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$SC 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 tran-
sients in loop-type liquid metal-cooled reactors (LMRs); (2) SSC-P for system
transients in pool-type LMRs, and (3) SSC-S for long term shutdown tran=
sients. In addition to these code development and application efforts, vali-

dation of these codes is an ongoing task.

Under SSC-L activities, two additional models were completed for the SSC
representation of the SNR=-300 system. These were: 1) the power limiter con-
trol, whic” s designed to ensure that the reactor power remains below 107%
for a long period as well as limiting the decay heat and avoiding scram during
slow transients, and 2) the temperature limiting control, which is designed to
ensure that the hot leg sodium temperatures in the primary and secondary loops
cannot remain at higher than design level for long periods. Work was done on
the development of appropriate numerical schemes for including inter-assembly
heat transfer effects inco SSC. Several finite-difference based schemes and

nodal schemes have been developed and are being evaluated.

Efforts on the SSC-P code were directed at improving the input deck for
the EBR=I11 simulations. Additionally, code modifications were implemented to
better simulate the EBR-II primary system hydraulics. In related areas, the
pool version is being modified to take advantage of recent improvements made
to the base program library under the loop version development, but which are
nevertheless applicable to SSC-P as well.

Work on the SSC-S code remains concentrated on improving the upper plenum
representation by providing an optional two-dimensional model. A representa-
tion of the FFTF upper plenum was carried out to 300 secends of transient sim-
ulation time for a coastdown to natural circulation event.

Validation areas pursued during this reporting period included: develop-
ment of a fourth, standard test problem, designed to detect unintentional
asymmetries which might be introduced by code modifications; testing of the
newest entire update set with the standard problems; and evaluating the fuel-
clad gap conductivity model for possible revision.

CRBR Balance of Plant Modeligg

The Balance of Plant (BOP) Model.ng Program deals with the development of
safety analysis tools for system simularion of nuclear power plants. It pro-
vides for the development and validation ¢f 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 opef;ting
as a self-standing code or to be easily interfaced to other system codes.



Mode )r Version 1 of the MINET code have en completed and tesced. A

ma jor activity recently has been to complete the initial report containing the
code documentation and user's manual. A 1,00 )de test case has been suc-
cessfully completed, although {t required usage of Large Core Memory on the
BNL 7600 machine. A new utility routine has been added to MINET, which per-
forms data management and interpolation tor tabular boundary condition and in-
ternal driving functions. Also, other system time constants have now been in-
cluded when the check is made for the smallest time constant, which helps in
determining the next timestep size,

Control system models for the SNR-30 steam generator system were incor-
porated into Version 0 of MINET, which operates concurrently with the SS(

code., These models include; 1) main feedwater valve control, 2) emergency

feedwater valve control, 3) feedwater pump speed control, 4) steam drum drain
valve flow control, 5) feedwater temperature control, and 6) steam pressure
control. A null transient and a normal plant trip transient were performed to

ensure that all these models were functioning properly.

Further parametric tests were ( I helical coil steam gen-
erator representation and comp ing to (perimenta 1 The EBR-I1 repre-
sentation w *d to simulate the fi ¢ s of an ual test, run pre-

viously at that facility I presentation ere d ped for a specific
particular U-=tube steam

generator n both c mparisons were to available experi-

once~throug

mental dat

is progressing on implementing the interface between the RAMONA-3B
code (for BWR transient inalysis) and the MI code locations and
pertorming the interface
as been welopec Test input decks for the combined RAMONA/MINET code have

been accomplish

key variables have been identified and a means for
h

hermal-Hydraulic Reactor Safety Experiments

description is presented of core melt-water mixing simulation experi-

The experiments are designed to evaluate one- and two-dimensional
models of core melt-water mixing in a drop-mode contact onfiguration.

. Exper-
» Preheated to desired tem-

perature, and dropped into a pool of saturated water. Initial experiments are

iments are performed with spherical steel particles

conducted with 3-mm particles and pools of saturated water up to depths of

meter. Both the diameter of the column of shot and the pool diameter are

one
con=-
strained to 100 mm. Results for the steam generation rate transient are pre-
sented, along with observations taken from motion pictures. Results indicate
that the initial particulate to enter the water transfers energy to the water
and produces steam fluxes large enough to fluidize and

t disperse (upwards) the

particles which did not vet enec yunter the water.




A comparison is presented of theoretical results based upon a simplified
model for debris bed quench urder bottom reflood conditions and experimental
results for the vapor flux at the top of the bed from one of the experiments.
Experiments were conducted under conditions of constant liquid flux. The re-
sults, which show reasonable agreement between the predicted and measured
vapor flux, demonstrate the effectiveness of the model and suggest the impor-
tance of accurate modeling of the particle-water heat transfer coefficients.

The liquid=liquid film boiling apparatus was rebuilt after it was acci-
dentally destroyed during a test. During the reconstruction period, addition-
al improvements were made to the hardware and software. During the quarter,
21 R11/1iquid metal film boiling experiments with non-condensable gas flux
through boiling interface were performed. The range of gas superficial veloc-
ity in these tests was from 0.6 cm/s to 5.0 cm/s. The liquid metal pool was
observed to cool isothermally and freeze as a porous slurry. No vapor explo-
sions occurred during these tests. The data for the case with Jg = 0 cm/s
(Run 131) were found to behave similarly to the Berenson film boiiing model
but were greater in magnitude by a factor of two. When the gas superficial
velocity was increased to 0.77 cm/s (Run 212) and 5.0 cm/s (Run 219), the
measured boiling heat flux was enhanced over the zero gas flux case by a fac-
tor of 1.25 and 2.3, respectively, approaching as an upper limit the critical

heat flux.

Development of Plant Analyzer

The LWR’ Plant Analyzer Program is being conducted to develop an engineer-
ing plant analyzer capable of performing accurate, real-time and faster than
real-time simulations of plant transients and Small-Break Loss of Coolant
Accidents (SBLOCAs) in LWR power plants. The first program phase was carried
out earlier to establish the feasibility of achieving 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 compete with, and outperform, mainframe com=-
puters in reactor simulations. The current program phase is being carried out
to provide a complete BWR simulating capability, including on-line, multicolor
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
accident 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 convenience of operation and high speed of simulation.
Ma jor achievements of the program are summarized below.
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All input-output channels

ous display of 15 selected parameters versus time.
are addressed approximately 200 times per second.

period, all program modules have been com-

bined into the HIPA-BWR/4 code. The entire BWR power plant simulation, in-
cluding the nuclear steam supply system, the steam lines with all valves, the
turbines, condensers, feedwater preheater and pumps and .ne control systems,
has been executed. Fifteen selected parameters can be stored simultaneously
in the IBM Personal Computer and then displayed as functions of time in la-
belled diagrams. A silent movie has been produced to show how the plant ana-
lyzer is operated and how it responds to on-line analog signals.

Duting the previous reporting

During the last reporting period, we compared plant analyze: results with
published results from GE for 10 different ATWS events. Selected -omparisons
are presented in this report. The plant analyzer code has been generalized to
simulate any BWR-4 power plant in response to input data changes 1rom the key-
board. The code is called HIPA-BWR/4. A draft report has been completed to

document the plant analyzer.

The interest in the Plant Analyzer Development Program continues to be
high, both in domestic and foreign institutions. Four presentations with
demonstrations were given at BNL to foreign visitors, and two invited papers
have been presented and submitted for publication during the current reporting
period. Five presentations were given during March and April 1984 in labora-

tories and institutions abroad.

Code Assessment and Application (Transient and LOCA Analyses)

Two major code application tasks, namely, the RESAR-3S large break LOCA
study and the typical BWR/4 MSIV closure ATWS analysis, have been completed,
and are being documented in two separate topical reports.

The first task showed that there is an overall safety margin of ~1200°F
for a large break LOCA in Westinghouse 4-loop RESAR-3S type plants. Approxi-
mately S500°F of this total margin is due to the conservative initial and
boundary conditions prescribed in Appendix K of 10 CFR 50, and the remaining
700°F is due to the conservative physical models recommended in the same
Appendix K. It is suggested that this study be further continued to determine
conservatism due to each individual assumption in order to make objective
recommendations for Appendix K revision.

The second task showed that both RAMONA-3B and TRAC-BDl are capable of
calculating the overall behavior of a typical BWR/4 during an MSIV closure
ATWS. However, TRAC-BDl with a peint kinetics model is unable to predict the
significant spatial power variations that occur during such transients, and
predicted by the RAMONA-3B code with three-dimensional neutron kinetics. The
computer running time for RAMONA-3B with significantly more computational
cells was also lower (by a factor of ~4) than that for the TRAC-BDl code.



Therefore, it is recommended that the RAMONA-3B code be extensively used for
further anaiysis of ATWS type events in a BWR.

Progress has been made in implementation of TRAC-BD1/MOD1 on the BNL

CDC=7600 computer. Work has also begun in preparing an input deck for the
FIST faciity for TRAC-BD1/MOD] assessment.

Thermal Reactor Code Development (RAMONA-3B)

Extended support has been provided to three RAMONA-3B application proj-
ects, namely, BWR/4 MSIV closure ATWS analysis for the Code Assessment and
Application program, eccentric control rod drop analysis for NRC/NRR, and the
Browns Ferry ATWS study under the NRC Severe Accident Sequence Analysis (SASA)

program. Several improvements and corrections have been made as a part of
this user support activity.

Corrections for the reactivity edits have been received from Scandpower.
A RAMONA-3B User's Manual has been prepared, and the code (RAMONA-3B/MODO/

Cycle 7) has been distributed to five U. S. organizations for analysis of U.
S. reactors.

Calculational Quality Assurance in Support of PTS

The detailed, in-depth review of six selected Calvert Cliffs PTS tran—
sients has been completed. The TRAC results of primary side temperature and
pressure have been verified using a simple method developed at BNL. In gener-
al, the TRAC results have been found to be quite reasonable, and the review
work has been documented in a BNL topical report.

The RELAP5 input decks for the H. B. Robinson=2 PTS calculations have
been reviewed. In general, the input decks have been found to be acceptable.
Work has begun in reviewing the RELAPS transient calculations.



1. High Temperature Reactor Research

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

1.1.1 Long Term Oxidation Experiments

After 6232 hours (260 days) of accumulated oxidation time, four Stackpole
2020 medium sized specimens (7.62 ¢cm ¢ x 15.24 cm long) were removed from the
furnace and weighed, and the results are shown in Table 1.1.1 and
Figure 1.1.1. lhese samples have been oxidized at 850°C in an environment of
which the H,0 and H; levels were maintained at =500 vppm and <5000 vppm,
respectively. The level of oxidation products (COp, + CO + CH,) was maintained

below 250 vppm, and the balance was He (total pressure = -l atm).

As shown in Table 1.l1.1, the weight losses are between 5.87%Z to B.61%
after 6232 hours, which are much higher than expected. Thus, it was decided
)

to stop the oxidatic. of these Stackpole 2020 medium sized samples.

The samples did not show any significant dimensional changes or pit for-

mations. However, the surface was very friable, and the skin easily spalled

off as shown in Figure 1.1.2.

for the Stackpole 202

Wt. Loss (%) L
After T.-\ttnr

3020 hrs|6232

——




*sa1dueg
P9ZIS-PTW 0Z0Z @10d3oeB3S 103 2w}, JO UOFIdung ® se sasso] IyYy31oM

sinoy ‘JINIL

1% 1% 2an814

0009 0[0]0) ~ 0002
T T

Ol

% W™ ‘SSOT LHOIIM



- 0l

Figure

1.1.

”

Stackpole 2020 Samples Oxidized for 6232 Hours (~260 Days)
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One of the samples will be profiled to study oxidation gradient. The
elastic moduli of the rest of the samples will be measured by ultrasonic wave
velocity mesurement techniques. Compressive strength will be measured in a

destructive way after that.
This medium term oxidation experiment under realistic condition will be

continued with PGX samples. The oxidation condition will be reevaluated
before initiating the oxidation of new samples.

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

1.2.1 Fission Product Migration by an Aerosol Formation

The study on fission product migration by an aerosol formation was con~
tinued this quarter. The objectives for this study is a determination of
major parameters that affect aerosol formation and an identification of aero~
sol formation mechanisms for different fission products.

It was reported in the previous progress report that the amount of silver
collected by a filter seems proportional to the flow rate of the coolant (B.
S. Lee, 1983). In this quarter, the aerosol particle size for each run was
measured by taking photomicrographs of the aerosol particles wi*h a scanning
electron microscope, and some results are shown in Figure 1.2.l1. It can be
seen that the particle size increases as the coolant velocity increases.

The particle sizes were also measured at different temperatures ranging
from 1400 - 1800°C. More results will be reported and analyzed in the next

quarterly report.
1.2.2 Integrated Fission Product Transport Experiments

As reported in the previous quarterly report, the two experimental runs
with Mo,C at 3000 and 3200°C showed blockages of the cooling channel which is
located at the center of the mock-up fuel block above the susceptor. The dia-
gram of the experimental set-up is shown in Figure 1.2.2. The filters showed
a trace amount of Mo and small amounts of Na, K and Cl.

Since both runs showed extensive blockages of the cooling channel even
though He gas was pulled by a mechanical pump which was connected after a
filter, it was suspected that due to negative gauge pressure in the coolant
channel, air entered the system to oxidize the graphite and that this could
have lead eventually to block the cooling channel with the graphite particles
generated by the oxidation. To remove this possibility, two very sensitive
pressure gauges (sensitivity; 2.5 N/m?) were installed to aid in keeping the
pressure inside the cooling channel 12.44 N/m?® (1.2 x 10* atm) above
atmospheric jpressure.

After trese two runs, it was decided *o study the mechanism(s) for the
cooling channel blockage more in detail because of its potential importance in
the course of UCHA's.

- 12 -
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Figure 1.2.5 Graphite Particles Deposited at the Blockage of the Chimney,
Section 1 in Figure 1.2.3. Mag. 20x.
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Figure 1.2,7 The Treads are Believed to be SiC from Section 5 in
Figure 1.2.,3. X-Ray Peaks of Si and Fe were Observed.
Mag. 1000x.

- 20 -~



r - » ~ 1

I 3 - A ~ 2

rom 5\' tiorn L)’ 1gure l 3 1 1€ Ball
4 pall

Peaks oi - . T sleigrivir gn3
eaks of Si and Ca. Possibly Sili G soste, T
§s81bly Silicate Glass Beads

V,—i_'y‘, « 3000x% .




1.2.2.2 Elemental Analysis of H-451 Graphite and Thermax

Since the upper part of the chimney (see Figure 1.2.3) and the filters
showed small amounts of NaCl and KCl crystals, it was decided to analyze the
H-451 graphite and thermax for Na and K to find the source of these elements.
H-451 graphite and thermax, 10 grams each, were ashed with low temperature
asher from LFE Corporation* for 5 days. This apparatus oxidizes the
graphite by generating O3 through inductive coupling and reaches temperatures
in the range of =200°C. After the ashing, atomic absorption spectrophoto~
metry technique was used to analyze for Na and K, and the results are shown in
Table 1.2.3. The detailed procedure for the analysis is described in our
earlier progress report (BNL-NURF~51454, 1981).

After 2 hrs run at 2800°C of a blank H-451 susceptor (Run #2984), the
inner wall of the chimney was plated with compounds apparently made of
graphite impurity elements. However, the chimmey was not blocked. The filter
showed small amounts of NaCl and KCl.

In the next run (Run #21584) it was observed through the video camera
described above that small globular clusters began to grow at 2850°C on the
inner chimney wall surface that was close to the susceptor. After 1 1/2 hours
at 3000°C, the chimney was =98% (in cross-section) blocked. The filter

again showed NaCl and KCl.

The chimneys were split and sectioned after the experiments and optical
and electron microscopes were used to examine the inner wall surfaces.

Earlier BNL studies on sublimation of H-451 graphite (Soc, 1978) showed
that Si, Fe, S, Cl, and Ca are the major impurities that evaporated from the
graphite and deposited on the walls of the sight tube. Those experiments were

conducted at =~3800°C.

The impurities from the current runs are similar to those mentioned above
except t'at V also deposited in significant amount. Figure 1.2.3 and 1.2.4
show the inner walls of the chimneys from the 3200 and 2400°C rum, respecti-
vely, and the EDAX analysis results are also shown.

In both experiments, the order of the plated-out elements are identical,
and the morphologies of the depositing compounds are the same. Some of the
representative morphologies of the deposits are shown in Figures 1.2.5 through
1.2.8.

It was noticed that Si deposited on the inner surface of the chimney over
a wide range of temperature gradients. 1In addition, the morphology of the
deposits suggest that Si compounds plate-out in liquid form and work as a par-
ticle getter, which may explain why the filter did not collect aerosol parti-
cles. At cold regions (upper part of the chimney), Figure 1.2.8, the Si com
pound deposited in the form of glass balls due to the higher cooling rate than
the lower part.

*Waltham, Ma.

- 12 e



In a core heat-up accident situation, the SiC coatings in fuel paiticles
fail and the silicon is one of the elements that would migrate to the cooling

channel, The amount of Si from the fuel is orders of magnitude higher than
that from the graphite impurities, The approximate amount of SiC per fuel
lock is calculated to be ~2.3%Z bv weight. Thus, two experimental runs were
conducted at 2400°C with 3.7Z and 1.39% of SiC by weight, respectively,
filling the fuel channels. Pure graphite powder was mixed with SiC powder,
and the mixture was poured into the fuel channels.

the run with # S1iC (Run #3184) the chimney began to show initia-

a blockage at 2400°C, and after 15 minutes it was almost com-

e c————

(Vanderbilt Co.)

v« Kroeger B C. Chan)

Previous a lyses of the containment building (CB) itmosphere under U
mditions (/4 " of Reilly et al, 1984) did not include the capability
ympute gas and re temperatures, and were based on rough

these temperatures.

estimates

An initial assessment of heat transfer conditions in the CB during UCHA

without LCS, i.e., with ingress of concrete decomposition gases from the PCRV,

indicates that significant natural circulation will occur in the upper hemis-

phere of the CB with the natural c¢irculation mass flow rate bheing approxi-

mately five to ten times larger than the incoming mass flow from te PCRV, At

the same time,the hot itacoming gases are strongly radiating due to their CO-
aind H,0 content.

The details of heat transfer by simultaneous natural circulation
radiation in a strongly non-isothermal cavity would be difficult to
However, under the prevailing conditions approximate limiting

and gas
analyze.
analyses,
considering either the natural circulation heat transfer alone, or considering
gas radiation alone, show that in either case the bulk gas temperature will
be close to the CB inside wall surface temperature, and that the conduction
transient into the solid structures

dominates the CB atmosphere temperature
evolution.




Therefore, a simplified model has been formulated and coding is currently
The model includes a transient lumped solution of mass and
as atmosphere, with convective heat transfer from
the gas to the CB structures using a turbulent natural convection boundary
layer model. Radiation heat transfer from the hot incoming gas and through the
bulk of the gas to the structures is considered using the optically thick
limit. Heat conduction into the CB walls and into the outside of the PCRV

in progress.
energy conservation for the g

structure is modeled as one-dimensional transient conduction. Condensation is
currently being considered as a net energy removal from the system, due to
condensation on the solid surfaces. The expected earlier condensation on
particles in the gas stream (cloud condensation) will be considered later.
while it has no significant effect on the temperature evolution, it does
effect the potential settling of fission product aerosols.

1.3.2 Vapor Migration in Concrete (P. G. Kroeger, 'Y. Shiina)

The full model of vapor migration in concret : permitting time varying
boundary conditions and temperature dependent concrete properties has been
completed and debugged. Initial results have been obtained. The model solves
the one-dimensional transient energy and mass conservation equations in a
porousoncrete structure, being heated at the thermal barrier surface. The
Darcy porous flow approximation is used for the fluid velocities. The pre-
sence of a non-condensable gas is included and is found to be of significaat
effect. During a typical transient, as the heat-up of PCRV concrete pro-
gresses and the outer concrete surface temperature reaches the water satura-
tion temperature, a "dry region” is being formed at the outer surface, and a
"front” separating this dry region from the cooler "wet region” begins to pass
through the porous concrete. The dry region contains only vapor, generally in
the superheated state. The wet region contains water as liquid and as
saturated vapor, and non-condensables (air), but the latter are generally not

found close to the front.

Typical results for a sample transient are shown in Figures 1.3.1 and
1.3.2. The thermal barrier heat-up transient, which is a boundary condition
for this code is taken from previous core heat-up analyses (App. F of Reilly
et al, 1984). The concrete properties used are best estimate data for PCRV
concrete, except that the liquid phase flow rate was artificially reduced by
three orders below the best data available. Reduced liquid flow will increase
the gas pressure in the concrete behind the liner, and will decrease the
width of the dry region which is being formed during the initial PCRV heat-

upe.

Figure 1.3.1(a) shows the heat-up of concrete for a typical UCHA scenario
with thermal barrier in place but without operating liner cooling system. At
about 3 hrs the dry region begins to be formed, as the liner surface and front
temperatures separate. The front position and velocity are shown in Figure
1.3.1(b). After about 40 hrs a 30 cm dry region containing only superheated
vapor has been formed. Figure 1.3.1(c) shows the front temperature and pres-
sure., It should be noted that the dry region pressure is essentially constant
and equal to the front pressure as long as the liner remains intact and the
outer surface is thus impermeable. Thus, for this case of reduced liquid
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2. SSC Development, Validation and Application (J.G. Guppy)

The Super System Code (SSC) Development, validation and Application Pro-
gram deals with advanced thermohydraulic codes to simulate transients in
liquid metal-cooled reactors (LMRs). During this reporting period, work con-
tinued on three codes in the SSC series. These codes are: (1) SSC-L for simu-
lating short-term transients in loop-type LMRs; (2) SSC-P which is analogous
to SSC-L except that it is applicable to pool-type designs and (3) SSC-S for
long-term (shutdown) transients occurring in either loop- or pool-type LMRs.
In addition to these code development and application efforts, validation of
these codes is an ongoing task. Reference is made to the previous quarterly
progress report (Guppy, 1983) for a summary of accomplishments prior to the

start of the current period.

2.1.1 SSC-L Modeling of the SNR-300 Power Limiter Contrcl and Temperature
Limiter Control (W.C. Horak)

During this quarter, two additional control systems were developed and
tested for incorporation into the SSC-L model of the SNR-300 plant. These two
systems, the power liaiter control (PLC) and the temperature limiter control
(TLC), are designed to minimize scrams during long transients but do not hin-
der any PPS action. These controllers, which are unique to the SNR-300 plant,
were developed at the request of the Gesellschaft fur Reaktorsicherheit (GRS),

in Cologne, FRG.

The PLC ensures that the reactor power becomes no greater thamn 107% (103%
+ 4% measurement error) for a long period. The PLC is designed to limit the
decay heat and to avoid scram during slow transients. No plant protection
system (PPS) actions are affected by the PLC.

An increase of reactor power, which might cause the activation of the
PLC, can occur during three types of disturbances:

1) Reactivity insertion caused or not controlled by the PPS (e.g.,
malfunction of reactor power control)

2) A reduction of reactor inlet temperature (e.g., reduction of
feedwater temperature through loss of a major portion of the pre-
heater capacity)

3) An increase of the sodium flow rate in the primary system (e.g.,
malfunction of primary pump control)

In cases 2) and 3), *he plant control system (PCS) increases the tor
power to keep the reactor outlet temperature constant.

- 3 »



The TLC system ensures that the hot sodium temperatures in the primary
and secondary loops cannot remain at higher than design level for long per-
iods, even if the PCS fails. The TLC avoids unnecessary reactor scrams during
milder transients, but it does not hinder any PPS action.

TLC actions may take place during the following disturbances:

1) Uncontrolled withdrawal of a control rod
2) A stuck control rod during power reduction

3) Uncontrolled slowdown of a secondary sodium pump, which can lead

to secondary sodium temperatures higher than the design values in
those loops

4) Constant secondary pump speeds during an increase of power.

Events 1) and 2) cause the reactor power generation to be higher than the

plant load which leads to a storage of heat and thereby to an increase of tem-
peratures,

In events 3) and 4), the power generation is controlled so that the re-
actor outlet temperature remains constant (if not a scram takes place), but
the poor heat removal in the secondary loops leads to an increase of the sec-

ondary temperature above design limits (Tdesi i b 530°C,
T = 546°C). &
vessel outlet max.

If either the TLC or PLC is activated, the following actions occur:

- The control rods are stopped, whether a drive signal 1is
given or not.

= Two trim rods receive a drive-in signal.

- The setpoint of thermal power in the supervisory control
system remains unchanged.

- After completion of the PLC or TLC action, the control rods
can be moved.

These controllers were incorporated into SSC by adding calls in the sub-

routine PPCS8T to two new subroutines, PLC8T and TLC8T. Control rod block
logic was also added to PCONST.

A ramp insertion of .005 $/s for 50(s) was used to test the power limiter
control (PLC). The transient was started from a 100% power condition.
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The PLC was monitored to determine if the following functions were per-
formed:

1) Time delay of the reactor flux
2) PLC activation

3) Control rod blocuage

4) Trim rod insertion

5) PLC deactivation

6) Control rod activation.

Figure 2.1 shows the flux and delayed flux. The PLC activates when the
delayed flux exceeds a value of 1.03 and the error in the instantaneous flux
versus a setpoint exceeds .03. The flux peaks at 50(s) when the ramp inser-
tion terminates and then starts to decrease due to the insertion of the pri-
mary control rods. The delayed flux peaks at about 70(s). At this time, both
the flux and delayed flux are slightly greater than 1.03. The PLC is acti-
vated at 60(s) and remains active until 90(s) .

Figure 2.2 shows the trim rod insertion distance. The trim rods are in-
serted only over the time period 60-90(s); they are not withdrawn after that

time.

Figure 2.3 shows the reactivity of the primary control rods. As can be
seen, the primary reactivity decreases (i.e., the control rods are inserted)
in response to the ramp insertion until the delayed flux exceeds 1.03 at 60(s)
into the transient. At that time, the control rod motion is blocked and re-
mains biocked through the rest of the transient since the delayed flux which
controls the blocking logic never decreases to the release value of 1.0.

As a test of the temperature limiter control (TLC), the IHX secondary
coolant outlet temperature was step-changed from its 100%7 power steady-state
value of 793°K to 810°K, held at that value for 15(s), and then allowed to
decay back to its calculated value. All other parameters were held at their

steady-state values.

The TLC was monitored to determine if . following functions were per-
formed:
1) Measurement time delay oi .e -condary outlet temperature.
2) TLC activation
3) Control rod blockage
4) Trim rod insertion
5) TLC deactivation

6) Control rod activation.
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Figure 2.4 shows the IHX secondary outlet temperature and the time
delayed "measured” IHX secondary outlet temperature which control the TLC
action. As is shown, the IHX secondary outlet temperature is step-changed
from 793°K to 810°K at time, t=0. The temperature is held at 810°K for 15(s)
and then allowed to decay back to its steady-state. The "measured” tempera-
ture is simulated using a simple time delay with a time constant of 1(s).

Figure 2.5 shows the trim red insertion distance. As can be seen, tne
trim rods are inserted when the TLC is activated (4(s) - 16(s)) and they are
not withdrawn upon completion of TLC activity. Moreover, because the time
delayed temperature remains above 793° K, control rod movement is still
blocked at the conclusion of the transiem This is shown in Figure 2.6,
where the reactivity worth of the control ru s shown to be constant except
at the initial stages of the transient.

In summary, two additional controls, the Power Limiter Control (PLC) a !
the Temperature Limiter Control (TLC) have been developed for the SSC repre-
sentation of the SNR-300 reactor system. These two controllers have been
modeled by including two additional subroutines, PLCST and TLC8T, and making
slight modifications to three existing SSC subroutines. These controllers
were tested on two sample transients and found to perform as expected.

2.1.2 Inter-Assembly Heat Transfer (W.C. Horak, R.J. Kennett)

Work this quarter has concentrated on the development of appropriate nu-
merical schemes for inter-assembly heat transfer analysis. Several finite-
difference method based schemes and nodal schemes have been developed and are
currently being evaluated.

The intra-assembly code is now being prepared for a series of nodaliza-
tion studies. These studies will be helpful in determining the degree of de-
tail necessary to correctly calculate the duct temperature, which controls the
inter-assembly heat transfer rate.

2.2 SSC-P Code (E.G. Cazzoli)
2.2.1 Modeling for EBR-II Transient Analysis (J.G. Guppy)

An improved input deck for the EBR-II (cold pool) plant representation
was prepared. Additionally, code modifications were implemented to better
simulate the primary system hydraulics. In particular, given the way that SSC
presently handles the primary loop hydraulics, the calculation of the vessel
inlet and outlet pressures had to be revised because the free surface in the
EBR-II (cold pool design) can only be used relative to the pump inlet pressure
calculation. Vessel and loop pressure drops and calculations of absolute
pressures were made consistent. A null transient was performed.

2.2.2 Generic Pool Subroutine (W.C. Horak)

A subroutine is being developed that will permit modeling of the thermal
balance in a pool system. This subroutine will be accessed as an option in
the SSC base program library. The hydrauli~ modeling for such a pool option
is still under development.
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2.2.3 Code Maintenance (E.G. Cazzoli)

The pool version of SSC is under review and is being modified in the lat-
est cycle of the program libracy, in order to take advantage of receant im-
provements in SSC-L. In order to check that the updated version of SSC~-pP
incorporating the revisions is correct, previously simulated plant transients
performed for Phenix will be repeated and comparisons made for consistency.

203 SSC‘S Code (B.c. Ch‘n)
2.3.1 Improved Upper Plenum Modeling (B.C. Chan)

The FFTF upper plenum simulation using the upper plenum stand-alone code
has been extended to 300.0 seconds of transient simulation time. The results
show that at the initial steady-state isothermal operating conditions, heated
sodium enters the plenum from the reactor core and, after completely mixing
within the plenum, exits through the outlet nozzles. Following reactor scram
and pump coastdown, the plenum experiences an abrupt decrease in both entering
sodium temperature and flow rate. The entering sodium increases in density
and decreases in momentum as a result of temperature and flow rate decreases.
The denser and lower momentum sodium has insufficient inertia entering the
plenum to overcome the negative buoyancy force. The incoming sodium is forced
downward and flows outward toward the exit nozzle. This created a stratified
flow pattern within the plenum; the sodium in the stagnant upper zone of the
plenum is relatively warm and the sodium in the lower zone is relatively cool.
Subsequently, after 200 seconds following reactor scram, the incoming sodium
temperature increases. This positive buoyancy force together with the momen-
tum of the entering sodium is sufficient to provide full penetration and re-
sults in complete mixing again.

2.4 Code Validation (W.C. Horak)

2.4.1 Validation of New Cycle (W.C. Horak, R.J. Kennett)

Given the success of the comparisons of SSC results to FFTF experimental
data, the development of a fourth test problem is being pursued. This prob~-
lem, based on an FFTF-type plant, is designed to detect asymmetries that may
be unintentionally introduced at new cycles. The test problem contains two
identical core channels and two identical thermal loops. During the tran-
sient, the response of the two channels should be identical, as should the two
loops. The output format, along with an appropriate set of plots, is now be-
ing standardized. The test problem, along with accompanying documentation,
will be distributed with the next cycle of SSC.

As part of the continuing validation of SSC, the current cycle of SSC-L
(fY-41) along with the current update set (CHNG-42) was tested using standard
problem No. 1, a steady-state transient. The updated cycle performed well on
this test problem.

The gap conductivity model in SSC is being examined to see if any revi-
slons are needed. Current efforts are focused on various new user options,
such as a fixed input value. An improved closed gap contact conductance is
also being evaluated.
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3. Generic Q@lance_gﬂmﬁyggg_ﬂgggklgg {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 genaric 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 currert period.

3.1 ,Qikaﬂffugi.ﬁlfﬂﬁ‘ﬂﬂigli (G. J. Van Tuyle)

Models for Version 1 of MINET have been completed and tested, and are
currently being documented in the MINET Code Documentation (Van Tuyle et al.,
1984). New models will be incorporated in Version 2, which is to include a
generic package of control system models. Some of the functions developed for
the SNR-300 control system modeling effort will be utilized.

Models for pumps and turbines are currently available in MINET. An in-
terface between these modules, through the rotoi (speed), is under develop-
ment, so that a turbine driven pump can be modeled. Various approaches have
been considered, and we are now working to determine the optimum combination

¢

f accuracy, flexibility, and user convenience.
MINET Code Improvements (G.J. Van Tuyle, T.C. Nepsee)

Code additions and modifications have been made to implement a general-
{zed interface to another code for boundary module data. This is now in the

test/debug phase. A minor error in the Global Container Manager Utility has
been identified and corrected.

A 1000-node test case has been successfully completed. Because of the
large amount of data storage required, it was necessary to make use of the CDC
7600 Large Core Memory to augment the Small Core Memory. This was easily ac-
complished because of the inherent flexibility of the Data Abstraction ap-
sroach to data management as implemented in MINET.

An error has been identified 1in the MINET Version 1.6 EVENTTIMES func-
tion. Incorrect SAVE time values are returned after restarting a simulation
CONTEXT SAVE file. A code revision correcting the error has been test-

will appear in the next version.

A new internal utility, TABLE, has been designed to perform data manage-

ment and interpolation for tabular boundary condition and internal driving
A

functions., It is intended to provide for uniform handling of tabular

functions from both MINET input data and host code interface.




Until recently, the time Step size taken in the MINET calculations was
determined from the smailest time constant in the heat exchanger tube tempera-
ture computations, the time constant generally most limiting in terms of sta-
bility. With the computational portion of MINET, Version l, now completed,
the opportunity was taken to “nclude ther potentially limiting time con-
stants. These include time constants associated with valve movement, adjust-
ments in pump and turbine speed, heat exchanger structure temperatures and
observed changes in key parameters, such as segment inlet enthalpy.

3.3 Standard Input Decks (G.J. Van Tuyle)
———_MRPUL DeCES -

For Version 0 of MINET, executing with Cycle 41 of SSC, the standard in-
put decks currently in use are: a version of deck El which is maintained for
use in a combined representation of the whole EBR-II system, and is known to
glve the same results as the version of deck El used with MINET Version l, the
stand-alone code; and MINET deck $3 for the SNR-300 plant, which has re ently

been used ¢ xtensively in testing the SNR-300 control system models.

several decks are currenclv utilized for MINET Version 1 including ex-

Ly =X
ample decks Xl and X2, helical coil heat exchanger deck Hl, and EBR-II plant
deck El. Two new standard ilnput decks have been documented, deck Il for simu-
lating Integral E«

onomizer Once~Through Steam Generators (IEOQOTSGs) and deck
for representing U-Tube Steam Generators (U1:Gs)

. /

1
vi

y S

MINET Validation and Applications (G.J. Van Tuyle, E.( Cazzoli)

Lontrol system models for the SNR-300 ! steam generator

system were

]
ited in Version 0 of MINET, as part of an effort to simulate

the en-
tire SNR-300 heat transport system using SSC MINET. [wo tests have been per-
4

formed, a null transient and a post-scram transient, In the null transient,
iystem conditions held near the ste idy state conditions for the

i t 8ix minute
However, the feedwater

pump speed and valve position and the
position exhibited a tenden y to drift due to windows in the con-
setpoints, § the drum iter level drifts between 2.0 and )0
points), Fo he post scram transient » the control system model

German engineers spe« ified, and the system response seemed quite
least " the first six minutes, The results of the effort are

1984a).

‘urther parametric tests were performed 1 the

helical cof 28t tran
y with comparisons made against the test data provided by (Japan).
is relatively sensitive to the
imount of structure that 1is assumed. Five test transients were pertormed,

[t was found that the sodium outlet temperature

with the structural mass varied from zero to an essentf 1l

was determined that a nea: perfect match with experimenta

ly infinite mass. it
l data results fron

structural mass equivalent to an outer tube of twice the thickness
separating (he water/steam and the sodi im . Documentation of this

progress (Van Tuyle, 1984b).




Work is progressing on the interfacing between the RAMONA code (Wulff et
al., 1984) and MINET, as part of the Boiling Water Reactor (BWR) Severe Acci-
dent Sequence Analysis (SASA) Program. The RAMONA ~ode has been studied to
determine the most efficient places to call the MINET driver subroutines, and
RAMONA variables important to the {nterface have been identified. A means ol
performing the interface with minimal impact on the programming of either code
has been worked out, and awaits implementation. A simple MINET input deck, to
be used for the initial test, has been developed and tested.

Two input decks to RAMONA-3B were finalized, describing a prescribed SASA
accident for the Browns Ferry BWR, one representing 12 channels, quarter core
symmetry, and one with 8 channels, one-eighth core symmetry. Comparisons were
made with geometrical and nuclear data provided by the FSARs as well as on-
site and INEL's RELAP-5 and TRAC input descriptions for the Browns Ferry
plant. Steady-state calculations were satisfactorily performed to ensure a
match to the prescribed initial conditions.

3,5 EBR-I1 44 Minute Transient

The EBR-11 test transient analyzed was a coastdown from 36% full power
and 39% full primary flow (Van Tuyle, 1983; 1984c). Transient boundary condi-
tions, determined from test results, included secondary flow and IHX outlet
temperature, feedwater flow and temperature, and drain flow. The auxiliary
flow and the turbine bypass (throttle was closed) valve characteristics were
obtained from a previous simulation (Mohr and Feldman, 1981). Specifically,
the secondary, feedwater, and auxiliary flows decreased, the drain flow was
shut off quickly, the feedwater temperature held nearly constant, the IHX
outlet temperature decreased steadily, and the bypass valve closed in re-
sponse CO reduced steam pressure. Fourteen system parameters were compared ,
{ncluding temperatures, pressures, flows, and drum level. Figure }.1 compares
two such parameters, the superheater {nlet and outlet sodium temperatures.
Evaporator inlet and outlet temperatures are shown in Figure 3.2. As can be
gseen, MINET yields results in good agreement with the experimental data. The
tendency of the MINET calculated temperatures to lead the measured values was
traced to thermocouple response times, which ranged from 10 seconds to |
minute (Mohr and Feldman, 1981).

}.6 Integral Economizer Once-~Through Steam Generator ( IEOTSG)

Rabcock and Wilcox have conducted experiments on a 19-tube IEOTSC test
facility (Loudin and Oberjohn, 1976) in support of the full scale units cur~
rently utilized., Two of these test transients were simulated using MINET, and
calculational results were compared against experimental data.

In simulating the step reduction in steam flow rate, from 65 to 55 per
cent of rated load, measured feedwater and steam flow rates were Input as
transient boundary conditions. Feedwater temperature, as well as primary in-
let flow rate and temperature and primary outlet pressure were held constant.
MINET calculated steam pressure (Fig. 3.3) and primary outlet temperature
(Fig. 3.4) were in close agreement with the data throughout the 20 gsecond
transient. MINET simulation of the second transient, a step reduction in
steam flow rate, was equally accurate (Van Tuyle, 1984d).
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3.7 U~=Tube Steam Gene rator ( LFM)

l[est data for a UTSG were obtained during startup testing of Unit ]| of
the Donald C. Cook Nuclear Station (Indiana and Michigan Power 0., 1976).
The MINET representation used in simulating the UTSG is shown in Figure 3.5,
Note that parallel and countercurrent neat exchanger modules are used to sim-
ulate the U-shaped flow path of the primary fluid, while pipe and volume
modules are used to represent the steam dome, feed chamber, downcomer, and
other parts of the unit,

in simulating the turbine trip transient (Indiana and Michigan Power Co.,
1976), tant data were used to determine MINET transient boundary conditions
for the feedwater and steam flow rates, as well as the primary inlet tempera-
ture and pressure. Primary outlet mass flow rate and feedwater temperature
were held constant,

lhe feed chamber water levels calculated by MINET and by the TRANSG code
(Lee et al., 1980), a steam generator transient analysis code, and the level
neasured during the first 10 seconds, are shown in Figure 3.6. This level is
the vertical distance fr m the bottom of he feed chamber volume to the top of
the water region in the steam dome (see Figure 3.5). The two computer codes
dre 1in excellent agreement with each other, and with the measured level, ex-
cept around Z seconds into the transient where there 1s a small disagreement.
Similar agreement was found in the calcul ited steam pressure, where MINET and
[RANSG agreed closely with one inother, and relatively well with the measured
pressure (Van Tuyle, 1984d).

oupport (G.J. Van Tuvle '+C. Nepsee, J.G. Guppy)

work in modeling the SNR=300 Steam generator svst controllers L8 1n
direct support of German usage of SSC MINET for the analysis of the SNR-300.
tudies regarding the helic al coll steam generator transient simulation are
supportiv S5L/MINET for simulating the Japanese MONJI plant.

't draft of the MINET le documentation has been completed, and

editing 1is in progress, * current version of MINET, Version 1.6 is actually

! ribed, but the f ) 8 81 that can easily be updated to be

atible with

ralidation studies v been completed recent ly, including the
EBR=11 study, and the helical oil, once-~through, and U-tube steam
studies, The 88 Ol documenting these studies and making them
to potenti sSer:s ilong, and we expect to have the various

available fo h » completed T Code Dicumentation 1
oming months.,
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4. Thermal-Hydraulic Reactor Saf ety Wii_x_pe_rﬁi;mzjntsf

4.1 Core Debr is Thermal-Hydraulic Phenomenology: 4 258 Pebris
r)uvm‘fhing (T. Ginsberg,

J. Klein "

Klagt:;,wa“r'{d 5 1 Schwarz)

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

4.1.1 Backgroung

A major source «f containment pressurization during degraded core acci-
dents in LWRs would result from the ex-vessel thermal interaction between
molten core debris and water available in the region beneath the reactor ves-
sel, [t has been suggested (Ginsberg, 1982) that the thermal interaction
would occur in two stages: (1) the melt fall period during which the melt
mixes with water, breaks up and transfers energy to the coolant, and (ii) the
lebris bed or molten pool juench period during which the core debris rests on
the concrete beneath the vessel and is cooled by an overlying pool of water.
The above sequence of events is represented schematically in Figure N It

is noted that steam explosions are possible during the core melt fall period.

quench research reported in previous quarterly
ond stage ¢ the melt-water thermal
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Figure 4.1 Thermal Interactions Between Core Debris and Water:
LWR Accident Sequence.

4.1.2 Apparatus

Experiments are being conducted in the debris quench apparatus de-
scribed previously (Ginsberg, 1983), with some modification to permit high-
speed motion pictures to be taken. The experiments involve dropping kilo-
gram quantities (thus far up to 20 kg) of hot stainless steel particles into
a pool of water at its saturation temperature. The experimental test vessel
is shown in Figure 4.2. The lower glass section is a quartz pipe which con-
tains the hot particulate after it settles to the bottom of the test col-
umn, The diameter of the test column is approximately 100 mm. Both the
water pool and the column of spheres which are dropped into the water are

constrained to this diameter.

Measurements which are made during an experiment include:

(1) instantaneous steam generation rate,
(i1) pressure at the base of the column,
(111) speed of the leading edge of particles,
(iv) initial particle and water temperatures.

In addition, high-speed motion pictures are taken of the thermal
interaction.
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Figure 4.2 Photograph of Test Vessel.

4.1.3 Preliminary Results

Preliminary experiments have been performed with 3-mm diameter spheres,
preheated to 977K (1300F). Five- and ten-kilogram masses of this shot have
been dropped into pools of water of 0.5~ and 1.0-meter depths, The results
of Run No. 108, conducted with 10 kg of steel shot, are described below.

The steam generation results for this run are shown in
time scale in Figure 4.3 {s measured from initiation of
Contact between particles and water and, hence, steam
approximately 14.7 s. The speed of the leading edge of particles was approx-
imately 4.9 m/s just prior to contact with water. Data taken from the motion
plcture indicate that the leading edge of spheres passed through the water
and reached the bottom of the column at about 0.2 s following contact with
water, his corresponds to a speed of 2.5 m/s for the passage of the leading

Figure 4.3, The
data acquisition,
generation, began at

edge through water.

lhe motion pictures indicate that approximately one~third of the
cles entered the water pool and generated

parti-
steam, The steam flux was so
great, however, that the remaining particles above those that
were fluidized and were dispersed in the upward
particles, therefore

were submerged
direction. These dispersed
y could not participate effectively in the initial inter-
action, This dispersal event was visually observed to take place at
mately 15.3 8 in Pigure 4.3, or 0.6 o

’ .

approxi-
following initial contact. The first

peak observed in Figure 4.3 is probably attributable to this dispersal event




Steam generated by the particles which were submerged and coantinued to fall
through the pool, also fluidized much of the water from the initial pool.
This water was also ejected upwards. Since the experimental column is quite
long (7 m) it is likely that the water and steel which were ejected upward
were not in very good contact, and probably did not produce much steam while
they were suspended. Eventually both the water and the particles were seen
to fall back into the view of the camera. At about this time, i.e., 16.7 s
in Figure 4.3, signs of a second interaction were observed visually. This
event was only mildly dispersive. The second peak observed in Figure 4.3 1s
probably due to this event. Nearly all the particles were settled into a bed
configuration at about 5.3 s following the initial contact between water and
steel.

The results thus far, while preliminary, indicate that there are limits
to the extent of particle-water mixing if the initial heat transfer process
is very efficient in producing vapor. The current one-dimensional apparatus
tends to force water into the interaction region and leads to efficient heat
transfer. It is speculated that this relatively efficient heat transfer pro-
cess led, in Run No. 108, to the observed dispersal of particulate away from
the interaction region. Similar results have been observed using 6-mm diam-
eter steel particles.

An analytical effort is under way to model the sequence of events which
are characterized above.

=171

Figure 4.3 Steam Flow Rate Transient During Parti le~Water
Thermal Interaction.




Core Debris Thermal-Hydraul i Phenomenology: [n-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) whe
the coolant is injected from below, The experimental results would, in addi
tion, generate a data base for verifying the transient thermal~hydraulic mod
els for the quenching process. The present experimental and model develop
ment effort is directed towards the ise where the coolant is being injected
it a constant rate,

4.2.1 Model Development

l'he quasi-steady 1-D debris bed uenching model developed earlier

O
1
et al., 1983) assumes the existence of a "heat transfer layer"” traveling up

the bed at a constant speed, he model 1s valid only after the heat transfer
layer has been formed and has begun to propagate at a constant speed. From
the moment of coolant injection until this time, the model 1is invalid, and
the model becomes {invalid again once the top of the heat transfer laver
reaches the top of the debris bed. For deep beds (heat transfer layer thick-
ness « bed height), this initial and final quench period is only a small
part of the total quench duration, and 1f details of the initial period are
not required, the quasi-steady model is quite adequate, However, when the
heat transfer laver thickness ls of the same order as the bed height (shallow
bed), the quasi-steady assumption 1is likely to break down for most of the
juench duration. In this case the governing partial differential equations
must be solved directly,. [0 reduce the numerical mputation time and vet
retain the essential physics of thermal interaction, we shall now make a few
1ssumptions. I'his is being done primarily t. interpret our experimental re
) demonstrate the main features of the problem, [t must be empha
are still considering the problem where the liquid is being

i

onstant rate from be

make the

ind remains at




A discussion of these assumptions, the partial differential equations

representing the mass and energy balances, and the detailed results 1is pre~

sented elsewhere (Tutu et al., 1984). Numerical computations show that for
shallow beds the results are very sensitive to the heat transfer coefficlients
used. With proper choice of the parameters describing the heat transfer co
efficients reasonable agreement with the experimental data can be obtained.
Figure 4.4 shows the calculated and experimental values of the instantaneous
vapor flux at the top of the debris bed as a function of time for one of the
experimental cases. As can be seen, the agreement 1s qualitatively reason
able and demonstrates both the effectiveness of the simple model, and more
fmportantly, the value of modeling the heat transfer coefficlients accurately.

Instant aneoul Grteam Flux at the 1 p of Debris Bed.
——— Experimental Data; S 4 fransient Model
Lt . tnitial debris bed temperature = 75 K,

Water Temperature = 177 K, Water Injection Super

Velocity 7.4 mm/s, Bed Height = 427 mm.,




4.3 Core-Concrete Heat Transfer Studies:
(G. A. Greene and T. . er’.M. Jr.

Coolant Layer Heat Transfer

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

4.3.1 Experimental Facility Improvements

In the first series of liquid-liquid film boiling tests with noncondens-
able gas flux, it was observed that the gas flux would decrease during the
test as the liquid metal melt temperature decreased. This was dve to induced
freezing of the melt on the gas injection coil. This difficulty was overcome
by the addition of an in-line high temperature 1/2-inch pipe heater to pre-
heat the noncondensable gas to the initial melt temperature, This would also
prevent the gas from acting as a heat sink {f injected into the hot melt at
room temperature. It was found possible to maintain the gas melt temperature
to within +20C of the liquid metal bulk temperature throughout the transient
boiling quench simply by overshooting the initial melt temperature and then
manually adjusting the power to the pipe heater during the run.

4.3.2 Experimental Modeling

Detalled thermophysical properties data have been gathered and curve-fit
for the range of liquid metals and boiling fluids expected to be used in
these tests. The properties are necessary to perform the melt energy bal-
ance, as well as calculate the expected boiling heat transfer and perform ne-~
cessary hydrodynamic instability calculations. Property data for the liquid
metals (bismuth, lead, Wood's metal, and mercury) include spec'fic heat, den~-
sity, surface tension, and latent heat. Property data for the boiling fluids
(R=11, water, and methyl alcohol) include density, viscosity, thermal conduc~-
tivity, heat of vaporization, specific heat, and surface tension for the sat-
urated liquid and superheated vapor,

4.3.,3 Test Apparatus Reconstruction

During the testing procedure, an unexpected high voltage arc caused by a
malfunction of the circuitry protection system for the power supply arced to
the test apparatus, melting through the 1/2-inch steel base. The damage to
the apparatus was substantial, requiring reconstruction of the test vessel.
At this time, other desirable design modifications were incorporated into the
new test section., This work was completed during the quacrter and the experi-
ments were resumed.

4.3.4 Experimental Observations

A total of 21 RI1/1iquid metal film boiling experiments with noncondens~
able gas flux were performed this quarter, In addition, 6 Rll liquid metal
bolling experiments without gas flux, two conventional R1l film boiling ex-
periments on a solid horizontal surface, and 7 RI|l heat balance tests were

performed,
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d-11quid film boiling tests with gas injection
from below were performed over a range of superficial gas velocity from 0.6
em/s to 5.0 cm/s. An example of the transient thermal behavior of the liquid

metal pool during film boiling with gas injection 1is shown in Figures
4.5(a~b) for Run 219 (Jg = 5.0 cm/s). Seven thermocouples are submerged in

the liquid metal pool; TC5 is closest to the free surface while TCll is clos~-
est to the base. The depths of the thermocouples below the free surface are

indicated in parentheses on the figure.

The R11/1liquid metal liqui

The data indicate that the liquid metal pool is well-mixed over its en-
tire eight centimeter depth, both due to the film boiling above as well as
the gas injection from below. The pool appears to cool isothermally
(0-210 s) until it reaches its fusion temperature (Pb fusion temperature =
600K). The pool remains isothermal throughout its depth at the fusion tem—
perature as a bubbling slurry (210-280 s) until almost all the latent heat is
removed by the boiling layer above. As the slurry concentration increases,
its viscosity increases until convection can no longer be sustained to keep
the pool well-mixed. At this point, the pool is essentially completely fro-
zen (280 s) and a temperature gradient develops across the now solidified
pool, indicating a transition from coavection to conduction as the mechanism

of heat transfer within the metal layer.

In addition to the observation that slurry freezing is the dominant mode
of solidification of a bubbling liquid metal pool (no conclusions are being
made concerning oxidic pools), it was found thet the solidified mass was por-
ous even after freezing was complete. The gas injection flow rate remained
constant and the pressure drop across the metal pool remained constant during

the entire time of the test.

A third observation was that at even the highest gas injection superfi-
cial velocity (Jg = 5.0 cm/s), there were observed no Rl11/liquid metal va-
por explosions such as occurred with water. This indicates that RIl1 is high-
ly stable in liquid-liquid film boiling, as compared to water which was found
to be unstable; an understanding of why may shed some light on the mechanisms
of pool-geometry vapor explosions in the future.

4,3.5 Experimental Results

Several of the liquid-liquid film boiling tests have been analyzed and
the results are presented in Figures 4,6-4.8,

Figure 4.6(a-b) presents the results of Bismut%/Rl11 Film Boil Run 130
without gas injection from below, The trend of the data is seen to agree
well with the Berenson film boiling model (solid line). However, the magni-
tude of the heat flux for liquid-liquid bolling is seen to lie above the
Berenson model by approximately a factor of two.

In Figure 4,7(a-b) are presented the results for Pb/R1l1 Film Boil Run
212 with superficial gas velocity equal to 0.77 em/s. Once again, the trend
of the data is the same as the Berenson model; however, even at such a low
gas flow rate as 0.77 cm/s, the bubbling enhancement o the film boiling heat
flux is evident. In this case, the measured heat flux is 2.5 times greater
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GINSBERG, T., et al

{

than the Berenson model. This represents a 25% increase over the zerc gas
flux case,

In Figure 4.8(a-b) are presented the results for Pb/R11 Film Boil Run
215 with superficial gas velocity equal to 5.0 cm/s. This represents the
highest gas flux achieved in these tests, Here we see the measured heat flux
approaches the critical heat flux for RI1. The critical heat flux shown in
the figure is calculated based upon physical properties at the local boiling
film temperature, i.e.,, T (Tgurface *+ Tgat)/2. For this case, the mea-
sured heact flux is almost 5 times greater than the Berenson model predic~-
tion. This represents an increase over the zero gas flux case of a factor of
2.3,

For the case of Rll liquid-liquid film boiling, the bubbling enhancement
to the film boiling heat flux appears to be due to an increase in the inter-
facial surface area between the Rl and the liquid metal. Reasons for the
Increase in heat flux for the case of no gas injection, as well as the gas
injection enhancement, are currently under investigation. These results
should be considered preliminary and may be subject to change.

REFERENCES

BANKOFF, S. G, and S. H. HAN, "Mixing of Molten Core Material and Water,"

Nuclear Science and Engineering (1984).

BERENSON, P. J., "Film Boiling Heat Transfer From a Horizontal Surface,” J.
Hea [ransfer, 83, pp. 351-358 (1961).

FAUSKE, H. K. and R, F

» HENRY, "Interpretation of Large-Scale Vapor Explosion
Experiments with Application to LWR Accidents, "Proceedings of Internation-
1l Meeting on L_ght Water Reactor Severe Accident Evaluation, 1, 6.5-]
(August 1983).

, et «y LnR Steam Spike Phenomenology: Debris Bed Quenching
Experiments,” NUREG/CR-2857, BNL-NUREG-51571 (June 1982).

INSBERG, T., et al

«y Chap. 4 in "Safety Re search Programs Sponsored by Of -
\'llvy l -
by Allen .. Weiss, NUREG/CR-2331, BNL-NUREG

ce of Nuclear Regpulatorv Research, Marterly Progress Report,
September 3 1983; compiled

¢, Vol, No. 3, 1984,

INSBERG, T., al., Chap. 4 in "Safety Research Programs Sponsored by Of-

fice of Nucle Regulatory Research, Quarterly Pi )Eress Report, ctooer |
December 1982; compiled by Allen J. Weiss, NUREG CR-2331, B '"L-NUREG

\1‘4)..' \.»l. _“ No. ‘, qu‘.

» et al., Ch. 4 in "Safety and Research Programs Sponsored by
Nuclear Regulatory Rese irch, Quarterly Progress Report, April | -
1983; compiled by Allen J. Weiss, NUREG/CR-2331, BNL-NUREG-51454,

, No. 2, 1983,

Key et al. (1984), "Debris Bed lenching Under Bottom Flood
CR-3850, to be published.

Condi-~




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 simula-
tions of plant transients and Small-Break Loss of Coolant Accidents (SBLOCAs)
in LWR power plants. The engineering plant analyzer is being developed by
utilizing a modern, interactive, high-speed, special-purpose peripheral pro-
cessor, which is designed for time-critical systems simulations. 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 plaat transients, and (3) the
development of mathematical models and the software for this peripheral

processor.,

(1) One each of operating PWR and BWR power plants and their simulators
had been sclected 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 transients caused by lose 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 ADIO 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 Lo 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
parametera.

(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
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processor. This phase served to compare the computing speed and accuracy of
the ADIO 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.

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

1€ assessment of current simulator capabilities consisted of evaluating
qualitatively the thermohydraulic modeling assumptions in the simulator and of
compaiing quantitatively the predictions from the simulator with results from
the detailed systems code RETRAN.

lhe results of the assessment have been published earlier in three re-
ports (Wulff, 1980; Wulff, 198ia; Cheng and Wulff, 1981). It had been found
that the reviewed training simulators were limited to the simulation of
steady-state conditions and quasi-steady transients within the parameter range
of normal operations. Most PWR simulators delivered before 1980 cannot simu-

late two-phase flow conditions in the Primary reactor coolant loops, nor the
motion of the two-phase mixture level beyond the narrow controls range in the
steam generator secondary side, Most BWR simulators delivered before 1980
cannot simulate two-phase flow conditions in the recirculation loops or in the
downcomer and lower plenum, 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. Thes: limitations arise from the lack of thermo-

hydraulic models for phase separation and mixture level tracking (Wulff, 1980;
1981a).

'he comparison between PWR simulator and corresponding RETRAN resu.its,
carrled out for a reactor scram from full power, showed significant iliscrepan-

A
les for primary and secondary systen pressures and for mean coclant tempera-
tures of the primary side. The discrepancies were found even after the el

fmd
LAlad

nation of differences in fission power, feedwater flow and rate of vapor dis-~-

charge from the steam dome. Cood agreement was obtained between simulator and

RETRAN calc Lon r only the early part f(narrow control range) of the

water level motion in the steam generator. The differences between simul ALOTL
ind RETRAN calculations have been explained in terms of modeling differences
heng and Wul ff 1981).

Acquisition of Special-Purpose Peripheral Processor ( £ N. Mallen and
K. i o Cerbone)

The ADIO had been selected earlier as the special-purpose peripheral pro-

L

for high-speed, interactive systems simulation. A brief description of




the processor has been published in a previous Quarterly Progress Report
(Wulff, 1981b). A PDP-11/34 DEC computer serves as the host computer.

Two AD10 units, coupled directly to each other by a bus-to-bus interrace
and equipped with a total of one megaword of memory, have been installed with
line printer. On~line access is facilitated by a model 4012 Tektronix oscil~-
loscope terminal and a 28~channel signal generator. The system is accessed
remotely via four ADDS CRT terminais and two DEC Writer terminals, one also
equipped with a line printer. An IBM Personal Computer will also be used to
access the PDP-11/34 host computer but is now used primarily to generate la-
belled, multicolored graphs from ADIO results. An advanced multicolor
graphics terminal is needed, however, for extensive on-line display of simu-
lated parameters generated by the AD1O at real-time or faster computing
speeds.

the PDP-11/34 host computer, two 67 meégabyte disc drives, a tape drive and a

Software Implementation on AD1O Processor

A four-oquation model for nonhomogeneous, nonequilibricm two-phase flow
had been formulated and supplemented by constitutive relations from an exist-
{ng BWR reference code, then scaled and adapted to the ADIO processor to s mu~
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 ADI1O. After
{mplementing the thermohydraulics of HIPA-PB2 on the ADIO, we compared the
computed results and the computing speed of the AD10 with the results and the
computing speed of the CDC-7600 mainframe computer, to demonstrate the feasi-
hility of achieving engineering accuracy at high simulation speeds with the
low-cost ADI0 minicomputer (Wulff, 1982b).

It has been demonstrated (Wulff, 1982b) that (i) the high-level, state
equation-oriented systems simulation language MPS-10 compressed
FORTRAN statements into 1,555 calling statements to MPS-=10 modules,
vdraulics simulation occupies one-fourth of available program memory, (1ii)
the difference between ADIO and CDC-760¢ results is only approximately + 5% of
total parameter variations during the simulation of a severe li ensing base

transient, (iv) t 10 is 11 times faster wan the CDC-7600 for the same

transient, ar he ADI simulates the BWR hydraulics transient ten times
yster than o in real-time. It has been demonstrated now that
after the iclusion models for neutron kinetics, condud tion, balance

1

sients reported earlier wulff, 1983c).

3, the AD] still achieves ten times real-time

Progr used earlier for the fcasibility demon
neutron kinetics poin kinetics),
the thermohvdraulice of the components

10N
yr neutron kineti with feedback simu-
onduction n elements, for com-

for the control » for operating he




safety and relief valves tested earlier (Wulff, 1982¢; 1983a) have been imple~
mented in HIPA-BWR/4, Models had been formulated and tested separately for
the control systems and the plant components forming the loop through tur-
bines, condensers and the feedwater trains. They have been implemented during
the previous reporting period.

Specific accomplishments of the current reporting period are described
below.

ochematic and Control ek for BWR Simulation

»

Feedwater ) roller, Pressure Controller
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{
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An additional vapor mass balance has been added to predict the vapor mass

in the upper portion of the downcomer, bounded at the top by the moving
mixture level. This additional mass balance permits the prediction of the
mixture level in the upper downcomer portion within the framework of the ex-
isting hydraulics model. It replaces the equation for the motion of the mix-
ture level, based on the mass jump condition if there is no liquid above the

mixture level.

5.4.2 Developmental Assessment

n assessed earlier by comparison with

power plant test data (Wulff, 1981c). This assessment had been carried out
with the CDC-7600 computer, prior to the model implementation as HIPA-BWR in
the ADI0 processor. The assessment will be repeated after the previously used
slip flow model is replaced by the drift flux model.

The thermohydraulics model had bee

To assess the plant analyzer capabilities in simulating the entire plant
response, including the responses of the balance of plant components and of
the control system, we compared plant analyzer results with available data on
severe transients. The first set of available data are computed results

published by GE (1981).

These reference results are obtained from generic analyses on General
Electric BWR-4 power plants. The control system parameters and many plant
data used in these generic analyses were not published by CE and should be ex-
pected to differ from the plant-specific data taken for the plant analyzer
from the Final Safety Analysis Report (FSAR, Philadelphia Electric Company,
1971) of Peach Bottom II and from the EG&C Report by James D. Milton (1982).
Consequently, it cannot be expected that the GE data agree completely with the
plant analyzer results. However, the comparisons should reveal, whether or
not the control functions are simulated in the plant analyzer so as to acti-
vate valves and trips in the protection system in the proper sequence, and
whetheér or not main engineering parameters vary as in the GE predictions.

Differences between plant analyzer data and results from GE predictions
shculd be attributable to differences in control system set points, signal
transrissign delay times, pump, turbine and actuator responses, and possibly
to differences in valve flow capacities. For the plant analyzer results pre-
sented, these data are piant-specific for Peach Bottom Il and the hest data
avaiizble at this time. For the GE calculations, the data were not completely
defined and are claimed to represent BWR-4 power plants generically. Oiffer-
ences which canror be attributed to the differences in plant daca would indi-
sate modeling ditferences. The purpecse of comparing the GE predictions with
plant analvzer simulations is to identify the sources of their differences
either as plant data differences or modeling differences.

Relcw are presented the first 10 transients simulated so far. They are

anticipated transients without scram, initiated by eight different events and
accompanied by four alternate circumstances as follows:
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(1) Main Steam Isolation Valve Closure

(11) Loss of AC Power

(111) Loss of Condenser Vacuum

(iv) Loss of Feedwater Flow

(v) Loss of Feedwater Heaters

(vi)  Turbine Trip with Bypass Flow

(vii) Turbine Trip without Bypass Flow

(viii) Pressure Kegulator Failure at Zero Demand

(ix)  Pressure Regulator Failure at Maximum Demand
(x) Feedwater Controller Faiiure at Maximum Demand.

Shown are the plant analyzer results as printed via the IBM Personal Computer,
with GE predictions plctted by hand onto the same diagrams.

Discussion of Comparisons

The comparisons show in general that the plant analyzer produces results
similar to the GE predictions. There are minor differences in parameter vari-
ation, of amplitudes and timing that are directly related to the differences
in plant data as discussed above. The major differences recognized from the
comparisons are in the relief valve cycling frequency. GE predictions (1981)
show four to five times slower depressurization rates than the plant analyzer
results. However, plant analyzer results concerning the valve action are in
very good agreement with the predictions from the RAMONA-3B code and they fall

between GE predictions and predictions from TRAC-BD1 (Saha, 1984) as shown in
Table. 5.1 below.

Table 5.1 Periods of Relief Valve Action
during ATWS after MSIV Closure

Cycling Period

Plant Analyzer 14 seconds
GE Predictions 75 seconds
TRAC-BDI1 5 seconds

RAMONA-3B 12 seconds




The valve cycling period is only slightly aff. . ted by valve action set
points. It depends strongly upon the rate of pressure change which is a con-
sequence of modeling and of valve capacity data. A simple global analysis,
independent of plant analyzer modeling assumptions,* yields for the rate of

change of volume-average vessel pressure

PR SO R e Y
Gk (We,, sl)( fvg,fﬁ,f fg fw fw sl g L f (1
vfg(V Hfhf Mghg) + hfg[Mgvg fvf]
where
dv2 3
. * L 2
Py = Mplvg(he=hg) = hp(veovy)l + My (hfg dh "fg) hy (2)

represents the contributions from the subcooled 1liquid in the vessel, and
Wg, and Wg, designate, respectively, the feedwater and steam line mass
flow rates.  is the rate of heat addition to the coolant and hgy is the
feedwater enthalpy. M,, Mg and M, are the masses of subcooled 1liquid,
saturated liquid and saturated vapor, respectively, h and v stand for enthalpy
and specific volume, respectively, and V is the vessel volume. The super-
script dot designates differentiation with respect to time and the primes des-
ignate differentiation with respect to pressure along the saturation line.
Subscripts f, g, ¢ and fg indicate saturated liquid, saturated vapor, sub-

cooled liquid and phase change, respectively.

Since the subcooled liquid is primarily in the adiabatic downcomer, hg
=0 in Eq. 2. Also, as the level changes 'very little under quasi-steady valve
cycling and under HPCI injection at a constant rate, one can set My = 0 and
conclude that Fy contributes nothing to <p> in Eq. 1.

Equation 1 implies equilibrium phase change in regions occupied by satu-
rated liquid My and/or saturated vapor M.. Since the depressurizacion
rate is smail (=0.5 bar/s) and the heating power is low (=25% of full power),
the actual phase change ghould be close to equilibrium.

Equation ! was evaluated at a particular instant during the depressuriza-
tion phase of the valve action cycle (approximately 120 seconds after MSIV
closure, cf. Figure 5.1). Equation | was evaluated with Wg,, Wgo, hg,,
Q, (Mg, ) and M, as printed out from the plant analyzer. The subcooled
liquid mase My was taken to be the mass in the downcomer nodes where the
liquid temperature was observed to be below saturation temperature. Also
printed out from the plant analyzer was the depressurization rate. The re-
sults are as follows:

*The equation in HIPA corresponding to Eq. | contains the nonequilibrium
evaporation rate.



Depressurization
Rate (bar/s)

Equation 1 (equilibrium phase change) -0.568

Plant Analyzer, printed
graph slope

[t can be seen that the plant analyzer (and also RAMONA-3B and TRAC-BDI1)
follow, as expected, the thermodynamic equilibrium phase change

Equation | reveals also that the slow depressurization rate predicted by

GE could have been caused by a combination of
assuming that all the liquid in the vessel is saturated,

(11) producing a slightly larger fission power at the same condititons.

[reating all the liquid in the vessel as saturated liquid, one finds that

the depressurization rate becomes smaller by a factor ot 2.5 relative to the

rate obtained by accounting for the subcooled liquid. lhe factor of 2.5 is
not enough to exi

plain the five times smaller depressurization rate predicred

the other hand, if only the rate of heat addition to the coolant were
full power during quasi-steady valve cycling
*ad of the 22X predicte. by the plant analyzer, then
predicted by Eq. | would decline bv

8% (ctf. Figure 5.2),
the depressurization
the needed factor of five. The heat
transter to the coolant is shown in the GE report to be higher than the plant
analyzer results (as is the fission power), but the
pinpoint

|

graphs are unsuitable to
the exact difference between heat transfer rates as the fluctuations
)0 irregular.

-ach transient below i{s shown with four curves in tw liagrams
[BM PC printer. GE results are superimposed by hand. The
hosen to characterize the particular transients.

ihow * comp on between plant ar

(1 2 pre-
System press > precdictions ag

ree well except for the differ-
« The amplitude differences ire cle:
'ressure set point differences ;

ampiitude and frequency
L} :

valve control speci-
(unspecified in the GE d ument )., frequency differences are
modeling differences compressibility of subcooled liquid and/on
K reactivity and fission power) as discussed above.

The fission power X 8§ a spike after approximately

times normal power | itions and 3.5 times
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plant analyzer. The power spike is proportional to the pressurization rate.
The plant analyzer shows a slower fission power decrease after the spike and,
correspondingly, a slower depressurization. One minute after MSIV closure “he
fission powers from GE and plant analyzer predictions agree. It should be
noted that detailed (3-dimensional) RAMONA-3B simulations predict a power
spike of 2.4 cimes normal fission power. Plant analyzer predictions, there-
fore, fall between GE and RAMONA-3B predictions,

The mixture level in the downcomer reaches its peak approximately 15
seconds earlier in the plant analyzer simulation than in the GE prediction.
This difference 1is clearly due to differences in plant data defining the
feedwater pump and control systems. Both the maximum levels and the levels

reached long after the initial disturbance are predicted by the plant analyzer
in good agreement with GE predictions.

The differences in the prediction of the mass flow rates through the
safety and relief valves are small (cf. Fig. 5.2) and reflect the valve re-
sponses to the system pressures shown in the top of the figure.

(i1) Loss of AC Power and Scram Failure (ATWS)

This transient is shown in Figures 5.3. The transient is similar to the
ATWS initiated by MSIV closure. The loss of AC power trips the main steam
isolation valve closure, the recirculation pumps and the feedwater pump. The
fission power and pressure peaks are lower than for the MSIV-induced ATWS be-
cause the main steam isolation valves close after the turbine has tripped or

after the recirculation pumps have been tripped, that is, after some fission
power reduction.

The agreement between GE predictions and plant analyzer results is about
the same as for the MSIV-induced ATWS simulation. The plant analyzer predicts
an initial fission power peak of 2.2 times normal power, compared with the GE
power rise by the factor of 2.7. This is caused by different valve closing
rates as reflected consistently in the corresponding pressure rise.

(iii) ATWS after Loss of Condenser Vacuum

Loss of condenser vacuum causes first a turbine trip with bypass opening
and then MSIV clesing approximately two seconds after turbine trip.

The plant aralyzer predicts a fission power increase by 362%, GE predict-
ed 4032, The plant analyzer predicts a slower depressurization rate after
reaching the peak pressure. Therefore, the vapor void fraction in the core
remains low for longer times, causing the fission power to exceed that pre-
dicted by CE and consequently to waintain the relief valves open even before
the bypass and main steam isolation valves close. With the relief valve open
in the plant analyzer prediction, the MSIV closure produces a much weaker
pressure rise than predicted by GE witl {ts MSIV closure started while all
satety and relief valves are closed., Th. long-term predictions are governed
by pressure set point specifications for the relief valves. Notice that the
long-term depressurization rates from the plant analyzer (slopes of pressure
curves) agree with the GE predictions.
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The feedwater flow simulation by the plant analyzer agrees well with the
GE prediction. The High Pressure Core Injection is predicted to come on 24

s

seconds earlier in the plant analyzer than in the GE code. This results from
differences in set point specifications as do the differences in mass flow
rate predictions for the steam lines (top curve in lower diegram of Figures
J4).,

(iv) ATWS Induced by Loss of

Feedwater Flow

This transient occurs when the feedwater turbine trips or if the
water regulator fails at zero demand . [he results of the comparison are

[

in Figures 5.5.

The plant analyzer predictions for system pressure, fission power, mix-

ture level position in downcomer, feedwater flow and high-pressure injection
agree well with the GE

}
y

results. High-pressure injection is initiated earlier
in the . 8imulation, leading to a level recovery earlier than that of the
plant analyzer. Ihis timing difference is caused by differences in set point
specifications.

ATWS Caused by Loss of Feedwater Heaters
lhis transient is caused by a loss of extraction steam to all five heat-
heater train. As show in Figures .0, pressure and fission power re-
ly unaffected as the cor system, primarily the recirculation flow
compensates for he reactivity insertion due to the decrease in

temperature,

1at the fission power increases by | of full power and t

u ha

constant, [he plant analyzer predicts the same,

’ §

drop predict by GE is 36°¢( the temperature drop pr

analvzer

responds tq
seen in
ps because
ne downcome

feedwater
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The difference between the predictions of

and the fission power to increase.
he control system specifica-

feedwater injection is due to differences in t
tions, particularly for the feedwater regulator.

(vii) ATWS Following a Turbine Trip Without Bypass Flow

This transient is shown in Figures 5.8. Shown are only the plant ana-

lyzer results because GE's report does not contain any graphs for this tran-
The GE report lists characteristic data which are compared in the

sieat.
table below.
Plant Analyzer GE
Peak to normal fission power 5.60 6.55
Maximum vessel pressure 89 bar 87 bar

(viii) ATWS Initiated by Pressure Regulator Failure at Zero Demand

This transient starts with the closing of turbine control valves, re-
sponding (slowly) to the zero demand signal at the pressure regulator. Re-
circulation and feedwater pumps are tripped. Fission power is reduced through
core voiding and the pressure is controlled via relief and bypass valves.

There are no GE results available for this transient. The plant analyzer
results, however, show consistent responses of the control systems and of the
engineered safety systems as can be seen from Figure 5.9.

(ix) ATWS Initiated by Pressure Regulator Failure at Maximum Demand

This transient starts from the signal to open the turbine control valves
fully. This in turn causes the system pressure to drop and the MSIVs to close
at low pressure set peints. The comparisons between plant analyzer results
and computed GE data are shown in Figure 5.10.

The plant analyzer predicts a power peak of 4.2 times full power. GE
results show a peak of 5.5 times full puwer. The differences in depressuriza-
tion rates and pressure amplitudes during valve cycling are due to the model-
ing differences discussed earlier and due to differences in pressure set point
specifications, The core flow rate comparison shows good agreement. The col-
lapsed liquid level in the downcomer rises earlier in the GE calculations due
to the earlier vecirculation pump trip. The level position predicted in the
plant aralyzer approaches the poeition calculated by GE.

(x) ATWS Initiated by the Failure of the Feedwater Controller at Maximum
Demand

The comparisons for this transient are presented in Figures 5.11. Exces-
sive feedwater injection causes the water level to rise. The rising water
level trips the turbines and the feedwater pumps.
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GE predicts the fission power to peak at 5.1 times normal power. The
plant analyzer produces a ratio of 9.0, The higher fission power peak is
reached in the plant analyzer because the turbine stop valve closes before the
bypass valve opens. The early turbine stop valve closure produces a sharper

pressure rise, a faster vapor void collapse and, via void feedback, a sharper
rise in fission power.

The GE calculations produce a pressure rise up to 82.4 bar, the plant
analyzer up to 80 bar. The maximum feedwater flow predicted by the plant
analyzer is 133% of full flow, the GE predictions went off scale above 140% of
full flow.

Conclusions

The assessment carried out so far shows that the plant analyzer can carry
out realistic and accurate simulations of transients in BWR-4 power plants if
the correct specifications for the plant control system and the engineered
safety systems are used. The plant analyzer has not yet been shown to simu-
late conditions of flow reversal and departure from nucleate boiling (DNB).
All comparisons presented here were produced without any change in system
parameters.

5.5 Future Plans

Assessment work will continue. The BWR simulation capability will be ex-
panded to accommodate flow reversal, phase separation via the drift flux model
Instead of the present slip flow model, and DNB conditions.

The plant analyzer will be presented and demonstrated to domestic indus-
tries and foreign institutions interested in nuclear power plant simulation
for the purpose of developing cooperative programs directed toward PWR
simulations.
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6. Code As

(P. Saha, U. S. Rohatgi, J. H. Jo, L. Neymotin,
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 of these codes to the simulation of plant accidents and/or tran-
sients. 1Two major code application tasks namely, the RESAR-3S large break
LOCA study and the BWR/4 MSIV closure ATWS analysis, have been completed,
and are being documented in two separate topical reports. The code assess-
ment activity has also been resumed with the initiation of the preparation
of an input deck for the FIST fa ility for the TRAC-BD1/MODI code. This
code is currently being implemented on the BNL computer,

The details of the progress achieved during the reporting period of
January to March 1984 are des ribed below.

6.1 Code Assessment

6.1.1 Implementation of TRAC-BDI/MOD]1 (H. R. Connell)

Work commenced on the implementation of Version 21 of the TRAC-BDI/MODI
code on the BNL CDC-7600 computer. The implementation involves changes from
the NOS/BE to SCOPF operating system and the reorganization of the code from

Overlay to Segmentation to fit into the BNL computer with smaller central
memory.,

6.1.2 Simulation of FIST Facility with TRAC-BD1/MOD1 ( J. H. Jo)

BNL has received a draft copy of the FIST facility description report
from General Electric Co., and an input deck from INEL for this facility,
An independent input deck is being prepared for the TRAC-BD1/MODI1 code, and

it will bhe debusg ged after the code is available on the BN1 computer.

Code 1\[“‘1 icat fon

« S. Rohatgi and

LOCA Analysis of Westinghouse RESAR-3S Plants (U
Ce Yuelys-Miksis)

leg break in a Westinghouse 4-loop RESAR-3S plant using TRAC-PD2/MOD1 has
een completed and a topical report documenting the calculations is being

Dre ;\.|[D'x!.

The BNL study of conservatism in Appendix K guidelines for a 200% cold

[n the previous quarter, the best est imate calculation was completed
Rohatgi, 1984). The transient was computed for 64.6 seconds and all of the
rods were quenched by that time. The peak clad temperature of 8 I0.6K (981°F)
yecurred at 2.5 seconds. The reflood began at 139 seconds and core wide
quenching was attained by 45 seconds, The average core 1liquid fraction at
the time of omplete quenching was between | «35 and 0.4, This calculation
provided the best-est imate values of the key parameters, i.e., PCT, refill

' 1 4

time, quench time, etc. for a 200% cold leg LBLOCA.
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The second calculation performed in this study was also for the 200%
cold break LOCA, but with the evaluation or licensing type boundary and ini-
tial conditions. The nodalization and the code were the same as those used
for the best-estimate calculation. Table 6.1 compares the initial and
boundary conditions for the two calculations. There were some differences
in the arrangement of the rods and their radial peaking factors. In the
best-es imate calculation, there were two radial and four azimuthal sectors
for average rods as shown in Figure 6.1. The inner four sectors each had a
radial peaking factor of 1.111. However, the Appendix K requires that the
licensing calculation must have one hot channel with high power density and
a hot rod be placed there for calculating the peak clad temperature. This
Appendix K requirement was incorporated in the BNL evaluation type calcula-
tion by designating one of the inner quadrants as the hot channel with a
radial peaking of 1.38, as shown in Figure 6.1. The second calculation was
continued until 275 seconds, and substantial core cooling was achieved by
that time. The sequence of events for the best-est imate and the evaluation
type calculations have been compared in Table 6.2. For the E-M type calcu-
lation, the peak clad temperature of 1072°K (1470°F) occurred at 65 seconds.
The reflood began at 48.5 seconds and the clad started quenching at 244
seconds. The accumulator emptied at 86.5 seconds in the evaluation type
calculation, but did not empty in the best-estimaie calculation. This in-
dicates that the PCT was not affected by the ncn-condensibles in the ac-

cumulators in either of the two calculations.

The clad temperatures for the second calculation, i.e., the E-M type
calculation, have been showm in Figure 6.2. As was the case with the first
(B=E) calculation, there were two peaks in the blowdown phase. The first
peak appeared at approximately 2.5 seconds due to flow reversal at the core
inlet and stagnation inside the core. This initial clad heat-up was
quenched when the core inlet flow was restored as the break flow decreased
and was less than the intact cold leg flows. The fuel clad again started to
heat ‘up and this time the quenching occurred due to the flow reversal at the
core outlet resulting in a second peak. It shoula be noted that the peak
clad temperature in the blowlown phase in the second calculation was about
100K higher than in the best-:stimate calculation. This is due to a com=
bination of 2% more initial core power, higher decay heat and hot channel

configuration.

Figure 6.3 shows a comparison of the lower plenum liquid mass predic-
tions in both the calculations. As expected, the lower plenum was filled
about 9 seconds earlier in the B-E calculation due to larger ECC flow.
Figure 6.4 shows the core average liquid fractions estimated in the two
calculations. The first observation is that the core rapidly filled up in
the B-E calculation, while there were considerable oscillations in the E-M
type calculation. Furthermure, the core liquid fraction stayed close to
0.25 during most of the transient in the second calculation and was increas-
ing at the time of the termination of the calculation. In this last calcu-
lation the break flows were comparable to the safety injection flows and the
core power was higher. This resulted in continuous boiling and evaporation
in the core and a slower refilling. Strong multidimensional effects in the
void fraction distribut on . the core were also observed.
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Differences in_the BNL Best-Estimate (B-E) and

Evaluation Mod 1 (Pi;m:ryp(* (Ialrulatiunéi

e

‘tem Best-~Estimate !ji'.'aluatiun

7l~n;14t_ri_a>l> ‘;:Lnfi_ll_I ons

ks Total Power 3479 MWt

Decay Power f ANS 79 1202 of ANS 71

Fuel-to-Clad Gap 0.0000379 m Westinghouse Proprietary

)
Gap Conductance 6000 W/ m“k

Axial Power Profile Chopped Cosine Chopped Cosine

(0.55 1.145 (0.24 1.416
0.55) 0.24)

Radial Power Dist. 0.919 to 1.11 0.919 to 1.38

Boundary Conditions
e et S &
ks Break or Containment Supplied Less than B-E
Pressure

safety Injection Sys,
Delay 25 Sec. Delay

No. of ECCS Trains Two One

Accumulators All

four loops Three Intact loops;

Smaller Inveatory than
B-E

scenario

Pump Trip Did not Trip Tripped




Table 6.2 Comparison of Sequence of Events ff).l:

BNL B'-lja:_;n.a— E-M Type Calculations

Events Time (s)

BE/BNL

Break

Safety Injection Signal

Generated.

Broken loop Ac cumulator

Injection.

Intact lLoop Accumulator
Injection.

Pressurizer Empties (Water

Level < 0.005 m).

Safety Injection (Charging,

Residual Heat Removal,

High Head Safety Injection).

Lower Plenum Refilled

(Liquid Fraction 0.97)

and Beginning of Reflood.
Temperature.

Accumulator Empty Did Not

ouenching of Hot Spots

Beg ins




The conclusion from this study 1is that the licensing type boundary and
initial conditions contribute about SO0°F of the total conservatism of
1200°F (Rohatgi, 1984) in the PCT. In addition, when these calculations
were compared with the Westinghouse Appendix K calculation, the conclusion
was that the hot channel configuration and the conservative physical models
contributed about 700°F of conservatism in PCT. Also, the PCT occurred in
the reflood phase in the evaluation type and Westinghouse calculations, in-
dicating that the decay power and ECCS are more fmportant for determining
the PCT. Finally, we believe that there is a need for continuing this study
to determine the sensitivity of PCT, refill and quench time to various im-
portant phenomena occurring during a LBLOCA.

6.2.2 BWR/4 ATWS Calculations Using the RAMONA-3B Code
(L. Neymotin and P. Saha)

It was stated in the previous quarterly report (Hsu, 1984) that a typi-
cal BWR/4 MSIV closure ATWS calculation was completed using the TRAC-BDI
(Version 12) code. Calculation of the same transient using the RAMONA-3B
(MODO/Cycle 6) code has been completed during this reporting period, and the
long term results of this calculation will be discussed here. (The short
term results of both TRAC-BD1 and RAMONA-3B were discussed in the last quar-
terly report (Hsu, 1984).)

As a part of the trausient scenario, it was assumed that highly concen-
trated borated water would be injected into the reactor vessel at 165 sec~
onds in the transient. The flow rate of the injected borated water was as-
sumed to be 2.78 kg/s (or 43 gpm) with boron concentration of 23800 ppm.
This is equivalent to activating one SICS pump in most of the BWR/4's with
13%Z solution of Sodium Pentaborate. The HPCI and RCIC systems were assumed
to be in the automatic mode during this transient.

As the beron concentration in the core started to increase, the reactor
power dropped momentarily resulting in a drop in the void fraction which, in
turn, increased the power again. These competing effects of negative boron
reactivity and positive reactivity insertion due *o void collapse kept the
reactor critical for a long time. Meanwhile, the downcomer collapsed water
level reached the high level shut-off point or Level 8 at approximately 1275
seconds due to continuous injection of HPCI and RCIC water. After this
water injection was terminated, the boron concentration in the core started
to increase at a higher rate and the reactor power eventually dropped to ap-
proximately three percent of the rated power at 1400 seconds. However, at
that time, the downcomer collapsed water level reached the low level setting
again, and the HPCI and RCIC water was turned on automatically. This caused
the reactor to become critical again. The calculation was intentionally

terminated at 1500 seconds.

Figures 6.5 through 6.9 show the long term RAMONA-3B results for the
downcomer water level, boron concentration (per unit liquid mass) in the
core, reactor power, core average void fraction and core flow rates, respec-
tively. Close interactions among these variables are quite clear. It can
be seen that if the HPCI and RCIC water was not turned on again at 1400
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seconds, the reactor power would have stayed at the decay heat level. Sys-
tem pressure, in the long term, remained between 7.3 and 7.55 MPa (1070 and
1110 psia), and only the first bank of relief valves continued to cycle.

Since steam released through the S/R valves is dumped into the suppres-
sion pool, the pool water temperature starts to increase. To maintain the
containment integrity, it is important to keep the suppression pool water
temperature at a sufficiently low value. The pool water temperature is,
therefore, an important variable from the plant safety viewpoint.

As mentioned earlier (Hsu, 1984), a stand-alone computer program vas
written to solve the mass and energy conservation equations for the suppres-
sion pool water. Steam flow rates and enthalpies calculated by RAMONA-3B
were used as input to this program. Complete condensation of steam in the
pool water was assumed, and no credit was taken for the pool cooling by the
RHR system. The initial pool water volume and temperature were 3859 m>
and 90°F (32.2°C), respectively. The calculated pool water temperature is
shown in Figure 6.10 indicating the maximum temperature of 205°F (96.1°C) at
1500 seconds for RAMONA-3B. This temperature is high enough to cause con=
cern for the containment integrity.

The results presented above clearly indicate that RAMONA-3B can be used
to analyze long term ATWS events in a BWR. The results look physically rea-
sonable, and the computer running time was quite acceptable (CPU to real
time ratio of ~4 in the BNL CDC-7600 computer). It has been found (Hsu,
1984) that the spatial power distribution does vary significantly during a
BWR ATWS. Thus, RAMONA-3B with space-time neutron kinetics is a superior
and preferable tool to a point-kinetics code for analyzing such events.

It should be noted that the present RAMONA-3B results, although not
specific to any particular plant, do indicate that even an early boron in-
jection (at a rate of 43 gpm with 23800 ppm of boron) may not be adequate
for mitigating the adverse consequences of an MSIV closure ATWS in a typical
BWR/4. This is based on the relatively high suppression pool water temper-
ature as presented in Figure 6.10. In this connection, there are at least
two items that need further discussion. These are: a) non-perfect mixing of
boron, and b) suppression pool cooling.

Non-Perfect Boron Mixing

It is known that during a low flow or natural circulation cooling mode,
all the boron injected into a BWR lower plenum may not carry into the core,
This is because of higher specific gravity of the injected borated water,
and the presence of hundreds of control rod guide tubes in the lower plenum,
However, in the RAMONA-3B calculation, no such boron stratification effect
was considered. Thus, the boron concentration shown in Figure 6.6 is proba-
bly higher-than-actual, which has probably resulted in a lower-than-actual

hot shutdown time.
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An attempt has been made to take into account the effect of possible
boron stratificacion. Based on the boron mixing efficiency vs. recircula-
tion flow as presented by Dente (1982), a value of (.75 can be assumed for
the boron mixing efficiency in the present estimate. Thus, the actual boron
concentration in the core would be about 25% lower than the values shown in
Figure 6.6. This would delay the drop in reactor power from ~ 1300 seconds
(as shown 1in Figure 6.7) to ~ 1450 seconds. Even with the assumption of no
HPCI and RCIC injection at 1400 seconds (so that the reactor does not become
critical again), the additional reactor power would increase the suppression
pocl water temperature by another 12°F (6.7°C). Thus without RHR cooling,
the pool would be boiling, increasing the probability of containment
failure.

il‘”)i)v“.";h!”n Pool Cooling

During a BWR ATWS, the operator would be expected to activate the RHR
System to reduce the suppression pool heat-up rate. However, the RHR system
ls designed to remove only about 3% of the rated power. Therefore, even 1if
the pool cooling is activated at the early stages of the transient, the max-
imum reduction of pool water temperature would be approximately 15°F
(8.3°C).

A realistic boron mixing or stratification model coupled with maximum
pool cooling by the RHR system can, therefore, result in a pool temperature
0f~202"F (94.4°C) at the time of reactor hot shutdown. This temperature is
still high from the plant safety viewpoint. Thus, the effects or other mit-
igative features such as manual rod insertior » use of two SLCS pumps with

total capacity of 86 gpm, lowering the downcomer water level to the top of
active fuel (TAF), etc., should be investigated. The RAMONA-3B code is al-
ready being used for such investigations under the NRC Severe Accident Se-
quence Analysis (SASA) program.
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Figure 6.1 TRAC Radial and Azimuthal Noding Scheme for the Reactor
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Figure 6.3 Comparison of Lower Plenum Liquid Mass for the B-E
and E-M Type Calculations (BNL Neg. No. 5-731-84)
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7. Thermal Reactor Code Development ( RAMONA-3B)

(p. Saha, L. Neymotin, G. C. Slovik, H. R. Connell, and E. Cazzoli)

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. S. or-
ganizations for the analysis of U. 8. reactors.

During this reporting period of January to March 1984, support has been
provided to several RAMONA-3B application projects. This has led to some
corrections and improvements to the code. In addition, a draft User's Man—
ual has been completed, and the code (RAMONA-3B/MOD0O/Cycle 7) has been dis-
tributed to several U. S. organizations. The details of the progress achiev-

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

The previously reported (Neymotin, 1984) BWR/4 MSIV closure ATWS calcu-
lation was continued from 560 seconds and was normally terminated at 1500
seconds. A hot shutdown reactor condition was reached at about 1400 sec~-
onds. The reactor power remained at 3% of the steady-state value for 50
seconds, but then experienced an increase to approximately 15% when the HPCI
and RCIC systems were reactivated on a low downcomer water level signal.

A detailed discussion of the RAMONA-3B long term results of this tran-
sient can be found in Section 6.2.2 of this quarterly report.

7.2 Support for the Eccentric Control Rod Drop Calculation
(G. C., Slovik, H. R. Connell and L. Neymotin)

During this reporting quarter, an eccentric control rod drop accident
in a typical BWR has been analyzed at BNL (by Dr. D. Cokinos) using RAMONA-
38 under the NRC/NRR sponsorship. Support has been provided in the areas of
input deck preparation and actual calculation. A more flexible control rod
movement option has been added to the code so that a SCRAM signal would not
necessarily insert all control rods. This was required so that the dropped
rod would not be reinserted at the SCRAM signal.

7.3 Support for Browns Ferry ATWS Study (E. Cazzoli and L. Neymotin)

Support has been provided for the Browns Ferry MSIV closure ATWS calcu-
lations that are being performed at BNL using RAMONA-3B under the NRC Severe
Accident Sequence Analysis (SASA) program. The first series of calculations
included simulation of operator actions according to the new Emergency Pro~
cedure Guidelines (EPGs). These included lowering the downcomer water level
to the Top of Active Fuel (TAF) and maintaining it there, and lowering the
reactor vessel pressure in accordance with the heat capacity temperature lim-
it curve for the pressure suppression pool. A transient calculation up fto
600 seconds has been run.
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During the above calculation, some code modifications in the area of
hydraulics were made in order to simulate the EPC-imposed operator actions,

i.e., level and pressure controls.

/.4 RAMONA-3B Improvements/Corrections (L. Neymotin)

/+.4.1 Core Pressure Drop

A new feature has been developed for the code's thermal-hydraulic pack-
age . Until now, the user had to perform several trial and error steady-
state calculations to adjust the form los coefficients at the entrance of a
number of parallel core channels in order to obtain the desired pressure
drop across the core region (which is one f the few available plant charac-
teristics). [t is extremely difficult to obtain those coefficients from
geometrical considerations alone. Also, knowiedge of the total “lower ple-
num to core’ form loss coefficie nt is not sufficient for determining form
losds distribution at the core entrance.,

The new feature allows for an imposed core pressure drop during the
ly-state phase of the « ilculation. During iterations bLetween the neu-
tronics and the h‘,‘fff.lli]l"‘i, the entrance form loss coefficients for each hv-
draul i hannel are adjusted such that at the end of iterations the core
pressure drop 1s equal to the user supplied value, and the flow rate through
each channel {8 proportional to the hannel power predicted by the three-
dimensional neutron kinetics .

General Corrections

ew corrections to the RAMONA-1B oding have been made during the re

quarter:

afuty and Relief Valve (S/RV I1ft characteristics calculation
bee corrected. (Lift characteristic is a fraction of the valve
tug or closing as a function of time since the valve is acti-

the plant control or safety

I ipper limit n the condensation rate has been introduced 1in

tect the calculation from err )t when the condensation rate mu ]~
tiplied by the current time step exceeds the amount of steam present in a
particular hydrauliec cell.

) A number of built-in convergence criteria in the hydraulic and
neutronic areas have been read justed for a more efficient code operation.

Reactivity Edits (G. C. Slovik)

I'wo previously unresolved technic al issues, 1.,e., the total reactivity
from the perturbation theory not agreeinsg with the sum of the component re-
tctivities, and exclusion of the second order term from the void feedback
reactivity calculation, have been resolved during this re porting quarter.
The appropriate updates have been received from Scandpower, and they will
soon be incorporated into the BNI version of RAMONA-IR.




7.6 User's Manual and Code Distribution

a, L. Neymotin, G. C. Slovik, and H. R. Connell)

A draft of the RAMONA-3B user's manual including input instructions,
code structure and user guldance has been completed. The document corre-
sponds to the latest version of the code, 1i.e., RAMONA~-3B/MODO/Cycle 7,

which has been distributed to the following U.S. organizations:

a)
b)
c)
d)
e)
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Similar nonequilibrium effect has also been observed in the secondary
side pressure of SG calculated by TRAC, especially when the SG 1is being
filled with cold Auxiliary Feedwater (APW). In several transients, the
secondary pressure remains high while the temperature declines. It appears
that further code assessment work 1is needed to verify the code calculation
of the U-tube steam generator pressure when the cold auxiliary feedwater is
introduced into the SG. However, it is expected that this uncertainty would
not significantly change the overcooling transient calculations.

Only the first transient (Transient No. 1) will be discussed in detail

in this report, For the remaining five transients, only the comparison be~

tween the primary temperatures obtained by the LANL and BNL calculations

will be shown. Details of the review of these transients can be found in a
separate topical report (Jo, 1984) .

Transient 1 is a steam line break accident initiated by a 1-ft? break
at the main steam line during the HZP operation. This transient was also
calculated by NSEA for BG&E (Baltimore GCas and Electric) using the RETRAN

code.

Figure 8.1 shows the downcomer temperature calculated by TRAC with the
system average temperature obtained by the BNL hand calculation. Two BNL
calculated temperatures are shown in the figure. Onme is calculated with the
assumption that heat transfer between the wall of the reactor vessel (and
other structure) and liquid is instantaneous, and thus, the metal tempera-
ture changes with the liquid temperature. The other assumes that the heat
transfer is so slow that the metal temperature does not change at all. The
actual temperature should be between these two extremes. The TRAC downcomer
temperature initially agrees well with the temperature calculated without
the metal mass acconnted for, and then it eventually approaches that calcu~
lated with the metal mass accounted for, as expected. This indicates that
the metal takes a considerably longer time to cool. The liquid tempera-
tures calculated by TRAC at various locations are shown in Figure 8.2 along
with the RETRAN and BNL temperatures without the metal in the initial 1500
seconds., The figure shows that the downcomer temperature may be represen-
tative of the system average temperature, and the TRAC, RETRAN and BNL

calculations agree very well.

Figure 8.3 shows the system pressure calculated by TRAC, RETRAN and
BNL. It shows that the RETRAN pressure is virtually identical to the TRAC
pressure, while the BNL pressure which is calculated based on the adiabatic
assumption, is higher than these, as expected. The figure also shows, for
comparison, the water level in the pressurizer calculated by BNL., As ex-
pected, the pressure and the water level behave similarly.

Figure 8.4 shows the pressure in the steam generators from both the
RETRAN and TRAC calculations. The saturation pressure corresponding to the
system average temperature calculated by BNL is also shown in this figure.
The SNL saturation pressure matches the broken SG pressures for both TRAC
and RETRAN calculations very closely. However, the intact SC pressure for
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TRAC increases while the RETRAN pressure continues to decrease for the ini-
tial 1020 seconds and also shows several sharp drops. A similar steam gen-
erator pressure response is observed in several other transients for the
TRAC calculations when the steam generator is being filled with cold AFW,
This is apparently related to the severe nonequilibrium effect caused by
the TRAC condensation model. As discussed earlier, further work is needed
to clarify this uncertainty. However, it is not expected to alter the
course of the rest of the transient significantly.

The calculation was terminated at 7200 seconds. Beyond this time, the
System temperature {s expected to continue to decrease until it eventually
reaches 357°K, where the decay heat balances with the cooling by the charg-
ing water and the AFW.

As mentioned eacrlier, only the comparison between the primary tempera-
tures obtained by the LANL and BNL calculations are shown for the remaining
five transients (Figures 8.5 - 8,10)., For Transient 11, the RETRAN tempera-
ture calculated by ENSA 1s also shiown during the first 600 seconds.

In general, the temperatures and pressures of the primary system calcu-
lated by TRAC are very reasonable.

8.2 Review of RELAPS H. B. Robinson-2 Calculations
(C., Yuelys-Miksis and U, S. Rohatgl)

An informal report documenting the RELAP5/MODI1.6 results of the H. B.
Robinson PTS transients simulated at INEL has been received, and is being
reviewed. Review of the RELAPS input decks for the full power and hot zero
power transients for the H., B. Robinson plant has been completed. Results
of the review have been documented in a BNL memorandum (Rohatgi, 1984) which
has been transmitted to NRC and INEL. 1In general, the plant input was con-
sistently represented in both decks with minor variations from the Robinson
FSAR values, These differences are described in the aforementioned

memorandum,

Work is In progress in reviewing the RELAPS calculations. In particu~-
lar, hand calculations based on the simple BNL model as applied to the Cal-
vert Cliffs PTS calculations, will also be employed to the Robinson PTS
activity,

REFERENCES

JO, J.H., and ROHATGI, U.S., (1984), "Review of TRAC Calculations for
Calvert Cliffs PTS Study,” BNL Report, to be published.

ROHATGI, U.S. and YUELYS-MIKSIS, C., (1984), "BNL Review of RELAP5 Input
Decks for H, B, Robinson from INEL,” BNL Memorandum to P, Saha, March 22,

1984,
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I1. DIVISION OF ENGINEERING TECHNOLOGY

SUMMARY

Stress Corrosion Ctackiqgfgf PWR Steam Generator Tubig&

The experimental program on stress corrosion cracking (SCC) at Brookhaven
National Laboratory (BNL) is aimed at the development of a quantitative model
for predicting the behavior of Inconel 600 tubing in high temperature aqueous
media. Much of this has been done in an ongoing experimental program in which
empirical relatioaships are being established between stress corrosion crack-
ing failure time or crack velocity and factors influencing cracking. These
include stress, strain and environmental and metal lurgical variables. Envi-
ronments are related to the ingredients of primziry or secondary water. Cold
work of Alloy 600 is included, and activation energies are determined. A
ma jor item that {is preventing a final analysis of the slow strain rate factor
is the development of a method to detect crack initiation.

SSC was found earlier in four U-bends of production tubing exposed in
deaerated, pure water at 315°C, and provided a continuous Arrhenius plot from
365°C to 315°C. More cracks occurred during this quarter. CERT with 0.01%
carbon material was continued in secondary water ingredients. Tests at con-
stant load were not active during this period. Computer programs are avail-
able for handling the proposed model used for predictive purposes for Inconel
steam generator tubing, but the CERT data have to be improved before this can

become reliable; no funding is available for this purpose now. Also,verifica-
tion of the mouel with tubes from service is due.

A proposed standard test procedure for ASTM balloti~} is in final modi-
fied form, dealing with Electrochemical Potentiokinetic Reactivation (EPR)
tests used in detecting sensitization of stainless steels. The first ballot
produced two negative votes, which were resolved. It may be beneficial to use
a slight modification in the present procedure for best results.

Model verification with tubing from the Surry Steam generator at PNL is
still stongly advocated, together with some tests in constant extension,

Bolting Failure Analysis

All work on the Bolting Failure Analysis Program was completed during

this quarter, and a final report was transmitted to Technical Information for
publication.
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(D. van Rooyen)

The objective of this program is to develop quantitative data to serve as
e predictive basis for determining the useful life of Alloy 600 tubing in
service, For this purpose, tests are being run on production tubing of
Inconel 600 at different carbon levels to examine the various factors that
influence the cracking of tubing. Verification was planned with tu._ing 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 is 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 ihat would apply
in service; tubing from actual production is used in carrying out these
tests. The enviromments include both normal and "off" chemistries for primary
and secondary water. Material condition also includes various degree of cold
work,

9.1 Constant lLoad

No work was done in this area during this quarter.

9.2 CERT

It is repeated that CERT data on SCC require a better distinction between
the initiation and propagation stages than can be achieved by our present
extrapolation technique. Corrections are needed to improve the quantitative
determination of SCC induction times. New data confirm apn activation energy
of 33 Kcal/mole for crack growth, pending the introduction of a better
correction in the calculation.

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

We have discontinued plans for the new test that would permit simulation
of an active dent. Static dents continue in test.

9.3 U~ ds

Split tube type U-bends cracked in earlier tests at 325°C-365°C and
suggerted a possibility that the carbon level of the Inconel influences the
crack initialion/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 1981. These U-bends have
now shown cracking for 0.02, but not yet at higher carbon. The 0.012 material
continued to give cracks in the previous quarter,
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9.4 Future Work

Future work will be the continuation of long-term tests, and exposures in
AVT. However, it is strongly recommended that work om 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.
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10, Bolting Failure Analysis

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

All work on the Bolting Failure
quarter, and a final report was
publication,

Program was completed during this

transmitted to Technical Information for
It will appear as BNL-NUREG-51767,

The conclusions from

the work were given in the
report.

previous quarterly




11. 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 Combiration Criteria for Design of Concrete Containments

In the previous quarterly progress report, the procedure for developing
prnhahllity-bdsud load combination criteria for design of concrete contain-
ments was summarized. In addition, four sample containments as shown In Table
11.1 were constructed in order to test the objective of the proposed load com-
bination design criteria.

On the basis of flexual 1imit state of the concrete containments, the
load factors for three loads, i.e., dead load, accidental pressure due to a
large LOCA and gsafe shutdown earthquake have been determined. The results
will be included in a technical report which is currently being prepared.

Under the condition that the containments are only subjected to dead load
and accidental pressure during its service life of 40 years, the results are

summarized as follows.
The proposed load combination for design of concrete containment is

R (11.1)

load effect due to design dead load
load effect due to design pressure
load factor for accidental pressure
nominal structural resistance
resistance factor

some load factors may be preset in order to simplify the task. For exam—
ple, in Eq. 11.1 the dead load factor is preset tO be 0.9 because the dead
load has a stabilizing effect. With regard to resistance factor ¢, the values
recommended by MacGregor will be adopted for this study.

The accidental pressure 18 caused by an event of Loss of Coolant Accident
(LOCA). The design value of such a pressure is determined by a Design Basis
Accident (DBA). For each representative containment, a design pressure is
specified as shown in Table 11.1. The accidental pressure is assumed to be
static and uniformly distributed on the containment wall.

The dead load mainly arises from the weight of the containment wall. The
design value of the dead load is computed based on the unit weight of rein-
forced concrete as 150 1b/ft3-




A three-dimensional finite element model is used for the structural
analysis of the containment. The finite element utilized in the analysis #s
the shell element as described in the SAPV computer code. A detailed
cross—-sectional viev of the containment model is shown in Fig. 11.1. As can
be seen from this figure, the containment 1is divided into 20 layers. Except
at the top of the dome, each layer has 24 elements such that the nodal points
are taken every 15° in the circumferential direction. "his discretization
requires a total of 481 nodes and 468 elements.

Using the finite element model, the analysis of the containments under
dead load and accidental pressure are carried separately. The individual load
effects are then combined according to Eq. 11.1 with assigned load factors.
lhe limit state considered in the study 1s the flexural limit state. Finally,
on the basis of the ultimate strength design of reinforced concrete, the
amount of the required rebar area is determined as shown in Table 11.2.

Since the loads intrinsically involve random and other uncertainties, an
ippropriate probabilistic model for each load must be established in order to
perform reliability analysis.

Dead Load

The dead load primarily arises from the weights of the containment wall.
It is noted that there are some uncertainties as to the actual magnitude of

the dead load. For the purpose of this analysis, however, dead load is
issumed to be deterministic and 1is equal to the design value, which is
computed on the basis of the weight density of reinforced concrete as 150
. 3 '

Al .

Accidental Pressure

l'he accidental pressure is considered as 4 quasi-static load and it is
uniformly distributed on the containment wall. The accidental pressure {s
ldealized as a rectangular pulse and it will occur in accordance with the
Polsson law during the containment 1life. Under these assumptions, three
parameters are required to model the accidental pressure: the mean occurre
rate ‘p (per year), the mean duration ugp (in seconds) and the intens
P The intensit P 1s considered as a random variable. Two sets of parameter

values shown in Table 11.3 are considered in this studv.

Based on the limit state and probabilistic models for loads and material
strength, the reliability analvsis of ¢ itainments was carried ut . The
unconditional limit state probability is shown in Table 11.4 in which the
lifetime of the struc tures is taken to be 40 vears.




The objective function for this case may be written:

a.(w, V;‘), Vp)

. (logPs i - logPg 1)2
o 8rf 1 loghrf T/

i=1

in which w; is set to be 1 while ¢ and Y are fixed. Hence, only p is
an unknown variable to be determined. Pe T {s the specified target limit
state probabilirty. It is assumed to be one of the following three values:
1.0 x 1“'%, 1.0 x 10°® and 1.0 x 10-7. Using the limit state probabili-
ty of the samples, Pf,i as shown in Table 11l.4, the objective function @ is
computed at several values of Y. and a parabolic curve passing through these
values is plotted as shown in Fig. 11.2. From this figure, the load factor
Yo, Which minimizes the objective function, is determined and tabulated in
rable 11.6.

PUBLICATIONS

KAWAKAMI, J., HWANG, Y., CHANG, M. T., AND REICH, M. "Reliability Assessment
of Indian Point Unit 3 Containment Structure”, BNL-NUREG-51740,
NUREG/CR=3641, January 1984.




11.1 PWR Reinforced Concrete Contaimment Samples

Jes ign parameters y S Sample 4

ins ide radius 70'-0" 60'-0" 60'-0"

dome rise ratio

cylindrical height 150'-0" 5 i 150'-0"

cylindrical wall thickness 4'-6"

dome wall thickness 3'-6"

cencrete compressive

strength (psi) 4000 4000 5000 5000

steel yield strength

(psi) 60,000 60,000 60,000 60,000

dead load (1b/ft3) : 150 150

accidental pressure (psi)

safe shutdown earthquake

(g)




Table 11.2 Requir
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0.9D+1.0P
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Table 11.3 Probabilistic Characteristics of Accidental Pressure

Duration

Mean/Design Value

i
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Jistribution l Caussian
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7.89 =10

e

Sdml\_l_t; 1

—

2.69 =5

Case B

Sample 2

————

4.15 -5

by

5.3/'. =9

| Sample 3 |

3.73




Target

Limit

State

1.

£

> Pressure Load Factor (D+P,)

e e ——

Pressure Load Fac tor,

—

—




T LELE MENTS 265 288
24!-264

145 -168

. 2 ——————

121 - 144

—

97- IZO

PR - —

73 96
49 72

25 - 48
| TELEMENTS T-24

Cross Section of Containment Model.

Fig. 11.1




!

F: -5

R — Pf,T = le 'O i
iy 7 '"Pf T° |Ox 10

VPf,T: | Ox |O-7

<29
1
LOAD FACTOR,

CASE A

LOAD FACTOR, y,
CASE B

Load Factor v (D+p )
D A

- 131 -




12. Mechanical Pilwim: Benchmark Problems

(p. Bezler, M. Subudhi, Y.K. Wang and S. Shteyngart)

7.1 Physical Benchmark Development
The report entitled "phvsical Benchmark Evaluation, Extended Z Bend",
dated February 1984, describing the blind predictions for the extended Z bend

test was issued.

The physical benchmark evaluation of the NRC/EPRI Main Pipe Line 1 has

not been carried further during this period. Owing to the need for an

expeditious completion of the Multiple Supporting Piping study tasks and the

addition of new tasks to that area, the physical benchmarking etfforts have
been delaved. As indicated in the last per iod the piping model is ready for
use. Also, in this period the data tape of the input forcing functions for
the benchmark evaluation were transmitt ed by ANCO to BNL. The tape was suc~
cessfully processed >n the BNL system. Some further modeling data has been

requested from ANCO.

Mult ijlv Hummr(vd i‘i_R".n;; System

As noted above, during this period, the entire effort was devoted to the
Multiple Supported Piping study. All the scheduled calculations were com=
pleted and processed by mid=-January. Following a preliminary review ol the
data a presentation of key results was made to the PVRC Committee Ior Piping
it their January 24th meeting in Ft. Lauderdale, FL. Definite interest in the
atudy results were expressed and, in fact, the committee chairman suggested
several additional areas for study. Further, the BNL representatives were
requested to prepare a complete description of the study results for presenta-

May meeting of the PVRC Committee for Piping in New York.

Following the Ft. Lauderdale meeting the NRC project monitor requested
that the following additional tasks, which are in accord with the PVRC chair-

mans requests, be undertaken:

(i) Consider the "Center of Mass Anproach”™ as another candidate method
for computing the dvnamic component of response and assess its

idequacy.

Assess the study results for all critical pipe locations to assure

that observed trends apply equally as well to those locations.

Apply the independent support motion methodology to the modified AFW
model, reference LLNL report NUREG/CR=3526.

These tasks were undertaken with the PVRC committee meeting date being
selected as the desired completion date. To comply with the third task area
interaction with LLNL representatives was initiated. A summary of the LLNI
results as well as the input spectra data for the modified AFW model were re-
quested. At the end of this period tasks (i) and (ii) were well underway.




a further result the PVRC meeting, the NRC pProject manager request-
every effort be made to prepare and complete a report describing the
le Supported Piping study before the May meeting dat To accommodate

request and to address the additional task areas

t he physical
penchmarking effort was delaved. Throughout the remainder of the period a ma-

jor effort was directed towards preparing the desired draft report.

results of 1@ study are summarized 1in ) Examples of

1

l:ave been presented in earlier quarterlies For > LLNL models,

thquakes, figures depicting e pertinent results of

Figures 1 l } show a sample of these for
moments or the RHR ) issae of each figure
iIifferent cases r 1¢ dynamic ) . ytal response and the

of evaluation for the static response. The ordinate repre-

f exceedance (TH=P] DICTED/TH) associ ited with each of the
sdures. T'he dashed hori: t line corresponds to the time his-
issumed t« I : ie response. Only two to

for different ponits on the model ire ;“il\!!t"f. These

legree of exceedance for all noines on the mudwl.AlI
response parameter would fall above the plotted
define the lower bound of the response parame-

The center of the line is the

standard deviation above and below this

the tabular results will be included

iminary report i > completed by the
will be made complete the addi-
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14. Analysis of Human Error Data for Nuclear Power Plant
Safety Related Events

(W. J. Luckas, Jr.)

Brookhaven National Laboratory (BNL) has been tasked in this program to
develop and apply realistic human per formance data and models to help quantify
and qualify the human's role in nuclear 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 systems expertise - a utility
analysis,

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

The development of the Multiple Sequential Failure (MSF) Model.

The usefulness of Probabilistic Risk Assessment (PRA) related human
reliability data in resolving human factors regulatory issues,

Utility Analysis of Using LER Data for HEPs Prediction

(J. N. 0"Brien, K. J. Voska)

The ohiactive nf +hie rae
3 ve OV VMM S

research has been the deveiopment 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 has been to assess the
practicality, acceptability, and usefulness of using the HERs obtained to
predict HEPs for use in PRAs.

In order to calculate HER, the total number of observed errors must be
divided by the total opportunity for error as follows:

MER = total number of a particular type of human errors

total number 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 quan-
tification of human errors reported in LERs. It is intended that the pro-
cedures be "stand-alone" in the sense that consistent and reproducible results
can be obtained by different users with minima) Support,

During the second quarter of FY 1984, work continued on the drafting of a
finnl report (see NUREG/CR-2744). The final report NUREG/CR-3519 has been




given a new title: "Human Error Probability Estimation Using Licensee Event

Reports” and will be issued during the next quarter.

14,2 Success Likelihood Index Method (SLIM) Development
(€. A, Rosa)

The use of Performance Shaping Factors (PSFs) and quantified expert
judgnent using SLIM is importent 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 continue to play an important part. Nevertheless, present extrapolation
techniques are covert, unsystematic, and rely on the knowl edge of a limited
aumber of judges. They do not systematically take into account the ways in
which PSFs combine together to affect the probability of success in particular
situations. Moreover, certain tasks cannot effectively be quantified using
reductionist approaches. For these tasks, involving diagnosis, decision mak=-
ing and other cognitive activities, a holistic technique will probably be
necessary.

Quantified subjective judgment has emerged from the previous analysis as
being of critical importance for human reliability eva.uation, 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 or
she is essentially considering the utility of the combination of PSFs in the
cituyation of interest in either enhancing or degrading reliability. SLIM has
the means of positioning a task on a subjective scale of 1ikel1hood of suc-
cess, which is subsequently transformed to a probability scale. This posi-
tioning is derived Dby considering the judges' perceptions of the effects of
the PSF in determmining task reliability. NUREG/CR-2986 documents the initial
appraisal of SLIM,

During the second quarter of FY 1984, efforts were devoted to finalizing
the draft of NUREG/CR-3518 entitled "SLIM-MAUD: An Approach to Assessing
Weman Error Probabilities Usina Structured Judgment." The addition of Milti-
Attribute Utility Decomposition (MAUD) to the basic SLIM procedure represents
the incorporation of an interactive microcomputer based program 1nto the
elicitation procedures so that assessors may generate their own PSFs, The
assessor generated PSFs are evaluated for theoretical consistency by the pro-
gran and then converted to failure probabilities. An assessment of progress
on the development of the MAUD addition to SLIM is an essential precursor to
the actual field testing of the technique.

The prin ipal objective of current work devoted to SLIM development is a com-
prehensive test of the MAUD-based impl ementation of SLIM. To accomplish this
objective required: (1) the acquisition of the MAUD program software and (2)




a microcomputer capable of running the program. Both of these tasks were
completed during this second quarter of FY 1984, In addition, training and
demonstration sessions were held at both BNL --4=MRC. Progress continues on
schedul ing and operationalizing the test of SLIm-MAUD.

14,3 Multiple Sequential Failure Model Development and Testing
(P. K. Samanta, J. N, 0'Brien)

The dependence of human failure on multiple sequential action is im-
portant in the evaluation of human reliability. NUREG/CR-2211 has analyzed
the nature of this dependence and has distinguished it from other types of
multiple failures. Human error causes selective failure of components depend-
ing on when the failure started. Two models have been initially developed for
quantifying the failure probability in a multiple sequential action. The
first is very general in nature and does not require any dependent failure
data. The failura probability obtained fram this model is a conservative one
with associated 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 cer-
tain amount from their lower bounds (independent failure probability). This
approach provides important insights into the influence of dependence of fail-
ures on system reliability, The model can be used effectively to choose an
optimum system considering the individual failure probability, dependence fac-
tor, and the amount of redundancy in a system,

During the second 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 2xperiment during the next two quarters.

14.4 PRA Human Reliability Data
(J. N. 0'Brien)

An assessment of the usefulness of PRA human reliability data in resoly-
ing human factors regulatory issues facing NRC has been undertaken. In order
to accomplish this, two efforts are being undertaken, Firct, a list of all
human factors issues is being assembled and the technical research questions
which must be addressed to resolve thkem developed. Second, all PRAs are being
reviewed to illicit exactly what type of data is presented. After both of
these efforts are completed, PFA data will bo compared to the human factors
technical questions to detemmine their usefulness.

During the second quarter of FY 1984, the above two efforts have been
commenced ,
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15. Human Factors Qtsygects of Safety/Safeguards Interactions
During Routine Operations and s??-ﬂomal Conditions

(J. N. 0'Brien)

Brookhaven National Laboratory has been tasked in this program to de-
scribe potential staff interaction problems during safety-related events and
recommended actions to prevent or mitigate those problems.,

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 exampie 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 safety
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 performmance of plant
personnel. This program sets out to examine the human factors aspects of
these potential problems and, further, to recommend measures to prevent or
mitigate any potential adverse impacts on safety.

In order to effectively address potential problems involving conflicts
between security requirements and operational practices, potentially trouble
some situations and human factors issues relevant to them must be identi fied.
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 contained in the
NUREG-0992 is considered to be representative of that which would come from
site visits since that is how the comittee'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, Mo formal attempt has been made to corroborate or verify the data
presented in NUREG-0992,

- 145 -




Emergency Action Levels

(W. J. Luckas, Jr.)

Brookhaven National Laboratory (BNL) has been tasked in this program to
develop guidance for bmergency Action levels (EALs) that can be integrated
into Emergency Operating Procedure (EOP) guidelines. Fram this guidance, a
method will be developed that can be appl ied by licensees to verify that the
EALs incorporated into their EOPs are usable in the control roam under acci-
dent conditions. This should result in a reliable and timely basis for de-
claring emergencies without being too camplex or burdensome to those who are
trying to safely mitigate the accident.

EALs are a plant specific, predetermined observabie and/or measurable
set of indications (such as a particular set of control room instrument read

ings having reached specific off-normal values) which are used to declare one
of the Emergency Classes (Alert, Site Area Energency, 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
Campany on their Wolf Creek Generating Station, that wuse 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 second quarter of FY 1984, the existing classification system
for the emergency classes based on the degradation of fission products barrier
was improved by applying the example in severe accident segences examples.




17. Protective Action Decisionmaking

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

17.1  Background

NRC regulations require that, in the case of a major nuclear power plant
accident, licensees recommend protective actions to reduce radiation dose to
the public. When certain emergency action levels are exceeded, the licensee
recommends protective actions to State and J>cal officials. The nature of the

protective actions recommended is determined by which emergency action levels
are exceeded,

In practice drills, decisions on protective action recommendations have
proven to be difficult. NUREG-0654 states that if containment failure is im-
minent, sheltering is recommended for areas that cannot be evacuated before
the plume arrives, but evacuation is recommended for other areas. The assump-
tion in NUREG-0654 is that there would be a greater dose savings if the popu-
lation were sheltered duriag plume passage rather than evacuated, but this as-
sumption has not been proven. Furthermore, the recommended protective actions
must be based on estimated containment failure times, which are difficult to
determine,

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 monitorirg teams to find "hot spots” (rziiation dose rate exceed-
ing about 1 R/hr) and for people to evacuate these "hot spots.,”

17.2 Project Objectives
lhe objectives of the activities to be performed in this project are to:

(1) characterize the family of potential accident sequence for which
emergency planning is necessary,

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

identify those factors which would influence the implementation of
these strategies,

determine how these factors should be incorporated into the de-
cisionmaking process, and

develop a guidance report on the protective actions to be recom-
mended for combinations of these factors.

*BNL Safety and Environmental Protection Division
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The final NUREG report for the project will be written in a simplified
manner that can be readily grasped by people not intimately familiar with ac-
cident consequence modeling. In addition, the report will also have a clear
and concise summary understandable to laypeople.

7.3 Igchnical Approach

The technical approach is based on an evaluation of the consequences of
nuclear power plant accidents as they relate to protective action decision-
making. The evaluation includes a careful review of previous work (e.g.
NUREG/CR-2339, NUREG-0654, NUREG/CR-2025, NUREG-0396, and reports and memo-
randa by the NRC staff) and its applicability to protective action decision-
making. The approach is also based on a consideration of a wide range of po-
tential accident sequences and on up-to-date assessments of containment per-
formance. Thus the technical basis will reflect the new fission product
source term information under development by the NRC/RES Accident Source Term
Program Office (ASTPO). BNL staff are closely following the activities of
ASTPO and, in addition, are participating in the SARP Containment Loads Work-
ing Group and in the Containment Performance Group. The work of these groups
will be integrated into our development of protective action strategies.

The evaluation will be based in large part on results obtained from the
CRAC2 computer code (Consequence of Reactor Accident Code, version 2). The
output 1is being analyzed in terms of dose vs. distance for a variety of re-
leagse characterizations, weather sequences, and protective action strategies.

In accordance with the above, we have selected the following six facili-
to represent the range of potential reactor and containment designs:

Zion: PWR with a large dry containment

Surry: PWR with a subatmospheric containment
Sequoyah: PWR with an ice condenser containment
Brown's Ferry: BWR with a Mark I containment
Limerick: BWR with a Mark II containment

Grand Gulf: BWR with a Mark III containment

17.4 Project Status
17.4.1 Summary of Activities

BNL attended the Second Annual Workshop on Emergency Preparedness Plans
and Programs hosted by Battelle, Pacific Northwest Laboratories, in Park City,
Utah, January 16-20. The workshop covered most aspects of Emergency Prepared-
ness from the perspectives of the NRC, utilities, scientific assessments, and
public response. The information presented indicated that the content of the
report being prepared by BNL is current and comprehensive. In additionm, the
information will assist us in writing our report in a manner that will clearly
address these perspectives.




We are assessing appropriate links between proposed protective actions
and emergency action levels based on in-prlant observables and containment
status (see Section 16 of this report). The assessment is being used to de-
termine the format for CRAC2 calculations for various accident sequences and
the related credible warning times and release characterizations. Emphasis is
being given to the compatibility of protective actions designed for very rap-

idly developing accidents with those designed for more slowly developing sce-
narios.

We have made several CRAC2 runs for two accident sequences appropriate to
the Zion facility. We discovered a minor error in the CRAC2 codes for the
particular weather sampling procedure we were using. A correction update for
the code was supplied by Sandia Laboratory, and this has been incorporated in-
to our copy of the code.

Since the manner of population response 1is important to a recommended
protective action strategy, BNL staff are also reviewing previous studies and
Ccurrent testimony at licensing board hearings.

17.4.2 Preliminary Conclusions

The results of these anaiyses to date have permitted certain preliminary
conclusions to be developed.

(1) In-plant conditions - BNL staff have been evaluating specific acci-
dent sequences to determine if readily identifiable plant conditions
exist which permit selection of appropriate protection action strat-
egles. Preliminary results indicate that such links do exist and
that protective action strategies can be based on in-plant observ-
ables for those accident sequences examined to this point.

Warning time: BNL staff analysis of severe accidents indicates that
warning times of several hours or more can be expected for the more
probable accident sequences, e.g. small break LOCA or transients.
Short warning times of 1 hour or lesns are associated only with less

probable accident sequences such as ATWS, which should be readily
{dentified.

Weather: The { rtance of weather in defining the consequences of a
radioactive release has been convincingly reconfirmed in our analy-
ses of different accident scenarios. The type of weather occurring
at the time of a release can dramatically affect the type of protec-
tive action recommended and the size of the area for which protec-
tive action is warranted. Since weather is an observable condition,
it is apparent that the recommended protective action strategies
should be highly weather dependent,

Plume rise: In the accident scenarios that BNL staff have evaluated,
the energy of release is an lmportant parameter affecting downwind
doses. It appears that this information will also be important in
selecting the appropriate strategy.
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