preceding work, is conservative. Furthermore, it is shown that
localized burming of pockets of combustibles requires the stipulation of
further failures in an improbable way., Even then the resulting local pres-
sure spikes which are close to the building failure pressure, since they are
localized, do not appear to impose any dangerous stress levels on the CB
structure. The report draft is currently being circulated for comment and
will be released shortly.

1.3.3 Vapor Migration in Concrete (P, G, Kroeger and Y. Shiina)

The first idealized analysis of concrete migration im vapor has been
documented in an informal report, Figure 1.3.1 shows typical concrete pres-
sure and temperature distributions and liquid fractions resulting from an
outer surface step change in temperature for the case of permeable onter sur-
face (failed liner). Figure 1.3.2 shows corresponding results for the case
of an impermeable outer surface (intect limer). The extension of this work
to actual PCRV scenarios with varying surface tempertures is currently in
progress,

1.3.4 Primary Loop Thermal Analysis under UCHA Conditions
(P. G, Kroeger and J. Colman)

The additional capability to treat low thermal capacitances like the
thermal barrier as quasi static layers has significantly improved the effi-
ciency of the THATCH code for long term transients without LCS, and including
the PCRV concrete, This modification also permits a simpler and more accu-
rate analysis during the time of thermal barrier failure, and provides the

option to partially retain thermal insulation at the side walls even after
thermal barrier failure,
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excellent agreements for steady-state and transient cross-assembly temperature
profiles. It is seen that significant profile flattening takes place, re-
flecting the contribution of buoyancy-induced flow redistribution and trans-
verse thermal conduction and mixing effects.

Due to the physical accuracy and numerical efficiency (5 to 10 times
faster than rezl time) of TWIST, it provides an excellent tool for study of
long duration natural circulation transients in LMFBR assemblies. The code
can also be coupled with the SSC series of computer codes for best estimate
evaluatior of the maximum coolant temperatures within representative as-
semblies.

2.1.2 Safety Implications of Flow Control Valves (J.G. Guppy, U. Quast
GRS/FRG)

In a joint effort with the GRS/FRG, SSC-L is being applied to investigate
any potential detrimental effects on the primary loop flow rate and core flow
rate and temperature responses, caused by operation of the post-scram flow
control valves. These flow control valves are located in the cold legs and
are regulated following scram to adjust the flow rates so as to maintain a
fairly constant vessel outlet temperature and, thus, mitigate thermal shock
effects.

The effect on the temperature response is shown in Figure 2.3. The re-
sults for two cases are presented; one in which the flow control valves (CV)
operate, and one where they do not. In the "no CV" case, one can see that the
core is overcooled due to the initial sharp decrease in the power-to-flow
ratio following scram. After mixing with the upper plenum sodium, this tem-
perature rampdown is transmitted to the loop piping and downstream components.
With the control valves operating, the flow rates are controlled to maintain
the core outlet temperatur2 about a certain setpoint. As seen, some oscilla-
tion of the core temperature can result, but the temperature at the vessel
outlet is essentially constant. Thus, the design goal of mitigating the ther-
mal shock to the loop has been accomplished.

The corresponding response of the primary loop flow rates is shown in
Figure 2.4. The results for three cases are presented here: 1) "no CV" fol-
lowing & normal scram, 2) "no CV" following a scram and loss of all pumping
power (i.e., a natural circulation event) and 3) a case of normal scram with
CV operating. The natural circulation event is included for comparison pur-
poses to indicate that the use of flow control valves can potentially produce
flow rates on a frequent basis that are even lower than those from this highly
unlikely case. For the "CV operating” case, the flow rate will respond to the
in and out movement of the valve gate.

For this study, the core was represented by five (5) channels: hot fuel,
average fuel, hot blanket, average blanket and a non-nuclear channel to repre-
sent control and shield assemblies. Shown in Figure 2.5 is the response of
the flow rate in the cold (non-nuclear) fifth channel. As seen, for the "CV
operating” case, the flow rate in this channel may potentially reverse for a
period of time. Physically, this is caused by buoyancy driven flow redistri-~
butjon. Here, the hotter channels will divert flow to themselves from the
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cooler ones. This effect will only be computed if the simulation includes an
inter-assembly flow redistribution model, such as contained in SSC. If this
flow reversal were to occur, it would have the potentially adverse effect of
sweeping substantially hotter sodium from the upper plenum into the much cool-
er channel.

A second adverse effect which the flow control valves can potentially
cause is illustrated in Figure 2.6. Plotted here are the responses of the hot
fuel and blanke: temperatures for two cases: with and without CV operating.
As typified by these results, the heat producing assemblies have the potential
of being subjected to substantially higher temperature fluctuations through
the use of flow control valves., Study of these preliminary results is con-
tiouing.

2.1.3 Inter-Assembly Heat Transfer (W.C. Horak)

Development of an inter-assembly heat transfer model for inclusion in SSC
has concentrated on two areas:

1) interstitial sodium
2) duct wall temperatures

Most inter-assembly heat transfer models consider the interstitial sodium
to be stagnant, but certain experiments indicate interstitial coolant motion
may provide an additional heat sink. Ther:fore, a parallel flow model for the
interstitial coolant may need to be developed.

Various advanced nodal methods are being looked at to see if they are ap-
plicable to calculating duct wall temperatures. However, since earlier work
has suggested that an in-line assembly model may be adequate for a system re-
presentation (as opposed to the more standard seven-assembly cluster used in
detailed codes), extension of the present intra-assembly model appears to be
the most promising approach.

2.1.4 User Support (J.G. Guppy, W.C. Horak, R.J. Kennett, U. Quast GRS/FRG)

A German engineer from the GRS visited BNL during this period to discuss
SSC modifications and applications for analysis of the SNR-300 reactor system.
Updates to a previous version of the SSC base program library had been devel-
oped to represent special design features of the SNR-300 which were not pre-
sently modeled. These included: 1) special cuntrol valves in the primary and
secondary sodium loops, which are activated following a scram signal and are
adjusted to modify the flow rates in the respective loops so that a relatively
constant temperature is maintained and 2) certain plant protective system
functions not previously modeled.

The GRS is interested in making these updates compatible with the latest
version of the SSC base program library. There are also additional features
which are being considered including: 1) steam generator feedwater and drain
flow controllers; 2) reactor power limit controller and 3) reactor temperature
limit controller.
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The two additional in-vessel plant control systems have been modeled for
use in the SSC simulation of the SNR-300 reactor. These two controllers, the
Reactor Power Limiter Control (PLC), and the Temperature Limiter Control
(TLC), are designed to minimize scrams during slow transients. The PLC and
the TLC block control rod action and ad just the reactor power output using the
trim rods. After completion of the controller action, the control rods are
allowed to move either manually or automatically.

The controller models have been tested in a stand~slone computer code for
a number of different transient inputs. Incorporaztion of these models into
SSC will be done as soon as additional modeling details are obtained. Final
testing on a series of appropriate transients will be done at that time.

In order to improve the user interactive output options of SSC, a stan-
dardized set of graphics symbols for use in SSC plant representations is being
developed. These standardized symbols will be used to represent the values of
the various plant parameters at steady state and during the transient.

2.2 SSC-P Code (E.G. Cazzoli)
2.2.1 Code Maintenance (E.G. Cazzoli)

The pool version of SSC is under review and is being modified in the la-
test cycle of the program library, in order to take advantage of recent im-
provements in SSC-L. .n order to check that the updated version of SSC~P in-
corporating the revisions is correct, previously simulated plant transients
performed for Phenix will be repeated and comparisons made for consistency.

2.2.2 Modeling Considerations to Represent the EBR-II Primary System (I.K.
Madni, W... Horak, J.G. Guppy)

The Experimental Breeder Reactor II (EBR-II) is an LMFBR power plant of
pool design, located in Idaho, rated to produce 62.5 MW thermal power (27
MWe). The mission of EBR-II has evolved to the point where, together with
serving as an irradiation facility for fuels and materials, it is being ex-
tensively used to provide experimental in-plant test data on the thermal,
hydraulic, and neutronic response of the core and plant to normal and abnormal
operaticn. These tests have, and will continue to provide very useful infor-
mation for the future design, operation and safety analysis of LMFBR plants.
For example, the test data can form the basis for validation or further de-
velopment of models intended to predict plant behavior during a variety of
operational conditions.

In support of the SSC application efforts to provide predictions of EBR-II
overall plant behavior, models are required to represent the EBR-II primary
system. These modifications are required due to some specicl design features
in EBR-II, which lie outside the models already present in SSC (Guppy, et al.,
1983b). The immediate application for these models, as part of SSC, is to
simulate the current series of whole-plant type transients, including natural
circulation, that are being planned for the EBR-II plant beginning in 1984,
The comparisons thus obtained will also contribute towards the validation of
SSC as a plant simulation tool.




EBR-II is a pool reactor in which all the primary components including
reactor, pumps, intermediate heat exchanger, piping, as well as shutdown cool-
ers, and other support systems are submerged in a large pool of sodium, con-
tained within the primary tank. The space between the sodium free surface and
primary tank is filled with argon gas. The primary tank is of double-wall
construction (tank within a tank), the space between the inner and outer tanks
being filled with inert gas. The outer tank is heavily insulated to minimize
heat loss from the primary system.

The reactor is centrally located at the bottom of the primary tank, with
the pumps and heat exchanger arranged radially around the reactor and elevated
somewhat above it. The reactor consists of a hexagonal shaped central core,
containing enriched uranium, surrounded by radial and axial blankets, contain-
ing either depleted uranium, or stainless steel. The subassemblies are con~-
tained in and supported by a stainless steel reactor vessel, comprised of a
grid plenum assembly, reactor vessel shell, and reactor vessel cover, and sur-
rounded by a radial neutron shield. The vessel top cover, which also contains
neutron shielding, is removable to permit fuel handling. It contains penetra-
tions for entry of control rod drive shafts, special in-core test facilities,
etc. During power operation, a small amount of leakage occurs through various
openings in the cover. This leakage flow is employed as a part of the neutron
shield cooling system in this region.

Forced fluw to the reactor is provided by two main sodium pumps, which are
vertically mounted, single-stage, centrifugal units, operating in parallel,
each rated at a maximum of approximately (.3) m3/s at 61 m head. Each im-
peller is submerged in primary sodium; however, the motor units are located
outside the primary tank. Primary system flow is varied by .anually adjusting
the pump speeds.

An auxiliary electromagnetic pump of small capacity and low head operates
in series with the large primary pumps. During normal operation, the auxil-
iary pump has no appreciable effect on the primary coolant flow. The main
purpose of this pump is to augment thermal convection under certain conditions
of reactor shutdown. The reactor outlet piping (whose linear run is shaped
like a Z) carries hot sodium through the environment of the cold pool, at sub-
stantially lower temperature, It is therefore provided with an insulating
steel sleeve, surrounding the pipe, to minimize heat losses. The space be-
tween pipe wall and sleeve is filled with stagnant sodium from the pool.

The IHX transfers essentially all of the heat generated in the reactor to
the secondary system. It is a single-pass counter flow heat exchanger. Pri-
mary sodium (radioactive) enters the exchanger via piping, flows downward
around the tubes on the shell side, and returns to the primary tank through a
cylindrical opening near the bottom. The secondary sodium (non-radioactive)
flows upward through the tubes. To minimize pressure drop in the unit, axial
flow is maintained as much as possible. The IHX primary outlet is located
above the reactor centerline to provide natural convection shutdown cooling.

The coolant flow path is as follows: sodium from the primary tank enters

the pumps through sump-type inlets, and exits into a main pipe where it is di-
vided into high and low pressure streams. High pressure sodium is piped from
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each pump outlet directly to the high-pressure inlets of the reactor grid-
plenum assembly and flows upward through the core and inner blanket assemblies
(inner core region). The control and safety rods, located in the inner core
region are also cooled by the high pressure coolant. Low pressure coolant is
routed via a smaller line through a2 throttle valve, to the low-pressure inlets
of the grid-nlenum assembly, and flows upward through the outer blanket assem-
blies. Both streams mix in the reactor outlet plenum. The mixed coolarnt
exits the reactor vessel through a simple outlet nozzle, flows via piping,
through the auxiliary EM pump and into the shell side of the IHX where it is
cooled and returns to the primary tank at nearly the bulk pool sodium tempera-
ture. Leakages occur at several points along the coolant flow path,

2.3 SSC-S Code (B.C. Chan)
2.3.1 Improved Upper Plenum Modeling (B.C. Chan)

The FFTF upper plenum was simulated using the upper plenum stand-alone
code. A configuration, considered to be representative of the FFTF upper ple-
num, utilizing a 15 x 13 variable cell spacing mesh was utilized. The inlet
temperature and velocity profiles used in this transient calculation were sup-
plied from the results of the SSC four channel core model simulation. A 200
second transient case has been simulated. Results are being analyzed.

2.3.2 Effect of Piping Insulation on Long Term Loss-of-Heat Sink Accidents
(W. C. Horak)

An input deck is being assembled .o determine the effect of rock wool pipe
insulation on a loss-of-heat sink accident. Information has been obtained on
some of the material properties and the remainder is expected to be obtained
shortly. Selection of the specific reactor type for the simulation has not
been finalized.

2.4 Code Validation (W.C. Horak)

2.4.1. FFIF Long Term Simulations (W.C. Horak, R.J. Kennett)

The 100%, 75%2 and 5% power long term transients were run with the loop
indexing corrected. As expected, the simulation results did not change much
due to the symmetry of the transients.

As part of the testing of the IHX plena thermal mass model, an FFTF 100%
power scram to natural circulation test was simulated for a total of 1800(s).
Initial analysis indicates good agreement with the experimental data, espe-
cially in the primary cold leg temperature. A more detailed comparison to all
the loop data is in progress.

With the completion of the FFI{F post-test simulations, a standard test
problem for future cycle validation is being developed bused on the 35% power
FFTF scram to natural circulation test. This deck is based on the four chan-
nel, two loop deck used for the long term simulations. Since this test was
asymmetric in the secondary heat transport loops, it should prove a useful
addition to the current set of standard test problems.
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3. Balance of Plant Modeling (J.G. Guppy)

The Balance of Plant (BOP) Modeling Program deals with the development of
safety analysis tools for system simulation of nuclear power plants. It pro-
vides for the development and validation of models to represent and link to-
gether BOP components (e.g., steam generator components, feedwater heaters,
turbine/generator, condensers) 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 inte-
gral network method. The code is to be fast-running and capable of operating
as a self-standing code or to be easily interfaced to other system codes,
Reference is made to the previous quarterly progress report (Guppy, 1983) for
a summary of accomplishments prior to the start of the current period.

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

The turbine stage model recently incorporated in MINET is functioning as
planned. 1In tests conducted thus far, the model is very stable and passes all
consistency tests.,

With the increased usage of modules with very large pressure gradients,
the MINET steady state network pressure and flow solver began to have diffi-
culty in converging. As a result, special legic was introduced to deal with
such a module when it is in a segment by itself. With the revision, the pres~
sure change across an isolated pump, valve, or turbine stage is recalculated
during each internal iteration of the pressure and flow solver. Additionally,
choking across a valve is now factored into the steady state calculation,
Thus, the user can now introduce modules with very large pressure gradients,
as long as they are isolated in a segment.

With Version 1 of MINET complete, at least in terms of modeling, further
model development will be incorporated into Version 2, which will include a
generic control system model. Several control functions are currently under
development, partially in support of an effort to represent the SNR-300 con-
trol system.

3.2. MINET Code Improvements (G.J. Van Tuyle, T.C. Nepsee)

The version of MINET ("Version 0") being utilized with CY-41 of SSC has
not been altered during the last year. The current development effort remains
focused on the stand-alone version, now designated Version 1. With most of
the features of Version 1 now in place and working, the effort will focus on
testing and adding new features when needed. In the recent pericd, a Thom
two-phase friction multiplier was {incorporated and a viscosity function was
revised to improve its efficiency.

Testing of the heat exchanger module, using several different input decks,
has reveaied a few additional areas for improvement in the steady state itera-
tive schemes. These gaps were closed, and no significant problems have since
appeared in any of the test runs.
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The critical flow models in MINET have bheen revised in order to reduce
storage requirements and provide a more coaprehensive representation. With
the new package, Extended Henry-Fauske is used for subcooled flow, Moody is
used for two phase choking, and an isentropic representation is used for super-
heated flow. The code interpolates between Extended Henry-Fauske and Moody
near the boiling boundary so as to reduce problems with discontinuities. As
the previous Moody function contained a great deal of tabular data, a sub-
stantial reduction in storage requirements was attained.

Because the MINET steady state solver is highly generalized, it is quite
likely the user may underconstrain the problem, in which case, user guesses
may effectively become boundary conditions. This is not, in itself, a prob-
lem. However, MINET must choose which of the user's guesses to consider fixed
and which ones are to be used to bring the system to equilibrium. Recently,
this process has been optimized so as to guarantee not only a solution for the
underconstrained problem, but also the best solution, i.e., one with the mini-
mum ad justment of user estimated conditions. While this whoie area is very
subtle, the achievement is significant and resolves a very tricky problem.

Print interval control, transaction file generation and context save func-
tions have been completed and tested. Appropriate revisions have been made to
the input data file definition 'to allow full user control of the above func-
tions.

An updated version of MINET (Version 1.6) has been constructed incorpor-
ating revisions to the input processor and computational code.

Interfaces for boundary module data have been designed and partly imple-
mented. Two new interface subroutines were introduced and some minor computa-
tional code modifications were made as part of the implementation.

An enhancement to the input processor code has been made to allow correct
processing of networks with fluid connections between heat exchanger shell and
tube sides.

Several modifications have been made to the input processor to minimize
peak storage size in order to accommodate data sets for test cases requiring
large numbers of system nodes. A case requiring storage for approximately
five hundred nodes has been successfully run without the need to use CDC Large
Core Memory. A cne-thousand node case is now being developed.

3.3. MINET Standard Input Deck (G.J. Van Tuyle)

For Version 0 of MINET (SSC, CY-41), input deck El continues to be the
standard for EBR-II. Two new standard decks have been documented, S3 for the
German SNR-300 plant, and Kl for the German KNK-II facility.

For Version 1, deck El, for the EBR-II system, is being utilized repeat-
edly to check out the impact of various code modifications, such as the recent
revision of the critical flow package. Deck X2, a generalized balance of
plant configuration, is being tested as a precursor to a first BWR balance of
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plant deck, to be used in the RAMONA application. Deck Hl was used in a vali-
dation study using helical coil steam generator transient test data obtained
from PNC of Japan. Decks X1 (example) and P2 (PWR) are supplemental test
decks.

3.4. MINET Applications (G.J. Van Tuyle)

Results of several test cases indicate that Version 1 of MINET is func-
tioning as planned, at least as far as can be determined at this stage. A
validation study using EBR-II transient data yielded excellent results, with
the simulation producing nearly identical results to those obtained using
Version 0 of MINET (SSC, CY-41).

The 20% reduction in feedwater transient for the PNC (Japan) helical coil
heat exchanger was re-run using the new version of MINET. In the previous
application, using Version 0, we did not account for the structure, yielding
MINET results that lead (in time) the experimental temperatures at the sodium
outlet. In the recent run, we accounted for the structure, and noted a signi-
ficant improvement in the calculated sodium outlet temperature prediction.
The simulation was performed using MINET deck Hl, which is shown schematically
in Figure 3.1. Sodium and water inlet temperatures were held constant, and
calculated and measured outlet temperatures were as shown in Figure 3.2.

In testing example deck X2, which is a generic balance of plant configu-
ration, a number of time step sizes and nodalizations were used. We found
that a relatively large time step may be possible, although more realistic
component sizings and conditions will have *to be considered before this can be
stated with any certainty. In the nodalization studies, the basic X2 deck was
simulated for !00 seconds of null (steady-state) transient using from 42 to
500 nodes. Using a 5 second time step (which gave very stable results), the
42 node run required about 1.3 seconds of CDC 7600 CPU time, and the 500 node
run needed just over 8 seconds. The fact that the run time increases roughly
with the number of nodes, and that these runs could be and were made using CDC
7600 small core memory, supports our contention that MINET can accommodate the
enormity of balance of plant systems without suffering undue execution penal-
ties.

The capabilities built into the stand-alone MINET (Version 1) far exceed
those in Version 0, which is currently working with SSC. Therefore, after
further validation of Version 1, we will interface Version 1 with SSC to ob-
tain a far more extensive representation of LMFER systems.

Preparations are currently being made to interface MINET with the RAMONA-
3B code, for BWR plant transient analysis, in support of the Severe Accident
Sequence Analysis (SASA) Program. The initial objective will be to provide
improved feedwater/ECCS flow and temperature boundary conditions for ATWS
events, such as main steam isolation valve MSIV) closure without scram. Prior
to this planned application, a validation study of the combined RAMONA-3B/
MINET representation, using startup test transient data from the Browns Ferry
(BWR) plant, will be conducted.
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Among the various options for running transients using RAMONA are the
possibilities of specifying flow rate and temperature vs time tables for the
feedwater, reactor core isolation cooling (RCIC) system, and high pressure
injection (HPI) system contributions, The current plan is to specify these
options, but to have MINET write the entries into the RAMONA tablee. With a
similar approach already planned for the MINET boundary condition tables, this
means each code would be unaware of the other, which we consider to be the
ideal case.

3.5. User Support (G.J. Van Tuyle)

Recent efforts have been focused on developing a control system mcdel for
the SNR-300 steam generator system, including feedwater and drain valve con-
trollers. As this model is for Version 0 of MINET, which is not slated for
further development, the control actions are being programmed specifically for
the SNR-300 facility. However, several controller functions planned for use
in Version 1, are being used in this SNR-300 effort.

The process of documenting Version | of MINET continues. An input des-
cription, a simple example deck (X1), and a four part "Code Documentation"” re-
port are currently in progress.
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4, Thermal Hydraulic Reactor Safety Experiments

4.1 Core Debris Thermal Hydraulic Phenomenology: 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
codes,

4,1.1 Experimental Results and Analysis

Experimental results have been previously presented (Ginsberg, 1983a)
which suggest that superheated debr’s beds, which are cooled by overlying
pools of water, quench in a bi-frontal cooling process. An initial cooling
front propagates down the column and removes a fraction of the stored energy
in the bed. The remaining energy is removed during passage of the upward-di-
rected front during which time the bed is finally quenched. A model has beer
presented to characterize the quench process (Ginsberg, 1983b).

The results summarized above, and the model based upon the results, were
deduced from experiments with small particles (1-3 mm). Somewhat different
behavior has been observed with the larger particles used in more recent ex-
periments. These results are described below.

The previous work indicated that the speed of the downward-propagating
front could be computed from the frontal energy balance equation

vafa( eleff (1= )Ty - Tgae) = - %y (4.1)
where v4 is the frontal speed, f4 is the fraction of bed energy removed
during passage of the downward front, (Pc)ees is the effective heat capacity
of the bed inciuding the walls, € is the bed porosity, T, and Tg,, are the
initial particle and water saturation temperatures, and qg is the bed heat
flux based upon the bed cross-sectional area.

The position, z4, of the downward front is given by

%{.1 . vy (4.2)

where d/dt is the time derivative. With vy assumed constant and with water
assumed to contact the top of a bed of height H at time t=t,, Eq. (4.2) is
integrated to give

24 . 4 . vda(t-t) (4.3)
H H

Equation (4.3) is written in dimensionless form

- i =



L e R (4.4)

where 2* = 24/H and ™ = vg(t-t,)/H. The position of the downward front,
calculate using Eqs. (4.1) and (4.4), should be independent of particle diam-
eter when plott:d in the dimensionless form of Eq. (4.4).

The ex erimental resu'ts are shown in Figure 4.1 for the four particle
sizes tested in the bed quench program. The results suggest that the quench
model descrihed above well-characterizes the data for the 0.89 and 3.18 mm
particle bed:. The data for the 6.35 mm particles suggest that water initial-
ly penetrates the bed more rapidly than is computed using Eq. (4.1). The
downward penetration does not proceed in the linear pattern observed for the
beds of smaller particles. The initially large penetration rate decreases as
the front progresses into the bed until the front reaches the bottom of the

bed.
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Figure 4.1 Dimensionless Downward Frontal Position as Function
of Dimensionless Time.
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The data for the 12.7 mm particles clearly show a markedly different be-
havior. The bed thermocouple traces suggest that immediately upon introduc-
tion of water to the bed each of the themocouples was exposed to cooling. In
some cases the cooling was rapid, indicating water cooling, while in other
cases slower steam cooling was indicated. The initial cooling is represented
in Figure 4.1 by the data points at T* = 0, The initial penetration of water
leads to immediate arrival of water to the base of the bed. No downward fron-
tal cooling behavior is observed at all. The quench process proceeds as the
bed refills from the bottom of the bed upwards. The upward quench pattern is
not shown in Figure 4.1. More compiecte assessment of the large particle data
is under way and analytical modeling is also proceeding.

4.2 Core Debris Themmal 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) wheu
the coolant is injected from below. The experimental results would, in addi-
tion, generate a data base for verifying the transient thermmal-hydraulic mod-
els for the quenching process.

4.2.1 Model Development

A quasi steady 1-D model for debris bed quenching developed earlier (Tutu
et al., 1983) for the case where the coolant is injected from below at a con-
stant rate has now been extended to include steam cooling and fluid momentum
equations. The model assumes the existence of a "heat transfer layer" travel-
ing up the bed at a constant speed., Predictions include the distribution of
solid temperature, vapor temperature, local steam generation rate and the void
fraction within the heat transfer layer.

Figure 4.2 shows the predictions for solid temperature, vapor tempera-
ture, and the void fraction for a typical case. Here, x is the vertical dis-
tance above the liquid/quench front in a coordinate system moving with the
quench front, 1:? is the initial debris bed temperature, Jg is the liquid in-
jection superficial velocity at the bottom of the bed, and a is the void frac-
tion. The liquid is assumed to enter at saturation temperature Tgae for
this calculation, and the heat transfer layer thickness L has arbitrarily been
defined to be the distance between the 5% and 95% values of the dimensionless
solid temperature profile AT /ATS. The sharp jump in the solid temperature
and void fraction profiles near the quench front (x/L=0) is due to the high
heat transfer rates in the nucleate and transition boiling regimes. As expect-
ed, the vapor temperature lags the solid temperature.

If @" is the heat lost by the debris bed per unit time per unit total bed
area, the model prediction in terms of the liquid injection rate and the ini-
tial debris bed temperature is:

*
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Figure 4.2 Average heat flux measurements and prediction.
0: Jf=1.01 mam/s; ©: J{= 1.98 mm/s;

A: th 4,42 mm/s; V: Jg =7.4 mm/s,

where £ * = X+c;AT:,pL is the density of the liquid phase, pg is the den-
sity of the solid, cg the specific heat of solid, c¢Y is the specific heat of
vapor at constant pressure, £ is the bed porosity, aJﬁ A is the latent heat of
vaporization, This prediction of the steady-state heat flux, together with
the values of the average heat flux measured during our experiments, is shown

in Figure 4.3, Cons idering the scatter in the data, the agreement is
reasonable.

An initial topical report which includes details of the model development
a1 experime tal results performed to date is in progress.
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Figure 4.3 Prediction for Solid Temperature, Vapor Temperature, and Void
Fraction within the Heat Transfer Layer. 1: Void Fraction,
: Solid Temperature, 3: Vapor Temperature.

4.3 Core-Concrete Heat Transfer Studies: Coolant Layer Heat Transfer
(C. A, Greene and T. F. Irvine (SUSB))

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 de-
bris on concrete, This effort is ir support of the CORCON development program
at Sandia National Laboratories.

4.,3.1 Previous Experimental Results

In the previous quarterly progress report, results were presented for twoe
series of liquid-liquid film boiling experiments. One of these was the R-11/
liquid metal boiling series which exhibited a stable boiling mode and compared
well to the Berenson flat-plate film boiling model previously described. This
series established a base line for comparison to other data. The second ser-
ies of data was the Hy0/liquid metal boiling mode, characterized by splash-
ing of the coolant out of the test saction and spiking of the melt through the
boiling interface into the water pool (as inferred from theruocouple data).
These data were found to exceed the Berenson flat-plate film boiling model by
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as much as a factor of four or more. 1In some cases, these unstable liquid-
liquid film boiling tests were observed to transition into pool-geometry steam
explosions.

Neither of these coolant layer test series, R11/liquid metal or H,0/
liquid metal, included the effect of noncondensable gas blowing through the
liquid-~liquid interface to simulate the release of gases from concrete during
a core-concrete interaction. A third series of tests was begun this quarter
to investigate the effect of a transverse, nonreactive, noncondensable gas
flux through the liquid-liquid interface on the magnitude of the liquid-liq-
uid film boiling heat flux. Freon 11 (R1ll) was chosen as the coolant in this
series of tests in order to avoid steam explosions and to take advantage of
the well-established zero gas flux base line, represented by the Berenson film
boiling model and the first series of R11/liquid metal boiling data.

4.3.2 Bubbling-Enhanced Film Boiling Apparatus

In order to perform the liquid-liquid film boiling tests with transverse
noncondensable gas flux, a bubbling device was constructed to insert into the
stainless steel test vessel. The bubbler is a spiral coil of 0.25 inch stain-
less steel tubing with twenty bubbling ports, each 0.033 inch diameter. The
bubbler is inserted into the molten pool and fixed to the test section side so
that it rests horizontally on the pooi bottom. Gas is fed into the bubbler
through two inlets in a countercurrent flow to minimize the pressure gradient
in the coil, ensuring a uniform bubbling configuration at each of the holes.
Hydrodynamic tests in a water pool verified the uniformity of the bubbling
rate. At t e inlet to the gas generator, argon gas is injected at constant
pressure anc¢ flow rate through a C.50 inch pipe heater, to preheat the non-
condensble, nonreactive gas to the temperature of the molten pool of metal.
The prwer to the pipe heater is continually reduced or terminated during the
experiment to maintain the gas temperature as close as possible to the con-
stantly decreasing temperature of the liquid metal.

4.3.3 Experimental Results: R11/Liquid Metal Film Boiling with Gas Bubbling

Four tests have been performed with R11/liquid metal film boiling with
transverse gas flux, tests 201-2C4. In these tests, the initial superficial
gas flux through the boiling interface was in the approximate range 0.6 to 1.0
cm/s for the duration of the tests. These numbers are approximate and subject
to revision pending final analysis of the data. The measurements of superfi-
cial gas flux were complicated by a reducing flow rate during the tests due to
solidification of the melt around the bubbling ports. This has been corrected
and future experiments will not suffer from this problem.

A composite of the measured boiling heat flux vs. superheat for these
tests is shown in Figure 4.4. The high range data were measured with a molten
lead pool, the lower range data were measured with a molten Wood's metal pool.
Future tests will also include a bismuth pool, as well as nonmetallic pools,
included on this figure is the Berenson film boiling model, which was found to
predict the R11/liquid metal heat flux in the absence of transverse gas flux
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accurately. It is immediately clear that the heat flux measured is consider-
ably enhanced over the nonbubbling data, on the average by as much as a factor
of three *o five, even at low superficial gas velocity in the range 0.6 to 1.0
cm/s. Further tests are planned to quantify this enhancement to the film
boiling heat flux with gas bubbling with additioral melt materials, coolant
materials, and at higher gas superficial velocity.
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Figure 4.4 Liquid-Liquid Film Boiling of Freon-11 Over Pools of Molten Wood's
Metal and Lead with Transverse Non-condensable Gas Flux.
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5. Development of Plant Analyzer
(W. Wulff)

5.1 Introduction

This program is being conducted to develop an engineering plant analyzer,
capable of performing accurate, real-time and faster than real-time simule-
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. The engineer-
ing plant analyzer supports primarily safety analyses, but it serves also as
the basis of technology development for nuclear power plant monitoring, for
on-line accident diagnosis and mitigation, and for upgrading operator training
programs and existing training simulators.

There were three activities related to the LWR Plant Analyzer Development
Program; namely, (1) the assessment of the capabilities and limitations in ex-
isting 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 simulation of power plant transients, and (3) the
development of the software for this peripheral processor.

(1) One each of operating PWR and BWR power plants and their simulators
had beer. selected to establish the status of current real-time simulations
with respect to modeling fidelity for the thermohydraulics in the Nuclear
Steam Supply System (NSSS). The assessment consisted of establishing the mod-
eling assumptions in the process descriptions for the NSSS, and of comparing
NSSS-related simulator results with results from RETRAN calculations. The
evaluation was performed to determine the current simulator capabilities and
limitations of providing engineering predictions for operational transients
and for trans’ents caused by loss of coolant injection, by a loss of feedwater
or feedwater heaters, by a loss of heat sink (steam generator failure), or by
a mismatch between fission power and cooling rate.

(2) The AD1O of Applied Dynamics International (ADI) of Ann Arbor, Mich-
igan, had been selected earlier as the special-purpose, high-speed peripheral
processor on the basis of its capacity to execute faster and more efficiently
the operations which are currently being performed in training simulators by
general-purpose computers. Specifically, the special-purpose processor was
selected for efficient, high-speed integration of ordinary differential equa-
tions and for direct, on-line interactions with the user, with instrumenta-
tion, with both digital and analog signals from other computers and with
graphic devices for continuous, on-line display of a large number of computed
parameters.

(3) The software development for the new peripheral processor is carried
out in two phases. One phase was the implementation of an existing thermohy-
draulics model for a BWR system to simulate operational transients on the new
processor. This phase served to compare the computing speed and accuracy of




the AD10 processor with those of the CDC-7600 mainframe computer, and thereby
to demonstrate in principle the feasibility of computing realistic transients
at faster than real-time computing speeds. The second phase is the modeling
of the primary loop outside of the vessel and its controls, neutron kinetics
and thermal conduction for the complete BWR simulation and the formulation and
implementation of a thermohydraulic model for the faster than real-time analy-
sis of operational and SBLOCA transients in PWR power plants. This is supple-
mented by implementation of multicolor graphics displays.

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

5.2 Assessment of Existing Simulators (W. Wulf{ and H. S. Cheng)

The assessment of these current simulator capabilities consisted of eval-
uating qualitatively the thermohydraulic modeling assumptions in the simulator
and of comparing quantitatively the predictions from the simulator with re-
sults from the detailed systems code RETRAN.

The results of the assessment have been published earlier in three re-
ports (Wulff, 1980; Wulff, 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 .n 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 simulatore delivered before 1980
cannot simulate two-phase flow conditions in the recirculation loops or in the
downcomer and lower plenum, nor 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;
1981a).

The comparison between PWR simulator and corresponding RETRAN results,
carried out for a reactor scram from full power, showed significant discrepan-
cies for primary and secondary system pressures and for mean coolant tempera-
tures of the primary side. The discrepancies were found even after the elimi-
nation of differences in fission power, feedwater flow and rate of vapor dis-
charze from the steam dome. Good agreement was obtained between simulator and
RETRAN calculations for only the early part (narrow control range) of the
water level motion in the steam generator. The differences between simulator
and RETRAN calculations have been explained in terms of modeling differences
(Cheng and Wulff, 1981).

5.3 Acquisition of Special-Purpose Peripheral Processor (A. N. Mallen and
R. J. Cerbone)

The AD10 had been selected earlier as the special-purpose peripheral pro-
cessor for high-speed, interactive systems simulation. A brief description of
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the processor has been published in a previous Quarterly Progress Report
(Wulff, 1981b). A PDP-11/34 DEC computer serves as the host computer.

Two AD1O 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 i1s racilitated by a model 4012 Tektronix oscil-
loscope terminal and a 28-channel signal generator. The system is accessed
remotely via four ADDS 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 computer but primarily to generate labelled, multicolored
graphs from AD10 results. An advanced multicolor graphics terminal is needed,
however, for extensive on-line display of simulated parameters generated by
the ADI0 at real-time or faster computing speeds.

5.4 Software Implementation on ADIO Processor

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 ADI0O processor to simu-
late 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 MPS-10 (Modular Programming System) of the ADIO. After
implementing the thermohydraulics o  HIPA-PB2 on the AD10, we compared the
computed results and the computing speed of the ADIO with the results and the
computing speed of the CDC-7600 mainframe computer, to demonstrate the feasi-
bility of achieving engineering accuracy at high s‘mulation speeds with the
low-cost AD10 minicomputer (Wulff, 1982b).

It has been demonstrated (Wulff, 1982b) that (i) the high-level, state
equation-oriented systems simulation language MPS-10 compressed 9,950 active
FORTRAN statements into 1,555 calling statements to MPS-~10 modules, (11) the
hydraulics simulation occupies one-fourth of available program memory, (iii)
the difference between AD10 and CDC-7600 results is only approx.mately + 5% of
total parameter variations during the simulation of a severe licensing base
transient, (iv) the ADIO is 110 times faster than the CDC-7600 for the same
transient, and (v) the ADI0 simulates the BWR hydraulics transients ten times
faster than they progress in real-time. It has been demonstrated now that
even after the inclusion of models for neutron kinetics, conduction, balance
of plant dynamics and controls, the ADI0O etill achieves ten times real-time
simulation speed for all transients reported earlier (Wulff, 1983c).

The HIPA-PB2 hydraulics program used earlier for the feasibility demon-
stration is now being expanded to simulate neutron kinetics (point kinetics),
thermal conduction in fuel elements :(nd the thermohydraulics of the compo-
nents shown in Figure 5.1.

The stand-alone program modules for neutron kinetics with feedback simu-

lation and scram control, for thermal conduction in fuel elements, for com-
pressible fiows in the steam line and for the control logic for operating the
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safecy and relief valves tested earlier (Wuiff, 1932c; 1983a) have been imple-
mented in HIPA-PB2. Models have been formulated and tested separately f{or the
control systems and the plant components forming the loop through turbines,
condensers and the feedwater trains during the previous reporting period.

Specific accomplishments of the current reporting peried are described
below.
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Figure 5.1 Flow Schematic and Control Blecks for BWR Simulation; FW -
Feedwater Controller, P - Pressure Controller, RF - Recir-
culation Flow Controller.

5.4.1 Program Assembly and Assessment (H.S. Cheng, A.N. Mallen and W. Wulff)

During the current reporting period, the plant analyzer began to execute
HIPA-PB2 for the completed plant model, as shown in Figure 5.1. Most of the
work performed during the current reporting period is, therefore, a combina-
tion of preliminary developmental code assessment and of program modifications
prompted by the assessment.

The control panel used for the on-line interactive change of input param-
eters is energized by a standard adjustable dc power supply, which furnishes
+10V and -10V to each of the 32 analog input chanunels. It has been observed
that the power supply had a peak noise level of 20 wV. The site prepara’ion
manual requires a noise level below 1.2 mV for full accuracy of the 12-bit
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analog to digital converter. The 20 mV-ragdom noise produced physically im-
possible parameters (negative values for cross-sections, Second Law viola-
tions, etc.).

A better power supply was installed with a peak-to-peak noise level of
approximately 5 mV. To remove this remaining noise, a software correction was
made for all input charnels, consisting of a division and a subsequent multi-
plication by 64 of the 16-bit representation for each analog input variable.
This double shift effected the replacement of the last two noisy bits of the
12-bit input value by zeros. It produced exact values for -1, 0, and +1 as
needed for logic operations, but it diminished the accuracy from +0.00049 to
+0.00195 in the fractional representation (+1) of the analog input signals.
The reduced accuracy is still as good as the dial readout from the ten-turn
resistors used for adjusting the analog signals. Also, the accuracy of +0.2%
is better than instrumentation accuracy and therefore adequate.

By comparing plant analyzer results with GE resuits (NED0-24222, 1981) it
was observed that on-off and spring-loaded valve characteristics of relief and
safety vaives, respect.vely, had been inadvertently reversed. For an ATWS in-
duced by MSIV, the plant analyzer showed smooth, nearly constant discharge
through the relief valves, while GE results showed on-off periodic flows.
After reversal of the valve characteristics in the plant analyzer, it showed
also on-off discharge through the relief valves.

The logic for two additional safety trips has been added, one to open the
bypass when the turbine stop valve eloses to 1/10 of full opening, following a
turbine trip; the other to trip the feedwater pump when the recirculation flow
controller fails in maximum demand position.

Reactivity feedback has been added for Alternate Rod Insertion (ARI) and
for boron in the core. A boron transport mcdel has been formulated burt not
yet implemented.

Work has been initiated to produce a steady state automatically from the
output of the AD1O. This capability is part of the scheme for applying HIPA
to other BWR power plants. It iz also needed for developmental assessment of
HIPA-PB2. 1Instead of seeking the stes’y state through iterative methods in
the host computer, which would require a FORTRAN code for steady-state calcu-
lations, we have chosen to simulate the steady state for fixed operating pa-
rameters in the AD10 and to save and st ~e the output for a number of desir-
able conditions.

A neutral computational instability has been observed for the first time
in the mass flow rate integrators of the steam line, under conditions of no
flow after MSIV closure. It has been determined that as the flow cscillations
decrease below ~0.1%Z of full scale, the friction and forr losses become zero.
Frictional losses decrease with the second power of the velocity. Once they
are less than one least significant bit (0.00003), the dissipative friction
terms are recognized in the AD10 as zeros. The loss of dissipation reduces
the magnitudes of the negative real parts of the integrator eigenvalues. This
can cause instability. The loss of dissipation is obviously due to the limit-
ed dynamic range of the 16-bit word in the AD1O.
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To avoid the instability, we have developed a method to increase the dy-
namic range by three decades through dynamic rescaling. At a carefully chosen
value w, of the velocity w, the argument in the function generator for fric-
tion ¥, we divide the 3cale factor C by 1,000 and replace the product C+f by
(C/1000) - (1000f). The break point w, 1is chosea such that 1000° f(W,) is
slightly less than full scale. The new scaling coefficient (C/1000) is rep-
resented at full accuracy by the 48-bit floating point format in the NIP pro-
cessor. For all wwjp we use the previous formulation C*f. This technique
will be implemented during the next reporting period. We plan also to move
the integrator for the overall system pressure of the pressure vessel into the
fast integrating (i.e., multi-stepping) loop of the steam line dynamics simu-
lation, thereby reducing the time step for system pressure integration.

Work will be continued on the developmental assessment.

5.4.2 Model Development (W. Wulff)

A simple boron transport model has been developed by integrating in
rlosed form the differential equations of boron conservation. Instead of in-
tegrating the boron conservation equation for the mass fraction ¢g in the
liquid phase, we integrate the eguation to obtain the volumetric density
(1-a)* g ECB as needed directly for the boron reactivity calculation.
Here, a is the vapor void fraction.

By neglecting the (unimportant) compressibility of liquid, one arrives at

ac, g
a—T' +V . (VQCB) =0 (5.1)

for the equation of boron concentration,* where 1 and vy designate time
and the liquid velocity as obtained from the hydraulice calculations. Notice
that Eq. 5.1 not only yields the boron concentration in the most convenient
form for fission calculations, but it is also independent of void fraction and
of vapor generatior rate which are needed to compute the boron concentration
cg in the liquid. Equation 5.1 is used to model first the three-dimensional
mixing process in the injection volume (lower plenum for Peach Bottom plant),
based on a lumped-parameter model, and then to model the one-dimensional boron
transport, using the one-dimensional form of Eq. 5.1.

For perfect mixing in the time-invariant volume V of the lower plemum,
Eq. 5.1 yields the volume-average and exit concentration <Cg> of V:

i A
at VB * A vClae - <G> (Av)

(5.2)

<CB> = 0 for T < 0 .

*Yeglecting alsc ditfusion.
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Here, (A v,_) represents the volumetric flow rate of the liquid with velocity
Vy, passing through cross-section A. The subscripts inj, dc and cr desig-
nate locations at boron 1nje§tion ports, downcomer exit and core entrance.
Since (A v!.)inj/“ v9).p =107 one can approximate (A vedge by (A Vo). and
introduce

the characteristic time of mixing T - - . (5.3.)
m (A vﬁ)cr
vV
| PR, SN
and the characteristic time for injection ij Q@ vk)inj . (5.4)

where the symbol € means "defined as.” Here T_ depends on time T if the core
flow varies, but Tinj is fixed for time-invariant injection rates. With Egs.
5.3 and 5.4, Eq. 5.2 simplifies to

d<C_ > <C.> (C

B, % %y Ceg

(5:5)
dTt 'rm Tinj rm

<CB>-0 for T < 0

which yields the volumetric boron concentration at the core entrance

-[ aT T T aE

3 (Cg) (Cp) Tn(E)
F(t) @ <CB> = e m f B inj + B’de " 0 m
9 “inj ‘m

dTt . (5.6)

If the core flow is nearly steady after boron injection and has only small os-
cillations induced from relief alve actions, then Tm is constant (2.6 sec-
onds at full flow) and Eq. 5.6 yields

=T
m

T -
T e Y . L

F(r) @ <cpm B (cp)y 1-e + (Cg) 4. © d(_—) . (5.7)
inj 0 Tm

The second term is zero until the boron has circulated once through the core
and downcamer which takes the time Tcy of approximately 20 seconds. Thus
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T

T
m T
F(t) @ <Cg> = ——-ij (cn)mj (1 e ™ )

for 0 < 1 < Tcy . (5.8)

Equation 5.8 is valid in spite of the assumptions that Tt and vy can be re-
placed by cycle mean values because T, is very small when compared with the
time required tor reactor shutdown by boron injection. For times 1<1 <C_>
is obtained by periodic superposition. cy’ B

For the boron propagation through the reactor vessel we used Eq. 5.1 in
its one-dimensional form and obtained

a._C_B + v .ain— = -a_.v_l_ C
ot L 9z Oz B
CB(O,z) = f(z) (5.9)

CB(T,O) = F(1) .

Equation 5.9 can be integrated, since vy(T,z) is known from hydraulics cal-
culations. The general solution is found by obtaining time 1 and position 2z
of any characteristic curve with parameter s from

ar = &£ = g
o
and then by integrating

dc

1
e
oy G

@

along the characteristic curve, utilizing the initial and boundary conditions
of Eq. 5.9. 1Instead of this integration, we approximate vy as brfore, and
the velocity gradient by

"we*vw

(5.10)
S
oz ¥

z
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and keep V, and ?; fixed for 0<t<T . Substituting Eq. 5.10 into 5.9 we
obtain 4

cc oc
B , = B 1
—a—T- + Vl F + =; CB =0
CB(O’z) = f(2) (5.11)

CB(T,O) = F(1).

Taking the Laplace transform of Eq. 5.11 and integrating with respect to
z, one finds the transform C* of C_:

B B
-1
i 2 _z B - ) sﬂz P
X "t Vo & 1 )
CB = e e F (s) + = f(x) e dx . (5.12)
Ve

=
Here F (s) is the transform of Eq. 5.8, f(x) is the initial boron conceitration,
f.8:,

f(x) 0 for 0<1 f-Tcy - (5.13)

and afterwards it is obtained from periodic superposition. The imverse trans-

(= B
z VQT
CB-F T = = 8 T-—z— 2 "
Ve, M)
‘T-ZNQ . Z
T T V,.T
m m z | Rl
s I P 1 -e u(‘r-z—) e (5.14)
Tinj B”inj vy
where
u(x) = 0 for x<OI
=1 for x>0 | (5.15)
PEx <y , <<k
- = ¢y -7 ="¢

For times T >7 the solution for Cg is obtained by periodic superposition
from Eq. 5.14.57 Notice vy in Eq. 5.14 is the mean liquid velocity in_the
core during the time 0 < 1 S_Tcy.'




For point kinetics, Cg of Eq. 5.14 must be averaged over the core fram

z=0 to z=L.:

L
1 c
<cB>core s _[ CB s
€ o

o T‘\Tl-z -
Hin{Lc,VQ.T} - _‘_,Ti.—‘ - V_'F— ¥
. . 1 -e e e il dz o (Cp)
L * T, . " “Bing
¢ %o inj
(5.16)
For T < L./vy the result is:
<C_> -~ A ~
-;—Bc—g-?—- %;é— (1 - e-gr) - T—}_E' (e"ET -e ") ' . (5.17)
._.2. (c ) ’
ij B inj
For Lg/vy < T < T.y, the result {is:
<c,> -1
- Beere. o B ‘-é— (1-e + 2 F (1 - £a-0)y | (5.18)
i, (CB) ) l ‘
Tinj inj

The right-hand sides depend only on three ratios, nameiy 2L /("v‘gr ), Eat /
T and the time ratio T2T/t_, which greatly facilitates the 1§p1em&ation
tfils model in HIPA-PB2.

5.4.3 Graphics Display (S. V. Lekach)

As reported previously, an IBM Personal Computer had been programmed to
accept simultaneously and on-line eight selected ADIO output parameters and
time to display the parameters in labelled diagrams as functions of time.

The library of blank curves with a selected set of time scales between
five and thousand seconds and with suitable parameter scales as listed in
Table 5.1 has been completed. The number of parameiers that can be stored
simultaneously in the IBM Personal Computer memory has now been increased from
eight to fifteen, the present limit of available output converters.

The graphics sof:-/are package is being translated from IsM BASIC to the
universally utilized C-Language. Thus, the package becomes transportable and
it accommdates users who access the AD1O with other minicomputers or graphics
terminals.

£

- 3 -



Table 5.1

Currently Available Graphics Blank for AD10 Output Display

Parameter Dimension Range

Pressure N/m 40 x 10° - 100 x 107

Mixture Mass Flow at kg/s 0 - 16,000
Core Entrance

Vapor Mass Flow at kg/s 0 - 4,000
Core Exit

Mirture Mass Flow at kg/s 0 - 16,000
Core Exit

Liquid Mass Flow at kg/s 0 - 16,000
Riser Exit

Mass Flow at Steam Line kg/s -2,000 - 4,000
Entrance

Feedwater Flow at Pump kg/s ¢ - 16,000

Bypass Flow Rate kg/s 0 - 500

Fuel Centerline Temperature C 200 - 1,500

Cladding Superheat
Temperature C =15 = 15

Core Mean Void Fraction - 0 - 1

Fission Power GwW 0 - 100

Total Reactivity & -45 - 45

Recirculation Pump Speed rpm 0 - 1,800

Feedwater Turbine Speed rpm 0 - 6,000
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5.5 Plant Analyzer Demonstrations (D. Humphrey, Photography and Plant
Analyzer Group)

A 16-mm silent color movie of approximately five minutes-duration has
b=en produced to show how the plant analyzer is operated through keyboard com-
mands and through manipulations on the control panel. The movie also shows
the instant response to the user commands, the ADIO's high simulation speed
and the instant replay of the results from the IBM Personal Computer.

The ADIO output has been photographed directly from the screens of the
Tektroaix storage oscilloscope (on-line display) and of the IBM monitor. The
movie contains three transients, a feedwater heater failure, a turbine genera-
tor load rejection and a turbine trip without bypass.

Nine presentations and demonstrations of the plant analyzer have been
made for 22 visitors from China (Peoples' Repuplic of China), France, Germany,
Italy, Japan, Sweden, Taiwan and the United Kingdom.

5.6 Future Work

Work will be continued on the developmental assessment of the plant ana-
lyzer. Work has been started and will continue on the interim report, docu-
menting the plant analyzer.
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6. Code Assessment and Application (Transient and LOCA Analyses)

(Po Slhl. U. S. llohltgi, C. Jo. B'u. L. Nemtin,
H. R. Connell, and C. Yuelys-Miksis)

This project includes the independent assessment of the latest released
versions of LWR safety codes such as TRAC, RELAP5, and RAMONA-3B, and the
application cf these codes to the simulation of plant accidents and/or tran-
sients. Two major code application tasks namely, the RESAR-3S large break
LOCA study and the BWR/4 MSIV closure ATWS analysis, are in the final stages
of completion. Also, the code assessment activity will resume after the im-
plementation of TRAC-bD1/MODl1 code on the BNL computer.

The details of the progress achieved during the reporting period of
October to December 1983 are described below.

6.1 Code Assessment

No code assessment task was undertaken during this reporting period.
However, the latest version of TRAC-BWR code, i.e., TRAC-BD1/MOD1, has been
received at BNL in December 1983, and will soon be implemented on the BNL
computer.

6.2 Code Application

6.2.1 LOCA Analysis of Westinghouse RESAR-3S Plants (U. S. Rohatgi and
C. Yuelys-Miksis)

The BNL best-estimate calculation for the 200% cold leg break in a
Westinghouse &4~loop RESAR-3S plant has been completed using the TRAC-
PD2/MOD]1 code with the BNL deck (Rohatgi, 1983). This calculation was run
up to 64.6 seconds of transient and required thirty-nine (39) CPU hours on
the BNL CDC-7600 computer. As mentioned in the previous quarterly report
(Rohatgi, 1983), the peak clad temperature of B800.5°K (981°F) occurred in
the blowdown phase. This is slightly lower than the LANL prediction of the
peak clad temperature of 511°K (1000°F) with TRAC-PFl. The peak clad tem—
perature occurred at around 2.5 seconds and the subsequent maximum clad tem—
peratures for the hot pins were always lower than this first peak. The
final rod cooldown began when the core entered the reflood phase at 29.9
seconds. During the reflood phase the maximum clad temperature was less
than 550°K. At approximately 55 seconds, the calculation stopped due to an
"overflow” condition in the pressurizer. 1t was found that the code had a
division by the pressurizer liquid inventory which created this overflow
condition when the pressurizer was completely dry. This problem was re-
solved and the calculation was continued up to 64.6 seconds. At this time,
the core region was essentially quenched as the void fraction in the inner
ring reduced to about 0.2 and all the fuel clad temperatures cooled down to
less than 412°V%.
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The second calculation used the evaluation type initial and bound-
ary conditions as described in the previous quarterly report (Rohatgi 1983).
This calculation has been run up to 200 seconds of problem time and has
required sixty-seven (67) CPU hours on the BNL CDC-7600 computer. The peak
clad temperature of 1072°K (1470°F) occurred during the reflood phase of the
transient at 65 seconds. The clad temperatures oscillated during the
transient but did not exceed 1072°K.

This calculation also experienced several difficulties during the 200
second transient. It first stopped at 28.57 seconds due to large oscilla-
tions in the cold legs when the cold water mixed with steam. This problem
was resolved by combining three cold leg cells near the vessel into one
large cell. This damped the oscillations and the calculation successful-
ly proceeded to 47.13 seconds, at which time the pressurizer became com-
pletely dry creating an “"overflow” condition. The problem was resolved
through the same update as was done for the previous best-estimate calcula-
tion. At 86.41 seconds, an error in the zircaloy thermal expansion table
was corrected based on information supplied by the LANL staff. The error
did not affect our previous calculation since the clad temperatures were
below 1073°K.

Throughout the reflood phase, the above calculation showed oscillations
in the clad temperature, break flow and vessel liquid inventory. The second
cell of the active core periodically emptied. There was no sustained refil-
ling of the core. The best-estimate calculation also exhibited oscilla-
tions. However, in that calculation the ECCS flow rates were about three
times larger than that in the second calculation and hence, there was early
refilling and quenching of the core. In the second calculation, the core
was being cooled by the steam after the peak clad temperature had occurred.
From preliminary investigations it seems that more energy is being lost
through the break than being introduced through the decay heat and ECCS
flow. This ensures that the core will continue to cool.

At 200 seconds, the bottom two levels of the core region were quenched
and the void fraction at the second level decreased to approximately 0.2.
The void fraction in the third level which is the middle of the core and
where the peak clad temperature occurred, also started to decrease. How-
ever, quenching did not yet start at this level. Because of high computing
cost, the calculation will be terminated at approximately 250 seconds and it
is most likely that the clad temperature will not exceed the peak value of
1072°K (1470°F) which occurred at 65 seconds.

Both the best-estimate and the evaluation type calculations are being
analyzed in detail, and the results will be documented in a separate topical
report. A comparison of these calculations with the Westinghouse licensing
or Appendix K calculation as shown in Figure 6.1, indicates an overall safe-
ty margin of approximately 1200°F, of which approximately 700°F is due to
the conservative physical models and approximately 500°F is due to the con-
servative initial and boundary conditions.
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6.2.2 BWR/4 ATWS Calculations Using TRAC-BD1 and RAMONA-3B Codes
(C. J. Hsu, L. Neymotin, and H. R. Connell)

During this reporting quarter, the TRAC-BDl calculation for a typical
BWR/4 MSIV closure ATWS has been completed. The RAMONA-3B calculation for
the same transient has also been performed up to 560 seconds of real time.
Another TRAC-BD1 calculation with the RAMONA-calculated core power has also
been performed for the first 150 seconds of the transient for comparison of
only the thermohydraulic results of these two codes. For ease of under-
standing, we will first discuss the short-term (0 - 150 sec) results, fol-
lowed by the long-term (0 - 1200 sec) results.

Short Term (0 - 150 sec) Results

The initial part of the transient following the MSIV closure, but be-
fore boron injection, as calculated by both RAMONA-3B and TRAC-BDl is dis-
cussed first. Selected results for the first 150 seconds as depicted in
Figures 6.2 through 6.8 and compared in Table 6.1 show overall good agree-
ment between the RAMONA-3B and TRAC-BDl predictions. These are discussed
below with emphasis on the system parameters considered to be the most im~
portant from the plant safety viewpoint.

As expected, inmediately after the MSIV closure initiation, the reactor
vessel pressure experienced a rapid increase (Figure 6.2) which, in turn,
caused void collapse in the core (Figure 6.3) introducing a positive reac-
tivity insertion. As a result, total core power (Figure 6.4) increased
significantly during the first 4 seconds of the transient, Differences in
the peak power predictions (230% in RAMONA-3B vs. 520% in TRAC-BD1) as well
as in the core power up to approximately 30 seconds can be partly explained
in terms of void fraction predictions (through void reactivity effects).
Another cause is the three-dimensional neutronics modeling in RAMONA-3B vs.
point kinet.cs in TRAC-BDl. Since TRAC-BD1 had generated more power, open-
ing of three banks of relief valves could not arrest the pressure rise (as
it occurred in the RAMONA-3B calculation), so that even the fourth bank
i.e., the safety valves, had to open (Figure 6.5). At approximately 30 sec-
onds, the S/RV actions together with the recirculation pump trip brought the
power, pressure, and other system parameters to a quasi-steady-state condi-
tion with good agreement between the two calculations. Beyond this point,
the reactor was cooled by natural circulation with a core flow of approxi-
mately 20% of the steady state value (Figure 6.6). No critical heat flux
(CHF) condition was experienced in either calculation.

As seen in Figure 6.4, the core power started to increase slightly
after 100 seconds. This turnaround in power is due to the positive reac~-
tivity insertion when the cold HPCI and RCIC water enters the core. The cold
water injrction was activated by a low water level signal at slightly dif-
ferent times in these two calculations (Figure 6.7) in accordance with the
water level predictions as shown in Figure 6.8. In the TRAC-BDl calculation
the collapsed water level dropped to the set point elevation earlier than in
RAMONA-3B. This is cousistent with the slightly higher core power predic-
tion in TRAC-BDl as shown in Figure 6.4,
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One of the major reasons for the differences observed in the detailed
results produced by the RAMONA-3B and TRAC-BD1l codes, can be attributed to
the differences in the neutronics and power calculations. The TRAC-BDI
calculation was performed with point kinetics using the same axial power
distribution as the RAMONA-3B steady-state distribution. The power distri-
bution was kept invariant in the TRAC-BDl calculation throughout the tran-
sient, whereas RAMONA-3B used a three-dimensional time dependent neutron
kinetics. The effect of this difference can be seen in Figure 6.9 where the
RAMONA-3B axial core power distributions at different times are presented.
The corresponding axial void fraction profiles are shown in Figure 6.10. It
is seen that a slight variation in axial void profile can indeed produce a
large change in the axial power distribution which a point kinetics code
like TRAC-BDl cannot predict.

Another area of concern is the difference in the void predictions. A
large difference in the core average void fractior. (including bypass) can be
seen between the RAMONA-3B and TRAC-BDl calculations (Figure 6.3). RAMONA-
3B uses a slip correlation to calculate the void fraction for a given qual-
ity. Since TRAC-BD! solves tw« phasic momentum equations to calculate the
individual phase velocities, some aifference in void prediction is expected.
Further investigations are in progress in order to explain the differences
seen in Figure 6.3.

Since close coupling between the neutronics and thermohydraulics in a
BWR makes interpretation of the code predictions a very complex task, an
additional TRAC-BDIl calculation was performed for the first 150 seconds with
the RAMONA-3B core power history as a boundary condition. The RAMONA-3B
power was imposed because of its detailed treatment of the neutronics part
of the calculation., Spatial power variation as a fuaction of time, however,
could not be imposed on TRAC-BDl code; therefore, only the total core power
was used. Results of this calculation answer the questions concerning the
differences in the thermohydraulic modeling only, and their impact on the
code predictions.

A few selected results from this calculation are compared with the
RAMONA-3B results in Figures 6.11 through 6.13. It is seen that the system
pressures (Figure 6.11) are now in much better agreement and the existing
differences are clearer to explain. In the TRAC-BDl calculation, the system
pressure increases at a slower rate because considerably more steam was re-
leased through the MSIV during its closure than in the RAMONA-3B calcula-
tion. As a result, the S/RV opening was delayed in the TRAC-BDl calcula-
tion (Figure 6.12), and the system pressure after an abrupt closure of MSIV
rises more rapidly than in the RAMONA-3B calculation. However, the TRAC-BDI
core average fuel temperature prediction exhibits excellent agreement with
the RAMONA-3B results as shown in Figure 6.13.

Based on comparisons between the TRAC-BD]1 "power imposed” calculation

and the RAMONA-3B results, it can be said that the thermohydraulic models of
both RAMONA-3B and TRAC-BDl provide adequate representation of an ATWS event
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in a BWR. However, for the reactor power calculation, RAMONA-3B with
three-dimensional neutron kinetics is by far a superior tool to the TRAC-BDI
with point kinetics. Also, the computer running time for RAMONA-3B is much
lower (a factor of ~ 4) than TRAC-BDl. Therefore, it is recommended that
RAMONA-3B be extensively used for the analysis of ATWS type events in BWRs.

Long Term (0 - 1200 sec) Results

During the final stage of the ATWS calculation using the TRAC-BDl code,
it was discovered that the code was not conserving the boron mass, which led
to an early hot shutdown of the reactcr at approximately 420 seconds. The
output from this calculation was sent to the INEL staff for their comments.
After performing some test calculations of their own, the INEL staff agreed
that there were errors in the code which would result in non-conservation of
boron mass if leakage flow from the active core to the bypass region was
allowed to exist. They suggested that the core leakage flow area be com~
pletely sealed off, allowing all the core bypass flow to enter the core by-
pass region directly from the lower plenum. Following their suggestion, a
new steady-state calculation was performed by completely closing the core
leakage flow area, thus preventing any direct thermohydraulic communication
between the core and the bypass region.

Based on this new model, the ATWS calculation was repeated, and after
the boron activation at t = 165 sec, test calculations were done to ascer-
tain that the boron mass was indeed conserved. Highly concentrated borated
water at 43 gpm with boron concentration of 23800 ppm was injected into the
lower plenum. The entire ATWS calculation was successfully carried out to
t = 1200 sec, and the reactor was brought to hot shutdown condition (with
about 2% of s:teady state power) at approximately t = 1100 sec. The RAMONA-
3B calculation was also continued after the initiation of boron injection at
t = 165 sec. Figure 6.14 shows the core average boron concentration his-
tories predicted by both the codes. It can be seen that after 300 seconds
the increase in boron concentration, as predicted by TRAC-BDl, slows down
whereas RAMONA-3B predicts almost a linear increase during the first 400
seconds. Note that in the TRAC-BDl calculation the bypass boron is included
in the core-average value. This is believed to be the major reason for the
discrepancy seen in Figure 6.l4. Another reason is due to the differences
in the vessel water inventory histories predicted by the two codes. It is
found that due to a lLower power prediction in the TRAC-BD] calculation, the
liquid inventory in TRAC-BDl was larger than in the RAMONA-3B calcula-
tion.

As mentioned before, TRAC-BDl predicted the reactor power to drop to
~~ 2 percent of the steady state power at ~~ 1100 seconds. The core average
(including bypass) boron concentration at this time was ~330 ppm. Some of
the TRAC-BDl long term results are shown in Figures 6.15 through 6.17, de-
picting the transient behavior of the normalized reactor power, steam dome
pressure, and the downcomer water level, respectively. For the time period
prior to the boron injection, i.e., for t = 0 to 165 sec, the transient




results agreed quite closely with those obtained previously with the
core-to-bypass leakage, except for slight differences (approximately 485%
vs. 520%) in the first power peak.

After 600 seconds, the combination of HPCI and RCIC fiows, which was
initiated at about t = 75 sec due to low downcomer water level (Level 2),
contributed to a gradual increase of the core water inventory when the re-
lief valve flow diminished. At t = 950 sec, the downcomer water level
reached Level 8 (approximately 2.4 m higher than Level 2), which is the
shut-off point for the HPCI and RCIC flows. From Figure 6.17, it can be ob-
served that the water level started to fall after the termination of the
HPCI and RCIC flows. This reduction of water mass into the reactor vessel
led to a rapid increase in the boron concentration in the core region, and
the reactor power decreased from about 18% to 2% of steady state value.

Finally, a stand-alone program was used to calculate the suppression
pool water temperature and mass based on the relief end safety valve flow
rates obtained in the ATWS calculations. The initial pool water volume and
temperature were assumed to be 136000 ft3 and 90°F, respectively. The re-
sults for both TRAC-BD1 and RAMONA-3B are shown in Figure 6.18. It is seen
that in spite of some differences in the predictions of other variables,
such as core average void fraction, both RAMONA-3B and TRAC-BDl predictions
for the pool water temperature are very close. This indicates that the
total energy produced in the core and eventually released through the S/RVs
is within a few percent in both calculations. This is not very surprising
since the point kinetics feedback parameters used in the TRAC-BDl calcula-
tion and the three-dimensional cross sections used in the RAMONA-3B calcula-
tion were both developed for the Peach Bottom 2 End-of-Cycle 2 condition.

The R.MONA-3B calculation will be continued until the reactor hot shut-
down condition is achieved, and the results of this task will be docu-
mented in a separate topical report.
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Table 6.1 Sequence of Events for the BWR/4 MSIV Closure

ATWS Calculation

EVENT

MSIV closure starts, sec.
S/RV starts to open, sec.
Recirculation pump trips, sec.
MSIV is completely closed, sec.

Maximum core averaged fuel temperature
is reached, sec.

Maximum system pressure reached, sec.

HPCI and RCIC injection begin, sec.

Boron injection begins, sec.
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RAMONA-3B

0.0
2.62
3.7
4.0

4.5
(773°C)

8.5
(8.56 Mpa)

86.6

165.0

TRAC-BD1

0.0
3.47
3.95
4.0

5.7
(835°C)

11
(9.3 Mpa)

75.8

165.0
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7. Thermal Reactor Code Development (RAMONA-3B)

(P. Saha, L. Neymotin, G. Slovik and H. R. Connell)

This project includes the modifications, improvements and preliminary
(or developmental) assessment of the BWR transient analysis code called
RAMONA-3B. This is the only BWR systems transient code with three-dimen-
sional neutron kinetics, and it is now available, at no cost, to U. 8. or-
ganizations for the analysis of U. S. reactors.

During this reporting period of October to December 1983, several cor-
rections and improvements have been made to both the hydraulic and neutronic
parts of RAMONA-3B. Some of these tasks were performed in the course of
providing support for a typical BWR/4 MSIV closure ATWS calculation. The
details of the progress achieved are described below.

7.1 Support for the BWR/4 MSIV Closure ATWS Calculation (L. Neymotin)

As reported in the October 1983 monthly highlight letter (Saha, 1983),
a preliminary BWR/4 MSIV closure ATWS calculation was run up to 1000 seconds
of the transient. Although the results looked physically reasonable, a de-
tailed analysis indicated that the boron mass injected into the reactor ves-
sel was not conserved. The reason for this anomaly was found in an errone-
ous treatment of coupling between the one-dimensional lower plenum and mul-
ti-channel core region. After correction, another calculation was run up to
560 seconds of transient and conservation of boron mass has been achieved.

A few corrections have also been made in the recirculation loop model-
ing, particularly in the recirculation flow momentum equation. Before these
corr ~tions were made, the flow through the recirculation pump had remained
at o iroximately 7 % of the steady-state valve long after the recirculation
pump was tripped. In the latest calculation, the recirculation loop flow
becomes essentially zero in 80 seconds after the pump trip which is more
reasonable.

A comparison between the RAMONA-3B and TRAC-BDl results for the initial
stage of the same ATWS event (0 - 150 sec.) is presented in Section 6.2.2 of
this report.

7.2 Corrections/Improvements in the Neutronics Area (G. Slovik)

During this reporting quarter several corrections were made in the neu-
tronics area of the code. These areas were:

a) The eigenvalue (i.e., kgoff) determined from the static calculation
was not normalizing the fission source term properly at the initiation of a
dynamic calculation. The correct data pointers were realigned to balance
the neutron source term at time equal to zero.
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b) The decay heat model was corrected so that the prompt and delayed
heat would be properly accounted for during a transieat calculation.

¢) The energy per fission was built into the code to be 200 MeV/fis-
sion. This is not general enough because this value can vary from 185 to
207 Mev/fission depending on exposure. Hence, the code was modified to ac-
cept this uumber as an input option.

7.3 Implementation of RAMONA-3B Improvcaent Tasks Performed by Scandpower
(G. Slovik and H. R. Connell)

7.3.1 Collapsing of 3-D Cross Sections to 1-D Data

The stand-alone code, FRAM, which performs the actual collapsing of the
3-D cross sections to 1-D data has been compiled on the BNL computer. Work
has begun in verifying the collapsing procedure at BNL using the acceptance
test problem specified to Scandpower.

7+.3.2 Reactivity Edite

The reactivity edits including the total and partial reactivitics as de-
veloped by Scandpower have been successfully implemented at BNL. However,
there are two technical issues that are being resolved betweea the BNL and
Scandpower staff., These are:

a) The total reactivity calculated from the perturbation theory does
not match with the sum of the partials. This could be caused by some coding
errors or an improper method of calculating the leakage terms. It is worth
mentioning that the perturbation theory has been successfully used in two
BNL codes, namely BNL-TWIGL (Piamond, '976) and MEKIN-B (Aronson, 1930) for
the reactivity calculations.

b) Only linear terms have been used by Scandpower for the cross sec-
tion perturbations, although it is well known that the void feedback and
scram reactivity terms follow a quadratic law.

As mentioned before, both of these items will be resolved in the near
future.

REFERENCES
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8. Calculational Quality Agsurance in Support of PTS

(P. Saha, J. H. Jo, U. S. Rohatgi and H. R. Connell)

The objective of this project is to provide a peer review of the ther-
mal-hydraulic calculations that are being performed at LANL (using the TRAC-
PWR code) and INEL (using the RELAPS code) for the NRC Pressurized Thermal
Shock (PTS) study. Specifically, this includes a review of the plant decks
and the calculations, and an assessment of the reasonableness of the re-
sults. The major activities performed during October to December 1963 are
noted below.

8.1 Review of TRAC Calvert Cliffs Calculations (J. H. Jo)

Review of the TRAC input decks and steady state results for the Calvert
Cliffs plant has been completed. Results of the review have been documented
in a BNL memorandum (Jo, 1984) and distributed to the cognizant NRC, LANL
and ORNL staff. In general, both the input decks and the steady states have
been found to be acceptable. However, as pointed out in the aforementioned
memorandum, there are a few items which, in our judgment, should be further
investigated and/or explained by the LANL staff,

A BNL staff member (J. H. Jo) attended the working meeting held at LANL
on December 13, 1983, to discuss the Calvert Cliffs transient calculations
performed by LANL. Based on the information received at that meeting, a
quick review of all the eleven transients has been made and an interim
report s being written, Work will continue for a more detailed in-depth
review of a few selected transients.

8.2 A Simple Procedure for Quantitative Review and Extrapolation of TRAC or
RELAP5 Calculations (U. S. Rohatgi and J. H. Jo)

A set of procedures based on different degrees of complexity have been
developed using the overall mass and energy balances. The primary side
pressure is determined from two limiting models for the pressurizer. A
simplified version of this procedure has been used to check some of the TRAC
Calvert Cliffs transient results by hand calculations. A report is being
writter on the details of the procedure.

8.3 Review of H. B. Robinson-2 Calculations (U. S. Rohatgi)

A BNL staf® member {(U. S. Rohatgi) attended a working meeting at INEL
on November 3, 1983 to discuss the last five transient calculations perform-
ed by INEL using the RELAP5 code. All the eleven transient calculations as-
signed to INEL have been completed. The input listings for the full power
and hot standby cases along with some transient results have been received.
These are currently being reviewed.
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8.4 Implementation of TRAC-PF1/MOD1 Code (H. R. Connell)

Implementation of the TRAC-PF1/MOD1 code on the BNL computer has been
completed. All four sample problems have been run satisfactorily.

An UPDATE file from LANL was taken from the LANL VAX computer and im-
plemented in TRAC-PF1/MOD1 at BNL. These updates plus another acquired dur-
ing the TRAC-PF1/MOD]1 workshop at LANL have made the code operational at BNL
for full-scale plant problems.

Two BNL staff members (H. R. Connell and C. Yuelys-Miksis) attended the
TRAC~PF1/MOD1 workshop on December 6-7, 1983 at Los Alamos National Labora-
tory.

REFERENCES
JOo, J. H., (1984), "BNL Review of PTS Input and Steady State Calculations

Performed by LANL for Calvert Cliffs Nuclear Plant,” BNL Memorandum to P.
Saha, January 12, 1984,



IT. DIVISION OF ENGINEERING TECHNOLOGY

SUMMARY

Stress Corrosion Cracking of PWR Steam Generator Tubing

The experimental program on stress corrosion cracking (SCC) at Brookhaven
National Laboatory (BNL) is aimed at the development of a quantitative model
for predicting the behavior of Inconel 600 tubing in high temperature aqueous
media.

Laboratory .Lestr involve U-bends, constant extension rate tests (CERT),
and constant load. Plots are made of failure time and crack velocity vs. tem-
perature, and also of SCC time vs. stress, using mainly pure water, and some
tests with environments related to the ingredients of primary or secondary
water. Cold work of Alloy 600 is also included.

SCC was earlier found in four U~bends of production tubing exposed in de-
aerated, pure water at 3159C, and provided a continuous Arrhenius plot from
365°C to 315°C. No further examination was made during this quarter.
CERT with 0.01% carbon material was started in secondary water ingredients.
Tests at constant load are consistent with a log-log relationship between the
applied stress and the time to fracture at 365°C for low carbon Alloy 600,
but stresses appreciably below the yield point have not yet given any fail-~
ures. Computer programs are continued for handling the proposed model used
for predictive purposes for Inconel steam generator tubing.

A proposed standard test procedure for ASTM balloting 1is in final modi-
fied form, dealing with Electrochemical Potentiokinetic Reactivation (EPR)
tests used in detecting sensitization of stainlese steels. The first ballot
produced twc negative votes, which were resolved by the present outlined prc-
cedures, and fresh balloting is due this spring in the G-1 ASTM committee.

Model verification with tubing from the Surry steam generator at Pacific

Northwest Laboratories is still strongly advocated, together with some tests
in constant extension.

Bolting Failure Analysis

An increase in the number of belting failures attributed to lubricant
coolant interaction at nuclear power plants has caused a great deal ot concern
regarding the more judicious use of lubricants by the nuclear power industry.
An investigation performed on eleven commonly used lubiicants by the nuclear
power industry was completed during this quarter. The investigation included
EDS analysis of the lubricants, notched tensile CERT of bolting materials with
the lubricants, frictional testing of the lubricants, and weight loss testing
of a bonded solid film lubricant. The work generally showed that there is a
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vast amount of variance in the mechanical properties of common bolting materi-
als, that MoSy can hydrolize to form KE3S at 100°C and cause SCC of com-
mon bolting materials, and that the use of copper-containing lubricants can
also bu potentially detrimental to high strength steels in an aqueous environ-
ment .

Probabil“’ty Based Load Combinations for Design of Category I Structures

A procedure for developing probability-~based load combination criteria
for design of Category I structures has been established. This procedure is
utilized in developing load factors for concrete containments. The proposed
load combination is in load and resistance factor design (LRFD) format and
follows the Turkstra combination rule. Four sample containments are con-
structed using the generalized Latin hypercube sampling technique. Further-
more, an objective function is defined and a minimization scheme is being de-
veloped to find the optimum load factors. Work on deviation of load factors
for various load combinations is being carried out.

In crder to evaluate the reiiability level implied in current design
criteria, & reliability assessment of the Clinton and Zion containment struc-
tures has been carried out. The geometries and dimensions of the containment
are obtained from the FSAR and drawings. The cylinder and dome reinforcements
are also established. Various loads are considered in the analysis. The
flexural limit state {
concrete. Then, the 1
computed.

¢ defined based on the ultimate strength of reinforced
imit state probability for various load combinations is

Mechanical Piping Benchmark Problems

The study of multiple supported piping systems was intensified to achieve
1 completion of the computations in time to permit a reporting of the salient
results to the PVRC Steering Committee for Piping At their January 24 meeting
Additionallys, the evaluation of a new physical benchmark, the NRC/EPRI Main
Pipe Line 1, was initiated.

jgentificatigp of Aﬁeiﬁﬁ{ﬁifd Fﬁ}luvaﬂudeﬁ

The objective of this program is to determine which aging and service
wear effects are likely to impair plant safety, and which methods of inspec-
tion and surveillance will be effective in detecting significant aging ef-
fects.

The first two categories of components to be addressed are small motors
in mild environments and battery chargers/inverters.




The program for each component wibl proceed through three phases: a re-

gsearch phase, an experimental phase, and an evaluation and coacluslion phase.

At the end of this quarter, the motor research phase is partially completed.
The experimental phase will be conducted in the next quarter.




9. Stress Corrosion Cracking of PWR Steam Generator Tubing

(D. van Rooyen)

The objective of this program is to develop quantitative data to serve as
a predictive basis for determinicg the useful life of Alloy 600 tubing in
service. For this purpose, tests are being run on production tubing of
Inconel €90 at different carbon levels to examine the various factors that
inf luence the cracking of tubing. Verification was planned with tubing to be
obtained from a decommissioned steam generator, but this will not be possible
due to a reduction in funding level for 1984, but is still strongly
recommended.

The present experimental program addresses two specific conditions, i.e.,
1) residual stress conditions where deformation occurs but 1s no longer
active, such as when denting is stopped and 2) where plastic deformation of
the metal continues, as would occur during denting. Laboratory media consist
of pure water as well as solutions to simulate environments that would apply
in service; tubing from actual production is used in carryiug out these
tests. The environments include both normal and "off" chemistries for primary
and secondary water. Material condition also includes various degrees of cold
work. At this time, tests are aimed at AVT at 345°C.

9.1 Constant Load
For the case where denting or active deformation is no longer occurring,

it 1s necessary to obtain data that relate failure times to stress, i.e,, the
load on the tube. In service these stresses can consist of residual plus

operational stress, and may be complex. Tensile specimens under applied load
have given good data for 0.01% carbon Inconel, but not for 0.U3 and 0.05%
carbon heats, and the latter appear to need a different stress pattern. This
information should be developed.

The effect of temperature was shown in the previous report, together with
the data from various environments. Cold work effects are not effectively
sorted out by the constant lcad test, and were discontinued. The long term,
low etress test with as received material at 365°C continues, but no cracks
have yet occurred. This may indicate a deviation from the formula developed
above the yield point, but this is too early to be a definite conclusion.

CERT data on SCC require a better distinction between the initiation and
propagation stages that can be achieved by our present extrapolation
technique. Corrections are needed to improve the quantitative determination
of SCC induction times, which are used for calculating crack propagation rates
and used for predicting strain levels at which SCC will become a problem. An
activation energy of 33 Kcal/mole continues to be the best value available for
crack growth, pending the introduction of a better correction in the
calculation, but the spread between various curves could be caused by crack




initiation variations, and more work may lead to a simplification of the
predictive formula,

No complete sets of data are yet availablie for CERT in AVT, although this
work 18 continuing.

We have discontinued plans for the new test that would permit simulation
of an s~ctive dent,

U-Bends

Split tube type U-bends cracked in earlier tests at 325°C~365°C and
suggested a possibility that the carbon level of the Inconel influences the
crack initiation/temperature relationship, i.e., activation energy seemed to
increase with increasing carbon content. A larger number of replicate samples
have been exposed in water at 290°C and 315°C since 198l. These U-bends have
not shown cracking for 0.02 and 0.03% carbon, but the 0.Cl% material showed
cracks in four samples in the previous quarter. No further cracks have been
seen because no inspection was due in this report period.

Testing continues with tubes at 365°C in pure H70 to correlate a static
"dent" size with susceptibility tc SCC of 0.01% carbon Ailoy 600. The "dents"
were made by pressing semicylindrical pieces of metal onto the outside surface
while the tube is in a test jig, and range from 5 to 40 mils,

9.4 Future Work

Future work will b2 the continuation of long-term tests, and exposures in
AVT. However, it is strongly recommended that work on the model, especially

in crack propagation rates, be re-started to complete the quantitative
relationships. These may be simplified by limited further work, and without
the effort the work to data may lose much of its potential application.




10. Bolting Failure Analysis

(J. R. Weeks and C. J. Czajkowski)

All work on the Bolting Failure Analysis Program was completed during
this quarter, and a final report drafted. The following are the conciusions
from this work.

10.1 The aprearance of potentially detrimental elements in the chemical
analysis (EDS scans) of the various lubricants clearly shows a marked
difference in composition between supposedly similar (e.g. MoS; based)
lubricants, For this reason, an independent chemical analysis of lubricants
used on critical nuclear components prior to their application is advisable.

10.2 The steaming tests of the chemically pure MoS, show that in the
presence of steam (100°C), MoS; will hydrolize to form detrimental gaseous
sulfides (H37S).

10.3 Carbon disulfide was shown to remove previously applied MoS; from a
carbon steel fastener produciag a simplified cleaning procedure. The
potential for carbon disulfide to cause SCC of these steels should be
investigated before the cleaning procedure is used in field applications.

10.4 The wide variation of measured coefficients of friction for similar
lubricants shows that generalizations of this value for '"same type" (e.g.
MoS, based, graphite-based, copper-based or nickel-based) should not be made
and that the coefficient of friction should be determined (or obtained) for
the specific lubricant used.

10.5 The uotched tensile tests of the bolting materials showed that both A540
B24 Class 2 and Al193 B7 materials are susceptible to a SCC failure in steam at
280°C. The use of MoS; or a copper + graphite lubricant appear to enhance
the susceptibility to SCC. The use of a solid bonded film lubricant does not
significantly improve the bolting material's performance with either steam or
MoS». There may be some benefit in using the bonded film lubricant with
copper bearing lubricants.

10.6 The variation in notched tensile strengths with no discernible differ-
ence on the fracture faces of the A540 B24 Class 2 material shows that bolts
cut from the same rod may exhibit different mechanical properties,

10,7 The weight loss experiments, using previously coated solid bonded film
lubricant specimens, show a marked decrease in metal loss at 100°C and 178°C
when compared to previously reported bare metal data. This protection dis-
appears at 600°F (315°C), when the results differ little between previously
coated and bare metal specimens.




Probability Based Load Combinations for Design of Category I Structures

(H. Hwang, M. Reich, J. Pires, P.C. Wang,
M. Shinozuka, B. Ellingwood and S. Kao)

11.1 Load Combination Criteria for Design of Concrete Containmerts

A procedure for developing probability-based load combination criteria
for design of category I structures has been established. The major steps of
this procedure are as follows:

Select an appropriate load combination format.

Establish N sample structures.

Determine a target limit state probability.

Design each sample structure.

Estimate limit state probability associated with each sample structure.
Compute an objective function.

Determine a set of load factors along the direction of maximum desc
with respect to the objective function.

Repeat steps 4 to 7 until a set of load factors that ainimize
tive funcrtion is found.

This procedure is specifically utilized in deriving load combination de-
sign criteria for concrete contaimments. The proposed load combination is in
Load and Resistance Factor Design (LRFD) format and follows the Turkstra com-
bination rules. The ranges of design parameters such as geometries, material
strengths and inadings are examined and representative values of each param-
eter are recommended. Then, four sample contaimments, as shown in Table 11.1,
are constructed using the generalized Latin hypercube sampling technique.

The objective function adopted in this study is shown as follows:

where ¥ and ¢ are load factor and resistance factor respectively. Pe 4 is

® i : ) £
the limit state probability computed from the i-th sample contaimment and
PI‘T is the specified target limit state probability. Wy
welght factor for i-th sample contaimment. A minimization scheme is being

represents a
developed so that the optimum load factors can be found in a few iterations.
¥
Some of the load facturs may be preset to a specific value in order to reduce
b k

the number of variables in the minimization. For example, dead load factor is
preset to be 1.2 or 0.9, depending on whether the dead load has a stabilizing
ef fect.




A computer program for design of reinforced concrete contaimments has
been developed to expedite the design process. Work on derivation of load
factors for various load combinations is being carried out and is going to
continue in this FY year.

Reliability Assessment of Containment Structures
- ——————— S ——— e ————

As mentioned ile previous quarterly reports, a reliability assessment
of the Indian Point Unit 3 contaimment structure has been carried out in order
to evaluate the reliability level implied in the existing design criteria.

n addition to the Indian Point Unit 3 containment, the reliability as~-
sessment of Clinton and Zion contaimments under various loads has also been
carried out in this reporting quarter. The geometries and dimensions of the
contaimment are obtained from the FSAR and drawings. The cylinder and dome
reinforcements are also established. Various loads are considered in the
analysis. The flexural limic. state is defined based on the ultimate strength
of reinforced concrete. Then, the limit state probability for various load
combinations are computed.

11.3 Reliability Analysis of Shear Walls

For shear wall structures the previous developed reliability analysis is
resi

being refined. The r stance capacity of the shear wall will be simplified.
B F

A report on reliability analysis of shear wall is being written.
Publications

Ellingwood, B., "Probability Based Safety Checking of MNuclear Plant Struc-
tures”, BNL-NUREG-51737, NUREG/CR-3628, December 1983.
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Mechanical Piping Benchmark Problems

(P. Bezler, M. Subudhi, and S. Shteyngart)

12.1 Physical Benchmark Development

The drait report describing the blind predictions for the extended Z bend
test was reviewed by the NRC technical monitor. An updated draft was submit-
ted for printing.

A new physical benchmark evaluation was initiated during the period. A
sketch of the system is shown in Figure 12.1. The pipe line consists of 6"
and 8" SCH 40 pipe supported and excited by four hydraulic actuates sleds
(S1-S4, Figure 12.1). The system was constructed and tested by ANCO Engineers
Inc. at their facility in Culver City, CA. The tests were conducted under a
program jointly sponsored by the NRC and EPRI. The system is designated the
NRC/EPRI Main Pipe Line 1 and represents the first of a series of progressive-
ly more complex systems to be tested under the program.

Ii. preparation for the benchmark evaluation a preliminary finite element
model of the system was developed. Figure 12.2 shows a computer graphics dis-
play of this model. It consists of some 55 points located to define the
system geometry and to correspond to instrumentation locations.

Using the model, natural frequency detemminations were made for the
system. In these calculations the system was considered fixed at the four
sled locations, filled with water and pressurized to 1000 psi. The results of
these calculatiors and some test results are summarized in Table 12.1. The
first column of this table lists the analytical mode number, the second column
the predicted natural frequency, the third column corresponding mode shape
information and the last column lists the natural frequencies measured during
hammer tests.

As can be seen by comparing columns 2 and 4 there is approximate agree-
ment between the predicted and measured system natural frequencies. Before
the benchmark evaluation is performed some refinement of the model will be
made to improve the degree of agreement.

12.2 Multiple Supported Piping System

During this perod a concentrated effort was directed towards completing
all the scheduled calculations in the Multiple Supported Piping study by mid-
Jamuary. This target date was selectied to permit a presentdtion of key
results to the PVRC Steering Committee for Piping at their January 24th
meec.ing in Ft. Lauderdale, FL.

Specifically, the computation of dynamic and pseudo-static response for
the last BNL model was completed. Additionally, the computation f total
response, the combination of the dynamic and pseudo-static response compo-
nents, was initfated [ r all models. With the completion of these efrforts the
results will be organized in both the table format presented in the previous
quarterly report and in a figure format to be developed.




Some comments concerning the prediction of total response is appropriate.

As has been stated in previous quarterly reports fourteen dynami response
. . ’ I
predictions and five pseudo-static response predictions are being developed
for each response parameter, per seismic event yer probl To compute the
k k y k ’

total response for each parameter for all possible i
tions of the dynamic and pseudo-static responses
particularly informative. Instead the time i
static response component Ww: accepted ¢ represent
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As he end ¢ first quarter of FY 1984, significant progress
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made on the motors, which is detailed below. Work on the batter: chargers

inverters is sct 1 f«¢ e next quarter.

and other components fo future use) is being
pursued at « ating and decommissioned reactors. Some motors have beer
tified at a decommissioned plant. They are of an older design and

levancy to contemporary equipment is under evaluation.

Available sources of information are being researched to provide input to

the scope and type of examinations to be conducted and towards defining the

functional parameters important for defect characterization, and determinat.on

i
of the aging and service wear effects that are likely to impair plant safety.

Typical examples of the sources of information are failure analyses and re-
ports by other national laboratories, licensees, architect engineers, and
equipment manufac TS Preliminary results indicate that aging is not a
problem that affects the performance of motors. That is, motor failures are
caused not by aging but by improper maintenance or by external stresses, such

as failures of the driven equipment.

perimental Phase - Motors (J. Higgins and J. Curreri)

A test plan has been prepared, which includes visual examinations, oper-
ational tests, and seismic testing according o a generic floor response
spectra. This ill be conducted at BNL, although the seismic portion
may be performed an outside testing facility. The testing will be con-

ducted in the second quarter of FY 1984.




ITI. DIVISION OF fAC?LITYrtEPRAipWNg

Analysis of Human Error Data for Nuclear Power Plant Safety-Related Events

Brookhaven National Laboratory (BNL) has been tasked in this program to
develop and apply realistic human performance data and models to help evaluate
the human's role in nuclear power plant safety. To meet this objective, the
ma jor current efforts are being placed in the following areas of nvestiga-

tion:

- the development of Human Error Probabilities (HEPs);

B - the use of Performance Shaping Factors (PSFs) and quantified expert
5 judgment in the evaluation of human reliability - the Success Likeli~-
=ar hood Index Method (SLIM);

-~ the development of the Multiple Sequential Failure (MSF) model.

P As a result of these efforts, BNL has developed several documents which report
on the findings in the above areas, namely:
.

- Human Error Probability Estimation Using Licensee Event Reporis

(NUREG/CR-3519);

- SLIM-MAUD: An Approach to Assessing Human Error Probabilities Using
Structured Judgment (NUREG/CR-3529).

Human Factors in Nuclear Power Plant Safeguards

BNL has been tasked in this program to develop a long-term research plan
for studying the effects of human factors on the security at nuclear power
plants. In the past, relatively little attention has been paid to human fac-
tors affecting security personnel, in spite of the high level of attention the
Three Mile Island 2 accident brought to human factors affecting operational
personnei. In order to remedy this, the NRC is developing a coordinated long-
term research plan, and to meet this objective, BNL has developed a planning
document to assist NRC in identifying safeguards-related human factors re-
search that can be undertaken over the next 5-7 years. This document 1is
entitled "Long-Term Research Plan for Human Factors Affecting Safeguards at
Nuclear Power Plants,” (NUREG/CR-3520). Ir addition, as a result of the BNL
identified research needs, the human factors aspects of safety/safeguards
interaction issues are being addressed by BNL.
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Emergency Action Levels

BNL has been tasked in this program to develop guidance for Emergency Ac-
tion Levels (EALs) that can be integrated into Emergency Operating Procedure
(EOP) guidelines. From this guidance, a method will be developed that can be
applied by licensees to verify that the EALs incorporated into their EOPs are
usable in the control room under accident conditions. This should result in a
reliable and timely basis for declaring emergencies without being too complex
or burdensome to those who are trying to safely mitigate the accident. Thus
far, a preliminary assessment has been made to integrate EALs and EOPs based
on the degradation of the fission product barrier criteria.

Protective Action Decisionmakln&

In this new program, BNL is developing a technical basis for the NRC's
guidance on protective action decisionmaking based on an evaluation of the
consequences of nuclear power plant accidents., These actions include shelter-
ing, evacuation and relocation, but specific recommendations have proven to be
difficult to justify because of uncertainties in potential accident sequences.
Consequently, BNL will establish stra*egies appropriate to those sequences for
which emergency planning is necessary, emphasizing credible failure modes,
links to emergency action levels based on in-plant observables and containment
status, and other factors such as weather., A final NUREG report will be writ-
ten in a manner understandable to laypeople.




Analysis of man Error Data for Nuclear Power Plant

afety Related Events

Luckas, Jr.)

Brookhaven National Laboratory (BNL) has been tasked in this program to
velop and apply realistic human performance data and models to help quantify
and qualify the human's role in muclear power plant (NPP) safety. To meet
this objective, the major current efforts are being placed in the following
areas of investigation, namely:

The prediction of Human Error Probabilities (HEPs) using Licensee
Event Report (LER) data and nuclear systens expertise - a utility

analysis.

The use of Performance Shaping Factors (PSFs) and quantified expert
judgement in the evaluation of human reliability - the Success Likeli-
hood Index Method (SLIM).

The development of the Multiple Sequential Failure (MSF)

Utility Analysis of Using LER Data for HERs Prediction

(K. J. Voska)

The objective of this research has been the development of a methodology
which can be used to obtain human error rate (HER) data from an analysis of
Licensee Event Reports (LERs). A further objective was to assess the practi-
cality, acceptability, and usefulness of using the HERs obtained to predict
human error probabilities (HEPs) for use in Probabilistic Risk Assessment
(PRA) .

In order to calculate HER, the total mumber of observed errars must bé
divided by the total opportunity for error as follows:

total number of a particular type of human errors

HER = - — ———— - bR B oo B L.

total mumber of opportunities for those errors

A method for the calculation of HERs was originally presented in NUREG/CR-1880
and -2417. This method has undergone several revisions to provide a more
structured set of procedures for the identification, classification, and
quantification of human errors reported in LERs. It is intended that the
procedures be stand-alone” in the sense that consistent and reproducible
results can be obtained by different users with minimal support.

During the first quarter of FY 1984, work continued on the refinement of che
method and the drafting of a final report. The most recent revisions to the
method include efforts to integrate the structure of the data classification
scheme with the structure of a human reliability data bank presently being
developed (see NUREG/CR-2744). The final report NUREG/CR-3519 has been given
1 new title: "Human Error Probability Estimation Using Licensee Event

Reports.




Success Likelihood Index Method (SLIM) Development

(E. A. Rosa)

The use of Performanze Shaping | ors (PSFs) and quantified expert
judgment using SLIM is impostant in the evaluation of human reliability. it
should be noted that the amount of authentic quantitative human reliability
data that exists is small (and is likely to remain small for the foreseeable
future). It is therefore likely that subjective judgment and extrapolation

will contimie to play an important part. Nevertheless, present extrapolation
Sy

techniques are covert, stematic, and rely on the knowledge of a limited

number of judges. They do not systematically take into account the ways in
which PS¥s ~ombine together to affect the probability of success in particular
situations. Moreover, certain tusks cannot effectively be quantified using
reductionist approaches. For these tasks, involving diagnosis, decisi

making and other cognitive activities, a holistic technique will probably be

necessarve.

Muantified subjective judgment has emergad from the previous analysis as
being of critical importance for human reliability evaluation. SLIM is a
quantified subjective judgment approach which uses PSFs as comprising any or
all of the factors which combine to produce the observed likelihood of suc-
cess. The basic premise of the approach is that when an expert judge (or
judges) evaluate(s) the likelihood that a particular task will succeed, he o1
she is essentially considering the utility of the combination of PSFs in the
situation of interest in either enhancing or degrading relfability. SLIM has
the means of positioning a task on a subjective scale of likelihood of suc-
cess, which 1is subsequently transfommed y a probability scale. This posi-
tioning is derived by considering the judges' perceptions of the effects of
the PSF in determining task reliability. NURFG/CR-2986 documents the initial
appraisal of SLIM.

During the first quarter of FY 1984, efforts were devoted to complet-
ing the draft of NUREG/CR-3518 entitled "SLIM-MAUD: An Approach to Assessing
Human Error Probabilities Using Structured Judgment.” The addition of Multi-
Attribute Utility Decomposition (MAUD) to the basic SLIM procedure represents
the incorporation of an interactive microcomputer based program into the
elicitation procedures so that assessors may generate their own PSFs. The
assessor generated PSFs are evaluated for theoretical consistency by the
program and then converted to failure probabilities. An assessment of pro-
gress on the development of the MAUD addition to SLIM is an essential pre-
cursor to the actual field testing of the technique.

i4.,3 Multiple Sequential Failure Model Development
(P. K. vamanta, J. N. O'Brien)

The dependence of human failure on multiple sequential action is impor-
tant in the evaluation of human reliability. NUREG/CR-2211 has analyzed the
nature of this dependence and has distinguished it from other types of multi-
ple failures. Human error causes selective failure of components depending on




when the failure started. Two models have been initially developed for quan-
tifying the failure probability in a multiple sequential action. The first is
very general in nature and does not requlre any dependent failure data. The
failure probability obtained from this model is a conservative one with asso-
ciated uncertainty. The uncertainty is calculated considering many possible
sources such as data, coupling, and modeling. In the second model, details of
the process in multiple sequential failures (MSF) are taken into account. The
model increments the conditional failure probabilities by a certain amount
from their lower bounds (independent failure probability). This approach pro-
vides important insights into the influence of dependence of failures on sys-
tem reliability. The model can be used effectively to choose an optimum
system considering the individual failure probability, dependence factor, and
the amount of redundancy ip a system.

During the first quarter of FY 1984, the small-scale psychological ex~-
periment being used to test the model was further developed. Programming of
test sequences was initiated and experimental tasks were further refined.
Subject training approaches were further developed along with other experi-
mental design considerations. Subjects were being selected and expected to be
performing in the experiment during the next two quarters.
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N. O'Brien)

Brookhaven National Laboratory (BNL) was tasked in this program to de-
velop a long-tem research plan for studying the effects of human factors on
the security at nuclear power plants. In the past, relatively little atten-
tion has been paid to human factors affecting security personnel in spite of
the high level of attention the Three Mile Island Unit 2 accident brought to
human factors affecting operational personnel. In order to remedy this, NRC
sought a coordinated, cost effective, long-term research plan. To meet this
objective, BNL developed a planning document to assist NRC in identifying
safeguards related human factors research that can be usefully undertaken over
the next 5-7 years, In addition, as a result of the BNL identified research
needs, the human factors aspects of safety/safeguards interaction issues are
being addressed by BNL.

15,1 Safeguards Related Human Factors Long-Term Research Plan

The first step employed to develop this research plan was to assess four
principal data sources to identify and rank in importance human factors af-
fecting safeguards. These are: (1) a human factors analysis of the Safe~-
guards Summary Event List, (2) a set of comments supplied by over twenty human
factors and/or safeguards experts, (3) an extensive literature review, and (4)
NRC's own survey and analysis of human factors af fFecting safeguards
(NUREG-0768) .

During the first quarter in FY 1984, a third draft interim report was
gsubmitted which discussed the results of a literature review on social scien-
tific research design with particular emphasis on how to design research
approaches for safeguards human factors problems. This draft was combined with
the two interim reports discussed in preceding quarters to form the basis of
an overall final report. A briefing was also held at NRC to discuss the final
report.

The format of the final report is in two volumes. Volume I is a summary
of the overall research effort and a presentation of the final research plan.
It containe an overall description of the four major prograa elements which
are: (1) training and performance evaluation, (2) organizational factors, (3)
man-machine interface, and (4) trustworthiness and reliability. For each pro-
gram element, several project descriptive statements are included to specifi-
cally describe the optimal sequence of research efforts. Volume II contairs
all three interim reports condensed as chapters in the volume. Chapter 1 is
an introduction; Chapter 2 describes the effort and results of identifying and
ranking safeguards human factors issues; Chapter 3 contains an analysis of the
feasibility of research on those issues identified in Chapter 2; and Chapter 4
documents the literature review conducted to investigate scientifically valid
research approaches applicable to the issues identified.

The entire plan was presented to the NRC staff in a high-level brief-
ing and, after NRC review, expected to be available in published form
(NUREG/CR=3520) during the next quarter.




15.2 Human Factors Aspects of Safety/Safeguards Interactions

Durir‘g Routlne Operations and Off-Normal C(‘n\li ions

(J. N. O'Brien)

The first step of this effort is to examine and address human factors
issues which arise from consideration of impacts on the ability of personnel
at nuclear power plants to effectively perform their duties as documented in
NUREG-0992. Of particular interest are situations at plants which may involve
conflicts in roles and missions between security measures and the other or-
ganizational units which operate the plant. An example of this is the con-
flict between security measures aimed at restricting access to critical plant
system components to thwart sabotage and vandalism and the needs of opera-
tional personnel to have ready access to those same components to safel
operate the plant. While this type of conflict has not occurred at any plant
in such a way as to produce a significant threat to safety, the potential for
such a conflict must be examined to assure adequate performance of plant
personnel . This program sets out to examine the human factors aspects of
these potential problems and, further, to recommend measures to prevent oOr
mitigate any potential adverse impacts on safety.

In order to effectively address potential prob.ems imvolving conflicts
between security requirements and operational practices, potentially trouble-
some situations and human factors issues relevant to them must be identified.
This involves the consideration of a wide range of situations and human fac-
tors issues. Once situations have been identified and relevant human factors
issues defined, a systematic examination will reveal how potential conflicts
can be prevented or mitigated.

After potentially troublesome situations and relevant human factors
issues are identified, a matrix will be constructed with situations on one
axis and human factors on the other. The cells in the matrix represent the
basis of the analysis from which proposals will be developed to prevent or
mitigate adverse effects

The scope of the resultant report will include input from a number of
individuals in the fields of operational safety, security, and human factors.
However, no site visits will be conducted. Instead, the data contain in the
NUREG-0992 is considered to be representative of that which would come from
site visits since that is how the committee's data were generated. NUREG-0992
has been extensively analyzed and conclusions are drawn on the basis of that
information and subject to review by a panel of experts in the relevant
fields. No formal attempt has been made to corroborate or verify the data
presented in NUREC-0992.




Emergency Action Levels

(W. J. Ludkas, Jr.)

Brookhaven National Laboratory (BNL) has been tasked in this program to
develop guidance for Emergency Action Levels (EALs) that can be integrated
into Emergency Operating Procedure (EOP) guidelines. From this guidance, a
method will be developed that can be applied by licensees to verify that the
EAlLs incorporated into their EOPs are usable in the control r
dent conditions. This should result in a reliable and timely basis for de-
claring emergencies without being too complex or burdensome tc
trying to safely mitigate the accident.

oom under acci-

y those who are

EALs are plant specific ,redetemmined observable and/or measurable set
of indications (such as a particular set of control room instrument readings
having reached specific of f-nommal values) which are used to declare one of
the Emergency Classes (Alert, Site Area Emergency, or General Emergency).

After appropriate examination, an attempt will be made to utilize cur-
rently available EALs developed by utilities, such as Kansas Gas and Electric
Company on their Wolf Creek Generating Station, that use the breach of
fission-product barrier approach as a starting point. The EAL guidance will
be verified by testing sample EALs against the example initiating conditions
listed in Appendix 1 of NUREG-0654.

During the first quarter of Y 1984, a classification system for the
emergency classes based on the degradation of fission product barrier was
), 4

examined and endorsed by BNL.




Protective Action Decisionmaking

(W. T. Pratt, A. G. Tingle, H. Ludewig,
W. R. Casey,* and A. P. Hull¥*)

17.1 Backyround

NRC regulations require that, in the case of a major nuclear power plant
accident, licensees recommend protective actions to reduce vradiation dose to
the public. When certain emergency action levels are exceeded, the licensee
recommends protective actions to State and local officials. The nature of the
protective actions recommended is determined by which ewmergency action levels
are exceeded.

In practice drills, decisions on protective action recommendations have
proven to be difficult. NUREG-0654 says that if containment failure is immi-
nent, sheltering is recommended for areas that cannot be evacuated before the
plume arrives, but evacuation is recommended for other areas. The assumptiocn
in NUREG-0654 is that there would be a greater dcse savings if the populatioca
were sheltered during plume passage rather than evacuated, but this assumption
has not been proven. Furthermore, the recommended protective actions must pe
based on estimated containment failure times, which are diificult to deter-
mine.

Alternatively, other NRC publications suggest that the appropriate re-
sponse would be early evacuation of everyone within a distance of about 2 or 3
miles for all events that could lead to a major release even if containment
failure is imminent or a release is underway. Those at greater distances
should take shelter. Further, if a release occurs, the appropriate action
would be for monitoring teams to find "hot spots” (radiation dose rate ex-
ceeding about 1 R/hr) and for people to evacuate these "hot spots.”

17.2 Project Objectives

The objectives of the activities to be performed in this project are to:

characterize the family of potential accident sequence for whic!

emergency planning is necessary,

establish strategies appropriate to these sequences, emphasizing
credible failure modes,

identify those factors which would influence the implems ntation of
these strategies,

determine how these factors should be incorporated .nto the deci-
sionmaking process, and

develop a guidance report on the protective action. to be recommen-
ded for combinations of these factors.

*BNL Safety and Environmental Protection Division




The fin.] NUREG report for the project will be ¢itten in a simplified
manner that can be readily grasped by people not intimately familar with acci-
dent consequence moieling. In addition, the report will also have a clear and
concise summary ungerstandable to laypeople.

17.3 Techknical Approach

The work being performed is directed toward developing a technical basis
for the NRC's :uidance on procective action decisionmaking, such as that con-~
tatned in NUREG-0654, Appendix 1. The approach is based on an evaluation of
the consequences of nuclear power plant accidents as they relate to protective
action decisionmaking. The evaluation includes a careful review of previous
work (e.g., NUREG/CR-2339, NUREG-0654, NUREG/CR-2025, NUREG-0396, and reports
] memoranda by the NRC staff) and its applicability to protective actiocn de-
cisionmaking. The evaluation is also bas=d in large part on results obtained
from the CRAC2 computer code (Consequence of Rcactor Accident Code, Version
2). These results include previous CRAC2 runs supplied by the NRC Division ot
Risk Analysis and will be supplemented by s:lected additional runs whete far-
ther information is needed. For exawple, changes in release warning tize due
to revised Emergency Action Levels, and clianges in release characterizacicns
due to revised scurce tarms, could lead to reassessments of protective action
strategies. Careful attention will be paid to the validity of the input as-
sumptions ond the etfects of varying che input assumptions. Careful attention
will also be paid to the nature of the output (for example, precisely what
physical phenomena or evacuation assumptions are leading tc the consequences
shown in the output).

1}

Among the aspects being assessed in developing the technical basis for
protective action decisionmaking are:

(1) In-plant conditiomns: BNL staff are assessing whether protective
actions can be determined based on the status fo the cladding bar-
rier and reactor cooiaut bLarrier only, or if the containment barrier
must also be considered. Appropriate links to emergency action lev-
els based on in-plant observables and containmect status are being
determined.

Warning time: BNL staff are evaluating how consequer:es vary with

g
warring time and cime to &S:art evacuation for various size acci-
dents. The "needed” warning time will be datermined.

Distance: BNL staff are evaluating to what distances evacuation,
sheltering, and relocation should app’y for various classes of ac-
idents.

Sheltering: BNL staff are determining appropriate shielding Ffactors
and assessing how sensitive the results are to the average shield-
ing, the range of shielding factors, the fraction of the population
achieving shielding, and the distances where shielding would be most
effective. In additica, BNL staff will determine to what extent lo-
cal sheltering capabilities should be factored into site specific
criteria.




Non-nuclear disasters as initiating events: Earthquakes and hurri-
canes may interfere with sheltering, evacuation, relocation, and
the ability to warn the public. BNL staff will determine what pro-
tective action decisions would be appropriate under these condi-
tions.

Duration of "hot spot™ exposure: BNL staff will determine how leng
it would take to find "hot spots”™ and determine how long it would
take people to relocate. In addition, BNL staff will determine how
important it is to selectively relocate from the hottest spots
first.

Weather: BNL staff will determine how weathe- conditions aifect
the protective action decisions and compare high vs. low wind speed
and consider atmospheric stability. In addition, BNL staff will
consider the effect of rain at time of release and rain intercep-
ting the plume. How these factors can be used in decisionmaking at
the time of the event will be determined.

Plume rise: BNL staff will evaluate the differences between hot
and cold releases and determine how this can be considered in pro-
tecuive action decisionmaking.

Evacuation speed: BNL staff will evaluate how speed impacts on
evacvation effectiveness and determine whether evacuation spee

should be considered in the criteria on a site-specific basis. If
evacuation speed needs to be considered, we will determine how it
can be best-estimated and determine how speed varies with numbers
of evacuees and size of areas to be evacuated. In addition, we
will determine if there is a tritical speed and determine how plau-
sible the generally assumed l10-mph evacuation speed is for the cal-
culations.

Crosswind vs. radial evacuatiou: BNL staff will evaluate the mer-
its of evacuation crosswind relative to plume direction rather than
radially. Consideration of wind shifts will be made to determine
how this can be factored into decisionmaking.

Continuous releases: Even if a puff release is realized, therec
will b» a continuous release. BNL staff will determine what impact
a continuous release will have on the protective actions recommen-
ded and determine how emergency personnel should be trained to
hanii=» continuous .eleases. In addition, BNL staff will dstermine
what should be done for a slowly building series of puffs.

Entrapment scenarios: BNL staff will determine what protective ac-
tions would be appropriate if the ability to evacuate the public is
impaired, as in carthquakes, snowstorms, and hurricanes.

The technical basis developed for tne protective action decisionmaking
will also reflect the new fission pr
opment by the NRC/RES Accident Source Term Program Office (ASTPO).

oduct source term information under devel-
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