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FOREWORD

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

Commission, Office of Nuclear Regulatory Research.

The projects reported are the following: HTGR Safety Evaluation, SSC
Development, Validation and Application, CRBR Balance of Plant Modeling,
Thermal -Hydraulic Reactor Safety Experiments, LWR Plant Analyzer Development,
LWR Code Assessment and Application, Thermal Reactor Code Development
(RAMONA-3B); Stress Corrosion Cracking of PWR Steam Generator Tubing, Bolting
Failure Analysis. Probability Based Load Combinations for Design of Category I
Structures, Mechanical Piping Benchmark Problems; Human Error Data for Nuclear
Power Plant Safety-Related Events, and Human Factors in Nuclear Power Plant
Safegquards. The previous reports have covered the period October 1, 1976

through June 30, 1983,
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I. DIVISION OF ACCIDENT EVALUATION

HTGR Safety Evaluation

Stackpole 2020 medium sized samples (3 inches ¢ x 6 inches long) were re-
moved from HIL #1 for weight change measurements after 3023 hours. Average
weight loss was 0,00053 Wi/hr for the four samples, which is about four times
slower than the one from small samples (1/2 inches ¢ ), assuming a linear rela-
tionship between oxidant content and oxidation rate.

The cross sections of the 2020 graphites oxidized in different atmo-
spheres were examined with SEM, It seems that COp atmospheres usually do
not cause pittings but attack the binder phase rather uniformly. Hp0 at-
mospheres without Hj added caused some pittings, but the oxidation depth is
somewhat shallow, i.e., center of a specimen is usually intact. Adding Hp
to Hy0 atmosphere causes more pittings on the inside and outside surfaces.
This effort will continue to study as many specimens as possible.

A bigh temperature system utilizing a high frequency generator has been
built, ana the maximum operating temperature is ~ 2100°C. Preliminary runs
with Ag showed that temperature gradient and homogeneous nucleation tempera-
ture are the major factors determining the particle size of the aerosols,

The review and summary of the LCS performance assessment has been com-
pleted. All conclusions arrived at in the previous work (Siting Study) renmain
unchanged. The report is currently being circulated as a draft and is ex-
pected to be issued shortly.

The independent core and PCRV thermal analysis code for UCHA transients
(THATCH Code) is now operational in its first version and has been applied to
some sample transients with operating LCS. The further required improvements
are currently in progress.

$SC Development, Validation and Application

The Super System Code (SSC) Development, Validation and Application
Program encompasses a series of three computer codes: (1) §S8C~L for system
transients in loop-type LMFBRs; (2) SSC-P for system transients in pool-type
LMFBRs, and (3) SSC-$ for long term shutdown transients. In addition to these
code development and application efforts, validation of these codes is an on=

going task,

Under $SC-L activities, a two-dimensional, transient model to account for
{ntra-assembly heat and flow redistribution effects was developed. This work
is part of a larger effort to include improved representation of interassembly






The MINET code is designed to be easily interfaced to existing systems
codes, For example, the initial version of MINET is interfaced to the LMFBR
system transient code, SSC. Here MINET provides the steam generator represen=-
tation as well as the balance of plant, Efforts are now underway to interface
MINET with the BWR system code, RAMONA, to provide it with a BOP and certain
other auxiliary systems capability for water reactor applications.

Under MINET code validation activities, a report summarizing the compari=-
sons with experimental data from a coastdown to natural circulation test con=-
ducted at the EBR-II facility wae completed.

Thermal-Hydraulic Reactor Safety Experiments

It is shown that the particle bed heat removal rates observed in the BNL
top-flood experiments agree reasonably well with the predictions based upon
the latest version of the Lipinski (1983) model for particle size ranges of
0,89 mm to 12,7 mm. Calculations performed using the debris bed quench model
suggest that, depending upon the particle size and the decay heat level, re-
melting of the debris during the quench process in the yet unquenched regions
of the bed is possible,

Selected results from debris bed quenching experiments with bottom injec~
tion of the coolant are presented. The results show that the heat removal
rate is a strong function of the water injection rate, At low coolant injec~
tion rates, a quench front is observed to propagate upwards within the bed at
a constant speed.

Liquid metal-liquid coolant film boiling experiments performed to date
have been observed to fall into two distinct regimes. In one case, the film
boiling is stable and the liquid metal/vapor interface {s flat and smooth, On
the other hand, the second class of experiments shows an agitated liquid metal
interface with the metal splashing upwards into the coolant layer as much as
several centimeters, The resulting heat transfer rates in this case were ob-
served to be three to five times higher than those predicted by the Berenson
film boiling model,

LWR Plant Analyzer Development

The LWR Plant Analyzer Program is being conducted to develop an englneer-
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 main-frame, 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, main=-frame




computers in reactour simulations, The current program phase is belng carried
out tc provide a complete RWR simuliting capability, including on-line, multi-
color graphict displa: of safety-related parameter:,

The tesulis of the program avz important primarily for reactor safety
analyses, but 21so for on-line rlant monitoring and accident diagnosis, for ac-
cident mitigation, further for developing operator training programs, and for
assessing and improving existing and future training simulators. Major assets
of the gimulator under development are its extremely low cost, unsurpassed
convenience oi operatiun and high speed of simulation., Major achievements of
the pregram are summarized helow,

Existing simulator capahilities and limitations regarding their repre-
sentation of the Nuclear Steam Supply System have buen assessed previously.
Current simulators hsve been found to be limited to steady-state simulations
and to restricted quasi-steady transients within the range of normal operating
conditions.

A special-purpose, high-speed peripheral processor had been sclected ear-
lier, which is specifically designed for efficfent systems eimulaticns at
real-time or faster compuiicg speeds. The processor is the APIO from Applied
Dynamics International (ADI) of Ann &rbor, Michigan. A PDPF-11/34 Minicomputer
serves as the host compute: to program and control the AD'O peripheral proces~-
sor. Both the host computer 2nd the peripheral processor have been operating
at BNL since March 15, 1982,

An existing model for nonequilibrium, nonhomogencous two-phase flow in a
specific BWR hydrauli:s system has been implemented ua the API0 processor for
the purpose of comparing the¢ computing speed and accuracy of the ADIO, ex-
ecuting the code called HIPA-PB2 for High-Speed Interactive Flant Analysis of
the Peach Bottom-2 BWR power plant. The implementation of HIPA-PB2 has been
carried out in the high-level language MPS-~10 of the /D10,

it has bera demonstrated during the last quarter of 1982 that the ADIO
speciai~puri«ose peripheral processor can produce ac:urate simulations of BWK
des!:n base transients at computing speeds ten times faster than real-time and
110 times faster than the CDC-760C main-frame computer carrying out the same
simulation.

Alter the successful completion of tie feasibility demcustratior, work
has coulirued to expand the hydraulics < ’mulation used for that demonstration
te produce the capability of simulating the entire Nu.lear Steam Supply System

as well as the flow of the working mediu through turbines, condensers and
feedwater trains,

Model s hav: been developed and implemented fcr point neutron kinetics
with five feedback mechanisms and seven ecram trip initiations, for thermal
conduction in fuel elements, for steam line dynamics capable of simuiating
acoustical effe:ts from sudden valve actinne, for turbines, condensers, feed-

water preheaters and feedwater pumps, and for emergency coolant injection
systems,



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

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

Work has continued to develop a set of 60 blank diagrams with labelled
axis for multicolor displays of selected parameters as functions of time, via
the IBM personal computer. The IBM personal computer, however, has been found
to be too slow for real-time display from the ADIO,

The interest in the Plant Analyzer Development Program continues to be
high, both in domestic and foreign institutions. Seven presentations were
given with demonstrations, and an invited paper was presented during the cur-
rent reporting period.

LWR Code Assessment and Application

Since no new versions of TRAC or RELAP5 codes have been released re-
cently, more emphasis has been placed on the code applications area. Signif-
icant progress has been made in both the Westinghouse RESAR-3S large break
LOCA and the BWR/4 MSIV closure ATWS studies. In addition, a RAMONA-3B
nodalization study of the Peach Bottom 2 Turbine Trip Test 3 has been com-
pleted.

A best estimate TRAC-PD2 input deck has been developed for the Westing-
house RESAR-3S plant by simplifying the LANL VESSEL module and incorporating
it into the INEL deck. The same input deck has then been used to perform two
large break LOCA calculations using the TRAC-PD2/MODl1 code with several up-
dates., The first calculation used the best estimate initial and boundary con-
ditions, whereas the second calculation used the licensing type or Westing-
house~-specified initial and boundary conditions, In the best estimate
calculation, the peak cladding temperature was approximately B806°K and it
nccurred during the blowdown stage. The second calculation has been run up to
" 28 seconds, and so far the maximum clad temperature has been » 1000°K. How=
ever, this calculation is being continued and the peak clad temperature is ex-—
pected to be greater than 1000°K.

A preliminary BWR/4 MSIV closure ATWS calculation has been performed up
to 200 seconds using the TRAC-BDl code with its automatic control system, and
the results look reasonable. A RAMONA-3B calculation has also been run for
the same transient. Both of these calculations show the same general trend
for the global parameters such as pressure, reactor power, steam discharge



rate, etc, However, RAMONA-3B calculation does indicate a significant varia-
tion in the axial power distribution during the transient, which cannot be
calculated with a point-kinetics code such as TRAC-BDI. Finally, another
TRAC-BD1 calculation using the RAMONA-3B reactor power and the same boundary
conditions has been run up to 20 seconds. This last calculation showed that
RAMONA-3B's thermal-hydraulic response is quite close to that of TRAC-BDl for
an ATWS-type event,

Thermal Reactor Code Development (RAMONA-13B)

During this reporting period, a collapsed water level tracking capability
nas been added to the RAMONA-3B code an' significant progress has been made in
implementing the feedwater and recirculation flow control systems. The work
on collapsing 3-D cross sections for 1-D calculations and reactivity edits,
under subcontract to Scandpower (ScP), is nearly completed.



1. HIGR Safety Evaluation

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

1.1.1 Long Term Oxidation Experiments

Stackpole 2020 medium sized samples (3 inches P x 6 inches long) were re-
moved from HIL #1 for weight change measurements after 3023 hours. Average
weight loss was 0.,00053 We/hr for the four samples, which is about four times
slower than the one from smail samples (1/2 inches ) assuming a linear rela-
tionship between oxidant content and oxidation rate,

We are planning to modernize the existing HIL #1 and HIL #2 under con-
struction, As a part of an effort to cope with the reduced manpower, a data
acquisition system will be added, and the BNL computer will be utilized for
data processing.

The HIL #1 and #2 are essentially identical, and the schematic drawing
of the loop is shown in Figure 1.1.1,

1.1.2 Strength Loss of Graphite by Oxidation

Since we completed the oxidation experiments that had been generating
strength loss data for several grades of graphite in different atmospheres,
we have been analyzing the strength data and examining the oxidation morpho-
logies to get insights on the mechanism(s) for oxidation induced strength
loss. We ars planning to examine as many cross sections of the oxidized
specimens as possible, because a statistical approach is a must due to the
inhomogeneity of graphite in impurities distribution, pore structure and so
on,

The strength loss of graphite by oxidation is a complicated proccss in
which many variables sre involved as illustated in Figure 1.1.2. The degree
of strength loss is determined by oxidation mode, oxidation rate, total burn-
off and oxidation morphology. From the oxidation experiments, we generated
oxidation rate daia, and from the mechanical testings we obtained relation-
ships between burnoff and strength ioss. The examination of the surface ana
cross section of the oxidized specimen provides information on oxidation mode
and morphology.

Previously, PGX graphite was studied (M. Eto and F. B. Growcock, 1981)
and the results are summarized helow for comparison, This quarter 2020
graphite was mainly stvdied, and some of the results are given,.

a. PGX Graphite (Union Carbide, U.S.A)

The decrease in both compressive stength and tensile strength due to
oxidation at a given total burnoff is greater when the oxidation is carried
out in Oy than in Hy0/He or COz/He. The substantial enhancement of the
strength loss by O) at a given burnoff suggests that changes in the micro-
structure of PGX graphite produced by oxidation in Oy may be different than
the changes created in other atmospheres.



PURIFICATION SECTION

Figure 1.1.1 Schematic Diagram of HIL #1 and #2.
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The surface of a specimen oxidized in 2% HyO/He at 600°C is seen to
have a higher density of pits than that pgenerated by oxidation in 2%
02/Ny at 500°C though the total burnoff of the former specimen was lower
than that of the latter (2.77% vs. 5.05%).

X-ray maps indicated that oxidation by Hy0 was localized around re-
gions rich in iron. No clear correspondence between the distribution of iron
and the surface topography was evident for 0y/Ny oxidation,

Inspection of as-received PGX graphite surfaces by SEM and XES revealed
that the impurity iron is not distributed homogeneously at all, but rather is
localized in a few regions between grains, i.e., binder. Thus the proposed
mechanism for strength loss may be that oxidstion by Hy0 would led to for-
mation of large pits in the vicinity of ironm-rich regions, whereas oxidation
by Oy primarily would led to a large number of very small pits scattered
throughout the biader,

b, 2020 Graphite (Stackpole Corp., U.%.A.)

As reported in the previous quarterly (B. S. Lee et al., 1983), the
major effect of adding hydrogen (10%) to a Hy0 atmosphere (1%) on 2020
graphite is shown on the outer surfaces of the samples. The samples oxidized
in a Hy0 atmosphere (without Hy) showed little pittings on the cuter sur-
faces, while a 1% Hy)0/10% Hy atmosphere caused severe pittings on more
than half of the samples. Impurities could be detected inside the pits at
higher megnification, and these were analyzed to be Ca and Fe.

The inside of the samples did not show large pits. Thus, apparently
large oxidation gradient exists in these samples that show surface pitting.

The internal pore structure changes of some of the 2020 specimens oxi-
dized in different atmospheres were studied by examining the cross sec-
tions of the specimens with SEM. This should reveal the oxidation morphology
differences caused by different environments, and should give explanations
for the strength test resnlts. Once again, graphite is not a very uniform
material in impurities and structure, and ststistical approaches shkould be
taken to see the trends. Therefore, it is mnecessary to examine as many
specimens as possible.

Figures 1.1.3, 1.1.4, 1.1.5 and 1.1.6 show the typical cross sectioans of

2020 grephites oxidized in 0y, 0, H3;0 and H0 + Hy environments,
respectively.

It is tvo premeture to draw any conclusions from these examinations, but
some trends were noticed. It seems that, for 2020 graphite, €Oy atmos-
pheres usually do not cause pittings but attack the binder phase rather uni-

formly. B0 atmospheres without Hy; added caused some pittings, but the
oxidation depth is somewhat shallow, i.e., center of a specimen is usually
intact. Adding Hy to Hy0 atmosphere causes more pittings on the inside

and outside surface.

Deep pits are usually associated with impurities. Figure 1.1.7 shows
that the distributions of different impurities are independent of each other.
If we assume that active catalysts are accumulating in the pits as oxidation
proceeds, probably Ca and Fe are the major catalysts.

- 10 -
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1.2 Fuel and Fission Product (B, S, Lee, J. H, Heiser, III, C. C. Finfrock

and C. Sastre)
1.2.1 Gas Phase Fission Product Migration

This quarter, our major effort was focused on building a high tempera-
ture system to study gas phase transport of the fission products. This sub-
ject had been studied at BNL earlier (October 1, 1977 to September 30, 1982).

In order to generate the source term related data on fission product
transport, we are refocusing on this subject.

The experimental results from earlier work clearly demonstrated that the
formation of nuclear aerosols under certain HTGR accident conditions, by
which vaporized fission products such as Ag, Sr and Ba, are transported in
the gas-phase. It was also learned that, in cases of SrO and BaO, the chemi-
cal reactions of the oxide with graphite could be the controlling tactor for
Sr or Ba release at temperatures above 1300°C, while the release of Ag at
higher temperatures is controlled either by nucleation or evaporation step.
The previous work at BNL was reviewed in a recent BNL memo (B.S. Lee, 1983,
Memo to File 122).

Based un the existing information and knowledge, the following works are
pianned, (These will be modified if necessary in the future.)

1) Ezxpand the existing work to higher temperatures (up to 2500°C and
3000°C for system #1 and 2, respectively).

2) Ag will be studied first to get the necessary experience.

e Different crucibles will be used for comparison; graphite and
probably tungsten.

e Nucleation step will be studied by varying the temperature
gradient.

e The effect of Hyp0 concentration in He will be studied.

3) For Sr and Ba study, SrO and BaO will be used directly instead of
nitrates.

e Nore dauta will be generated at higher temperatures.
e The effect of HyO concentration in He will be studied.

Experimental Set-up

The sources of high-frequency energy are motor-generator set, spark-gap
oscillator and vacuum-tube oscillator. We have been using a motor-generator
set that generates 10 kHz frequency with a maximum output of 30 KW to study
migration of fission product in graphite. This apparatus has proven that it
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can heat a graphite block up to 3600°C utilizing Thermax (trade name for
Vanderbilt Co.) as an insulation. Thus no problem is expected in converting
this system to conduct experiments to integrate the aerosol and diffusion
work.

In addition to this motor-generator set, we have a vacuum-tube oscilla-
tor type high-frequency generator. The radio frequency gemerated from this
set is in the range of 200 ~ 450 kHz which is much higher than that from the
motor generator set., The output from this machine is 10KW.

At first we attempted to heat a large graphite block (3 1/4''¢x 7' L)
inside an alumina tube (8'' P) with thermax as an insulator in between. The
maximum temperature reached was ~1500°C, and it was found that Thermax was
generating heat, The reason why Thermax works as good insulating material
for the other system we have (10 kHz system) while it feils to be an insula-
tor for this high frequency system is being studied.

Thermax was replaced with zirconium oxide (Zr0O3), and the maximum
temperature was reached at ~2500°C, However, the Zr0) was reacting with
the graphite producing orange colored particies (probably some zirconium oxi-
carbides). Thus this plan to heat a big block with the 10KW machine was
abandoned, and it was decided to go for a small system without insulation.
Because the system will be clean, the measurements of the vapor pressures of
some of the fission product and other materials of interest are possible in
addition to the aerosol formation study.

When a 1'" ¢x 2'' L graphite specimen was heated with a double helix
solenoid coil of 40 mm @ (inside coil), the maximum temperature was ~2300°C,
However, the softening point for fused quartz is 1670°C and the melting point
is 1800°C, and heating the graphite specimen inside fused quartz tube caused
formation of SiC on the surface of the graphite. Yellow fumes were also ob-
served during the heating. Thus, it was clear that some form of cooling for
the fused quartz reactor tube was necessary.

With a water jacket (0.D. 70 mm) and silver mirror on the ouvier surface
of the inner tube, the maximum temperature reached was ~1750°C. Without the
water jacket, with the same size coil as above, the maximua temperature was
sbout the same. Thus, water or the mirror is not taking a significant amount
of esergy. Apparently, the distance increase between ithe specimen and the
coil due to the water jacket is the major caui® of the poor coupling.

The eilver mirror ((30pin) deposited on the surface of a quartz tube was
reducing radiation heat loss, but the boiling of the water inside the pores
of the coating caused peeling off of the mirror after several runs.

The silver mirror was replaced with thin platinum foil (0.001 in), but

because of the coupling of the platinum the actual work temperature was lower
than the system without a platinum mirror,
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With a water jacket only (0.D. 50 mm, without a mirror), the maximum
work tempersture is ~2100°C, This temperature limitation is from the low
power output of the machine (10KW)., However, we will attempt to change the
system design drastically so that we can reach higher temperatures than
2100°C. For the time being, this system will be utilized to conduct experi-
ments that require clean and controllable atmospheres.

Prelimin.ry Experiments

Two preiiminary runs at 1500°C and 2000°C with silver have been com-
pleted., The schematic diagram of the set-up is shown in Figure 1.2.1, The
filter was purchased from Millipore Corp., and the pore size is 0.2um.

Figure 1.2.2 shows the silver aerosol particles from the 1500°C rua, and
the average particle size is ~1000 A.  The particles from higher tempera-
tures, 2000°C, were smaller (500 ~ 700 A).

These preliminary results show that vaporization temperature and homo-
geneous nucleation temperature may be the major factors determining the par-
ticle size. Future study will include investigation of the effects of major
parameters,
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Figure 1.2.2 Silver Aerosol Particles Formed From Silver Vapor
Evaporated from a H-451 Craphite Crucible Heated
at 1500°,



1.3 Analytical
1.3.1 HIGR Code Library (J. Colman)
Table 1.3.1
HIGR Code Library - Alphabetic Code Order
Origin/ BNL
Program __ Code Date Status -
BLAST ORNL/ACC opP A dynamic simulation of the HTGR
8/76 (BNL reheater—steam generator module.
1/80)
BLOOST/ GA/SAI oP Performs zero-dimensional reactor
BLOOST-7 1/70 kinetics calculations,
CHAP-1 LASL opP Simulates the overall HTGR plant
(Jan. 1978) 2/17 with both steady state and
transient solution capabilities,.
CIRC (JETS) QNL opP Calculates fluid dynamics in an
4/.:2 HTGR containment vessel following
a depressurization accident,
CNTB-7 GA oP Analysis of Partially mizxed
77179 containment atmospheres during
depressurization events,
ACC = Argonne Code Center.
BAW = Babcock and Wilcox.
BNL = Brookhaven Nat. Lab.
BPNW = Battelle Pacific N.W,
GA = General Atomic.
LASL = Los Alemos Scientific Lab,
NOP = Non-Operational.
OP = Operational
ORNL = QOak Ridge National Lab.
P = Proprietary.
SAI = Science Applicatioms, Inc.
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Origin/ BNL

Program Code Date  Status Function
CONTEMP-G uA-BAW oP (P) Simulates temperature-pressure
(CONTEMPT-G) 2/74 response of an HTGR containment

atmosphere to postulated coolant
circuit depressurization,

CORCON GA oP (P) Computes the temperature history
7/74 and fission product redistribu-
tion following a loss of all
convective cooling of the core.

CORTAP ORNL ACC oP A coupled neutron kinetics - heat
1/77 (BNL transfer program for the dynamics
1/80) simulation of the HTGR core.
DECAYREM ORNL oP RSIC Data Library Collection.
5/74
DIFFTA BNL opP Finite element method code for
11/75 Steady State Heat Conduction,

Fission Product Migration and
Neutron Diffusion Calculations,

ENDFB and BNL opP Evaluated Nuclear Data File/B and

Satellite file manipulation codes.

Codes

EVAP BNL oP A model for the Migration of Fis-
5/78 sion Products along the coolant

channels of an HTGR following
a hypothetical accident of com—
plete loss of cooling.

EXPEM ORNL opP Calculates external radiation
2/78 doses.

FENG LASL op One of three codes which create or
2/ add to the reactions data library

for QUIL and QUIC codes. Reac-
tions added are of type Frec

Energy.

FEVER-7 GA opP Performs one-~dimensional, diffusion
theory, burnup and reload calcu-
lations.
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Origin/ BNL
Program _ Code Date  Status Function

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

FPPROD BNL opP Performs simplified fission product
3/78 production analysis,
FYSMOD LASL NOP Calculates the two-dimensional
9/176 solution of HTGR core blocks sub-
jected to external motion,
GAKIT GA opP Performs one-dimensional multi-
9/68 group kinetics calculations

with temperature feedback.

GAMBLE GA op A program for the solution of the
multigroup neutron-diffusion
equations in two dimensions,
with arbitrary group scattering.

GGC4 GA/ACC opP Prepares broad thermal cross sec-
tions from the tape produced by
WTFC and MAKE,

GOPTWO/ BPNW 6/75 op Graphite Oxidation Program.

GOP-3 BPNW 10/76 NOP Analyres the steady state graph-
ite burnoff and the primary cir-
cuit levels of impurities.

HAZARD BNL opP Analyzes gas layering and flamma-
3/n hility in an HTGR containment
vessel following a depressuriza-
tion accident,

H- CON1 BNL oP Calculates one-dimensional heat
5/16 conduction for an HETGR fuel pin
by finite difference method.
HYDRA-1 BNL opP A program for calculating changes
/76 in enthalpy single phase liquid
due to external heat source.
INREM ORNL opP Calculates internal radiation
2/15 doses.
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Origin/ BNL
Program  Code Date  Status

Function

INTERP GA op
MICROX
LIBRARY
JANAF Dow Chemi- op
cal Company
11/78
LARC-1 LASL NOP
11/76
LARC-2 LASL NOP
LASAN-BNL LASL/BNL oP
LASAN-LASL
4/78
LEAF LASL NOP
11/76
MAKE SAl opP
NONSAP-C LASL NOP
10/78
ORECA-1 ORNL-ACC )
4/176

Prepares broad group cross sections
from MICROX output data tapes,.

JANAF Thermochemical Tables.

Calculates fission product release
from BISO and TRISO fuel parti-
cles of an HTGR during the LOFC
accident for single isotopes.

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

A general systems analysis code
consisting of a model independent
systems analysis framework with
steady state, transient and fre-
quency response solution capabil-
ities, There are two versions of
the code available - the original
LASL version and the converted
BNL version,

Cslculates fission product release
from a reactor contsinment
building.

Prepares fine group fast cross sec—
tion tape from GFEZ for spectrum
codes,

Calculates static and dynamic re-
sponse of three-dimensional re-
inforced concrete structures, in
eddition to creep behavior.

Simulates the dynemics of HTGR
cores for emergency cooling
analyses. (Fc, St. Vrain)
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Origin/ BNL
Program _ Code Date  Status

Function

ORIGEN ORNL opP
4/75
ORTAP ORNL-ACC opP
9/17
OXIDE-3 GA oP (P)
1/74
POKE GA OP (P)
7/70
PREPRO GA oP (P)
PRINT SAI op
QuUIC LASL oP
2/1
QuUIL LASL op
2/17
KATE LASL op
7/78
RATSAM-6 GA opP
5/17
RECA GA NOP (P)
8/70
RICE LASL opP
3/75

Solves the equation of radioactive
growth and decay for large num-
bers of isotopes with arbitrary
coupling.

A nuclear steam supply system simu-
lation for the dynamic analysis
of HTGR transients,

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

Calculates steady state 1-D flow
distributions and fuel and
coolant temperatures ir a gas
cooled reactor.

Prepares input data anl source code
revisions for RECA code.

Reads the fast cross section tape
produced by MAKE,

Solves complex equilibrium distri-
bution in chemical environments,

Scvives complex equilibrium distri-
bution in chemical enviromnments,

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

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

Calculates time dependent flow dis-
tributicns and fuel and coolent
temperatures in the primary

system.

Solves transient Navier-Stokes
equations in chemically reactive
flows,
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Origin/
Program Code Date

Function

SODEMME BNL
8/77

SOLGASMIX

SORSD

SORSG

SPRINT GA/SAI

SUVIUS

TAC2D

TEMCO/TEMCO?7

o°P (P)

Calculates transient thermal hy-
draulic aspects of circulating
gas systems.

Calculates equilibrium relation-
ships in complex chemical
systems,

Computes the release of volatile
fission products from an HTGR
core during thermal transients.

Computes the release of non-
volatile gaseous fission products
from an HTGR core during thermal
transients,

Reads the thermal cross section
tape produced by WIFG.

One of three codes which create
or add to the reactions data
library for QUIL and QUIC
codes., Reactions added are

of type Surface.

Solves the behavior of fission
gases in the primary coolent
of a gas-cooled reactor.

Performs twoc-dimensional, tran-
sient conduction analyses.

Calculates the transient be-
havior of the integrated HIGR
power plant.

Computes reactor temperature co-
efficients from input cross
section data.




Origin/ BNL

Program Code Date  Status _Function
THGRAF BNL opP Calculates position and velocity
21/717 of the thermo-chromatograph as
a function of time for various
models.
WTFG GA oP Prepares fine group thermal cross

section tape from GAND2 or
FLANGE for spectrum codes.

1-DX oP Performs one-dimensional, diffu-
sion theory, steady state cal-
culations.

1.3.2 Liner Cooling System Performance under Accident Conditions
(P, G. Kroeger)

The review and revision of thke liner cooling system (LCS) performance
assessment was completed, including an evaluation of the flow reductions to
be anticipated as boiling may occur in some tubes under transient peak heat
fluxes subsequent to thermal barrier failures. Figures 1.3.1 and 1.3.2 skow
some typical results of our assessment. Figure 1.3.1 gives the peak heat
fluxes iper square foot of liner outside surface) that can be accomodated at
the side barrel for specific exit qualities. Figure 1.3.2 gives the re-
sulting flow reductions., Both results are given for two potential designs of
125 ft or 250 ft tube lengths for each of the parallel tube passes.

None of the previously arrived at conclusions, (Appendix F, Siting
Study) were affected by the curreut review, except that the current work more
clearly establishes the conservatism used in our work and thus provides an
even firmer base for this work. The results are given in detail in am in-
formal report (BNL-NUREG-33073) which is currently being circulated in draft
1c:m and is expected to be published in November 1983,

1.3.3 Primary Loop Thermal Analysis under UCHA Conditions (P. G, Kroeger
and 7. Colman)

The independent core and primary loop thermal analysis code for UCHA
scenarios (THATCH code) has been fully debugged and was applied successfully
to several test transients, comparing it to previous results obtained with
the CORCON code, to demonstrate that equivalent results can be obtained, and
to establish confidence in our models,. In these test applications with
operating LCS the code was applied as closely as possible to previcus CORCON
runs, using an almost identical nodalization, the same time steps, and the
same material property and decay heat functions. Under these conditions many
of its improved modeling capabilities could not be utilized, and the resul-
ting differences were predominantly due to a more accurate treatment of tem

perature dependent properties at boundaries, in particular at the thermal
barrier,
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In these comparisons the peak core temperatures of the THATCH predic-
tions ran about S50°F higher than those of the CORCON predictions, and the
thermal coverplate temperatures in the upper plenum were about 30°F lower re-
sulting in slightly less or later thermal barrier failures.

With this check against CORCON as well as with numerious other debug
checks, we are now certain that the code can model thermal transients of the
core and PCRV accurately. It will be applied in all future UCHA modeling re-
quirements,

Its primary advantages at this time are improved plena radiation com-
putations, better side shield and thermal barrier models and greater flexi-
bility in changing material property and decay heat functioms, with complete
control and knowledge over all phases of the code. Various input and output
options significantly ease its application. A preliminary documentation for
the input requirements has been drafted.

Currently coverplate failure modeling is being added, and we are pro-
ceeding to include improved material property routines, providing options for
best estimates is conservative data. Coucrete water migration, melting and
spalling of components and decay heat redistribution will be added thereafter
to complete the code, resulting in significantly improved capabilities for
the analysis of UCHA core and PCRV thermal transients,

1.3.4 Containment Atmosphere Response (P. G. Kroeger)

A report reviewing previous containment atmosphere response work and
assessing che potential for more remote combustion scenarios in the Base Line
Zero 2240 MWth design as well as in the Fort St. Vrain reactor is currently
being drafted.
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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
LMFBRs. During thkis reporting period, work continued on three codes in the
SSC series. These codes are: (1) SSC-L for simulating short-term transient: in
loop-type LMFBRs; (2) SS¢-P which 1is analogous to SSC-L except that it is
applicable to pool-type designs and (3) SSC-S for long-term (shutdown) tran-
sients occurring in either loop~ or pool-type LMFBRs. 1In addition to these
code development and application efforts, validation of these codes is an
on-going task. Reference is made to the previous quarter'y progress report
(Guppy. 1983a) for a summary of accomplishments prior to the start of the
current period.

2.1 S88C-L Code (M. Khatib-Rahbar)

2.1.1 Intra-Subassembly Heat and Flow Redistribution (M. Khatib-Rahbar, E. G.
Cazzoli)

A transient model based upon the previously developed parabolic flow
model has been developed. The model solves the equations of

Continuity
e aov)
Tl 3y =0 (2.1)
Energy
2
T T T _a_ 3°T 0 (xy)
3t *u ax re 3y i 1_7'+ o€ (2.2)
ey P
and
Axial Momentum
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together with the energy equalions for the duct walls and interstitial sodium.



Numerically, the spatial differencing is identical to the earlier steady-
state parabolic method; however an implicit time differencing procedure is
adopted.

The code has been applied to the Westinghouse 6l-rod pin bundle experi-
ments and good agreement is observed for both an undercooling and an over-
cooling event. Figures 2.1 through 2.3 show the transient power, flow and
subsequent power-to-flow ratio as measured in test run 613. Figures 2.4
through 2.6 illustrate the comparison between calculated and measured trans-
verse coolant temperature profiles at various times into the transient.

Figure 2.7 shows the comparison between measured and calculated sodium
temperatures corresponding to thermocouple locations 230 and 324 in the bun-
dle. Again, excellent agreement between the model predictions and test data
is demonstrated.

A detailed report describing various models and numerical techniques that
have been developed is being prepared. The code input and user's manual also
will be included.

2.1.2 Modeling of German KNK-II Reactor System (B. Schubert, GKSS/Germany,
M. Khatib-Rahbar, R.J. Kennett)

As part of its work for LMFBR safety analysis, the GKSS-Forschungszentrum
Geesthacht (Germany) plans the calculation of natural circulation transients
for the German reactor KNK-IT using SSC (Guppy, et al., 1983b). Special fea-
tures of this reactor system include: 1) a Dump Heat Exchanger (DHX) in the
secondary loop, which removes the decay heat after reactor scram and 2) con-
trol valves in both primary and secondary loops, which control the sodium flow
rates under natural circulation conditions to keep loop temperatures constant
and to prevent the structures against thermal shocks. These features are also
being discussed or partly used for other reactors, such as the SNR-300 or
Superphenix II. Figure 2.8 shows schematically the KNK-II reactor plant. If
scram occurs, all pumps are tripped and the DHX flaps open. At the same time,
controllers and their associated control valves are activated. The steam gen-
erator is bypassed on the sodium side. The DHX sodium outlet temperature is
controlled to a constant pre-scram value by ad justing the air flow rate (KNK-
IT, 1977). Because the present SSC version cannot simulate these KNK-II plant
specific DHX and associated controls, models have been separately developed
and are discussed here.

2.1.2.1 Heat Exchanger Model

The heat exchanger configuration used in the model is shown in Figure 2.9.
The heat exchanger is of the single pass, cross-flow design using f inned
tubes. Heat can be removed by either natural or forced convection. Since the
sodium outlet temperature has to remain approximately constant, the air flow
rate is controlled: 1) by flaps and/or adjustable blade angle, keeping the
fan speed constant or 2) by variable fan speed, keeping the blade angle con-

stant.
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For the modeling of the heat exchanger and the hydraulic response, the
following assumptions apply:

- one dimensional flow
. no axial heat conduction
- incompressible fluids

. the logarithmic mean temperature is valid

. the heat transfer mechanism of the air-side dominates the whole
heat transfer process

. air {s treate' as ideal gas,
. thermal and hydraulic inertias of air are neglected.

The energy equation for the DHX sodium side is written using the log mean
temperature difference (LMID) approach. The use of the LMID is exactly valid
only in the case of counter-current flow. The application here to a cross-
flow heat exchanger is done by introducing a correction factor, which consid-
ers the reduced heat transfer rate under these conditions.

2.1.2.2 Fan Model

In order to be able to simulate the fan behavior under accident condi-
tions, e.g. station blackout, or air flow control with variable fan speed in-
stead of variable blade angle, fan curves are described by polynomials as ob~
tained by the homologeons theory (Street and Wylie, 1967). The polynomial co-
efficients are based on values given by (Cady, 1979). These values were ob~-
tained from FFTF measurements. They do not necessarily fit those measured in
KNK-T1, but because of the lack of sufficient KNK-II data and because the gen-
eral behavior of fans should not be much different, these values are used in
the present model. 1In addition, the ad justable fan blade angle is modeled by
a given function multiplied witk polynomial results.

The dynamic behavior of the fan is expressed by an angular momentum equa-
tion. The momentum loss due to friction is modeled by the following relations
as proposed by (Cady, 1979). Because the momentum loss due to friction only
becomes important under low pump speed conditions, the equation is limited to
low pump speeds. For the motor torque it is assumed that the pump shaft and
the impeller are accelerated until they reach design speed at the full design
torque. After pump trip, the pump torque becomes zero.

During normal operation, the air cooler chimney is closed by flaps which
cause the heat exchanger pipes to remain in an almost adiabatic condition, as
assumed in the previously described model. However, after scram occurs, these
flaps open automatically and air circulates through the chimney. It has been
found that during air cooler start-up transients, air flow caused only by nat-
ural convection can become high enough to drop the sodium outlet temperature
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substantially below the set point. To avoid such behavior, the flaps are in-
corporated in the control process and act as a control device via the pressure
drop, as well as the ad justable fan blade.

2.1.2.3 Controller Model

A controller is used to ad just the air cooler sodium outlet temperature to
its pre-scram value. Figure 2.10 shows the principal arrangement. The con-
troller chain consists of two cascades, where the second cascade uses a pro-
portional-integral-differential controller. Controlled variables are the air
cooler sodium inlet and outlet temperatures. To obtain better control behav-
for, the error signal of the inlet temperature is added via a differential
controller to the main controller inlet. The assigned temperatures before
scram serve as set point values. The models used to describe the controlling
chain are those suggested by (Khat.b-Rahbar, 1980) and explained in more de-
tail therein. A block diagram of a unit controller is shown in Figure 2.11.

The dynamics of the power element flaps and fan blades are described by
first order differential equations with higher order influences neglected.

7.1.2.4 Numerical Considerations

The assumption that both fluids can be treated as incompressible, simpli-
fies the numerical solution significantly. Because the hydraulic equations
depend only slightly on the energy equations, whereas on the other hand the
temperature field is strongly coupled to the flow rate, the hydraulics is
solved first, using the temperatures of the last time step. The energy equa-
tion is then solved utilizing the updated flow rate.

The sodium energy equation is transformed into a finite-difference equa-
tion for the numerical solution. For further numerical simplification, the
source term in the energy equation uses the temperatures of the previous time
step. The assumption made here is that the source term should vary only
slightly during a transient, which is certainly the case in slow decay heat
removal transients.

Because of (he non-linearity of the source term and the small amount of
mass on the air side (causing a small heat capacity), the air side energy
equation is hijhly unstable when solved directly. Hence, this equation is
solved iteratively fr each time step with a Newton-Raphson procedure.

During operational transients, only the sodium equations must be solved
and the source term (q) is equal to zero. At the beginning of a DHX start-up
transient, q is indefinite. Hence, a steady-state solution is first provided
for the entire system where both energy equations are solved iteratively by
Newton-Raphson.

The air side hydraulic equation provides, explicitly, the air mass flow
racte. However, for the sodium side hydraulics, the respective pressure terms
are calculated and added to the overall secondary loop pressure loss, and the
$SC integrator package calculates the advanced sodium flow rate.
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In order to be sure that no mumerical instabilities are caused by the so-
dium energy equation, several stability criteria, as given by Courant (Roache,
1972) and (Madni, 1980), have been checked for different cases over their ex-
pected ranges. The results are depicted in Table 2.1. Comparing the most re-
strictive characteristic time constants with the SSC time steps calculated
during test runs, it can be stated that these vzlues are well within the range
of values calculated by SSC. Therefore, an additional time step control for
the model was not !ncorporated into the code.

The interface between SSC and the DHX model is easily done by providing
the sodium mass flow rate, the sodium inlet temperature and a scram flag,
which indicates whether scram occurred or not for the DHX. The DHX itself
delivers the sodium outlet temperature back to SSC.

2.1.2.5 Post Shutdown Control System

During post scram conditions the reactor power usually drops much faster
than the core flow rate in the first few seconds. This results in a large and
rapid temperature variation at the core outlet which may lead to thermal
stress on the structures, thus eventually influencing the long term reliabili-
ty of the plant. In order to reduce thermal stress, German plant designs use
motor operated valves in the primary and intermediate loops to decrease and
ad just the flow rate more rapidly to match the relative power and to minimize
large temperature variations in the reactor circuits.

The typical controller circuit for the flow control under natural circula-
tion conditions is shown in Figure 2.12. The controlled variable is the flow
rate in either the primary or secondary loop. This value is compared to the
demanded flow rate which is a function of the produced power and, compared to
the level before scram, the stored power in the system. A three point switch
(on-of f~on controller) uses the signal from the comparator to drive a valve
motor .

~ The impact of tho valve is felt through its pressure loss. The valve po-
sition dependent pressure loss is introduced by the drag coefficient (Cy)
which is a function of the valve stem position. Because the function is high-
ly dependent on the valve design, no function is given here, but values can be
found in (Hutchinson, 1976).

2.1.2.6 Results

The models described previously have been coded and tested on a stand-
alone basis in order to assess model features and limitations, as well as the
controller settings. As a reference transient, a sodium inlet temperature
ramp of 3 K/s has been used, with the sodium flow rate kept constant at 9.5
kg/s. These values are within the expected range of the KNK-II experiments
and the SSC-DHX calculations. The results are presented in Figures 2.13 =

2016.

In Figure 2.16, the behavior of the alr-flow controller actuator elements
is shown. After reactor scram, the DHX fan is started at once, whereas the
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Table 2.1 Comparison of Characteristic Time Constants

Using Different Criteria
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blade angle is still kept at zero. When the sodium temperatures exceed the
controller deadband, the flaps open. The DHX air outlet temperature drops im=
mediately (Figure 2.13), causing the sodium outlet temperature to fall under
the controller set point temperature. Thus, the flaps stop opening and the
air flow rate remains almost constant for several seconds (Figure 2.14). Then
the flaps continue to open. After 25(s) the flap opening reaches 7.5% of full
open and the blade angle ad justment provides additional support for the air
flow delivery.

The movement of the blade angle was initiated on the basis of the flap
position of 7.5% in order to satisfy the air flow demand signal in a reason-
able time scale. The influence of the flap motion on the air flow rate be-
comes less important after exceeding a value of 30X open and, hence, the flaps
are decoupled from the controller signal and open at a higher constaut rate,

Figure 2,15 {llustrates that the DHX inlet sodium temperature stabilizes
at about B13% which corresponds to a 2409 desired AT across the heat ex-
changer. The system then starts to settle down to steady conditions as is in-
dicated by the slow decrease of the air flow rate.

Because the scram conditions itor the DHX are not accurately known at pre-
sent, several other transients were calculated with varying sodium flow rates
(0.5 to 3.0 x Wgef) and inlet temperature gradients (1.5 to 4.5 K/s). It
was found that in all cases the system behaves adequately, although the con-
troller settings may need to be read justed at a later time when the code is
coupled with 8SC and/or actual parameters are known.

2.2 8S5C-P Code (E.G. Cazzoli)
2.2.1 Code Maintenance (E.G. Cazzoli)

The pool version of SSC is under review and is being modified to upgrade
it to the latest cycle of the program library, in order to take advantage of
recent improvements in SSC-~L. In order to establish that the revision is per-
formed consistently, we plan to analyze plant test transients for the PHENIX
reactor, simulated previously, and compare results.

Because of the existence of only one base program library, which contains
all the subroutines and coding for all versions of SSC, much unnecessary work
has been very carefully avoided. Wherever there is over-lapping use of a sub-
iroutine from one version to another, the programming need not be duplicated.
Likewise with code validation, once a code module or mode! has been validated
for one version, it is automatically validated for all SSC versions to which
it is common.

2.2.2 Modeling of Reactivity Feedback Effects for the EBR~II Reactor
(C. McAndrews, W.C. Horak, R.J. Kennett)

In order to simulate reactivity transients for the EBR-II reactor (a
cold=pool design), modifications were made to SSC to handle the input of over-
all reactivity coefficients. The modifications were made to three subrou-
tines: DOPPST, VOIDST, GROWST.



A. DOPP5T

The Doppler contribution is calculated by averaging the temperatures over
the active fuel regions and applying Eq. 2.4.

Nlast
RSDOPP = Z FSBDOP(n) & ALOG (AVGTEMP/TSSREF) (2.4)
n=]
where, R5DOPP = Doppler feedback reactivity
FS5BDOP = Average Doppler coefficient for channel n
AVGTEMP = Average temperature of active fuel
TBS5REF = Cold shutdown reference temperature.

B. VOIDST

The sodium void contribution was calculated for the average fuel channel
and average reflector assembiy. The original subroutine considered a change
in density with respect to a reference density, with a mass difference subse-
quently calculated. The sodium voild coefficient was to be supplied with units
of reactivity per kilogram. However, the information received from ANL was in
units of reactivity per degree Fahrenheit. Therefore, the original subroutine
was extensively modified.

The changes included calculating an average nodal temperature, taking its
difference from a reference temperature and computing the sodium void re-
activity feedback (Eqs. 2.5 = 2.6).

DELTEMP = (T6NODE(J) + T6NODE(J+1))/2.0 - TB5REF (2.5)

Nast J1ast

RS5VOID = z 2 PSVWT(I\,J) « DELTEMP (2.6)
n=1 J=1

where, T6NODE = Coolant temperature at each axial nodal interface of
each channel

FSYWGT = Sodium void reactivity coefficient for each node of
each channel,

The input of FSVWGT is on an axial basis so that the coefficient pertain-
ifng to the particular slice of a channel i{s the total coefficient for that
subinterval divided by the number of nodes in the subinterval. The sodium re-
glons consicered are the driver Na region, upper reflector Na region, and rad-
fal reflector Na region. The coefficients for the driver and upper reflec-
tor Na region are applied to the average fuel assembly while the radial re-
flector Na region coefficient is applied to the average reflector assembly.



C. GROWST

The calculations of the effects of fuel radial expansion and control rod
bank extension on reactivity are made through GROW5ST. This routine was modi-
fied greatly so as to handle the data give. by ANL. The channels considered
were the average fuel assembly and the average control rod assembly.

The contribution is calculated by obtaining a change in temperature on a
nodal basis due to fuel radial expansion in the average fuel assembly, with
respect to a reference temperaturz, and then multiplying by the appropriate
expansion coefficient (Eqs. 2.7 ~ 2.8).

DELTEMP = T5DPAV(J) - T85REF (2.7)
RS5GROW = RSCROW + FS5AWGHT(J) « DELTEMP (2.8)
where, TSDPAV(J) = Volume-average fuel temperature in each axial slice

FSAWGT(J) = Fuel axial expansion reactivity coefficient for
each axial slice J of channel K.

The input of FSAWGT is again on an axial basis and found from the overall
coefficient in the same manner as in VOID5T. Since the input data were sup-
plied in this form, no special consideration was given to the fact that a

change in temperature was calculated for a non-fueled region, i.e., lower
blanket.

The control rod bank expansicn reactivity coefficient is given in units of
reactivity per foot. Therefore, in calculating the reactivity contribution,
the linear expansion of the control rod due to a change in temperature must be
determined. Equation 5-7 of the SSC mamual (Guppy, et al., 1983b), was used
to find a, the average linear coefficient of thermal expansion. This was then
used to find the reactivity contribution due to linear expansion (Eq. 2.6).

RSGROW = ALPHA & Z5AFUL » FS5AWCT &« DELTEMP (2.9)
where, Z5AFUL = Active fuel length

DELTEMP = Average temperature of control rod - reference tem-
perature

Since the temperature did not change much it was not necessary to calcu-
late the contribution due to control rod bank expansion for the rod drive

region. The contribution was calculated for the section of control rod inside
the reactor.

2.3 8SC-S Code (B. C. Chan)
2.3.1 Ilmproved Upper Plenum Modeling (B.C. Chan)

The transient hydro-thermal model has been completed and incorporated into
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plar: apyroached a new equilibrium condition. The total contribution from the
three, +ffects was 24.42¢ worth of negative reactivity at peak values.
Individua) ountributions are summarized in Table 2.2.

Table 2.2 Feedback Reactivity at Maximum Change

Type As
Doppler 8.81 x 1079
Vold 0226
Growth L0184

-2“2 » r‘)'.l.
*Time compared was 138 sec and 0 sec

Further testing of the reactivity modeling in SSC will be made as more
information is obtained from EBR-II.

2.4.2 Upper Plenum Revision (W.C. Horak)

A change was made in the energy balance »quat!on for the upper plenum
two-region model. This change was made to correct a slight discrepancy in the
temperature calculation for the upper (hotter) regfon when the two regions
ifnitially form.

2.4,%. 1IHX Plena Thermal Masses (W.C. Horak)

~ug term FFTF simulations have shown a need to include the effect of the
metal structure in the IHX plena i{n the temperature calculations for the
plena. Generic changes to the code to account for this effect are now being
ieplemented and tested.

2.4.4 FFTF Long Term Simulations (W.C. Horak, R.J. Kennett)

During this quarter, long temm simulatfons of the four FFTF scram-to-
natural circulation tests were completed. The 100X, 75%, and 351 power tests
were simulated for a total of 3600(s) each. The 5% power case was slmulated
for a total of only 1500(s) since the actual experiment was terminated at that
time by restarting the pumps. 1In all cases, a four channel core model with
two heat transport loops was used. Computational time was approximately three
to four times faster than real time. Initial analyses of tiut data indicate
good agreement with the experimental data, but some discrepeicies still exist
in the secondary flow rates. The results will be analyzed more fully in the
near future and a final report issued.
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3. Balance of Plant Modeling (. G. Guppy’

The Balance of Plaut (BOP) Modeling Program deals with the development of
safety analveis toocls for system simulaticn of nuclear power plants. It pro-
vides for the development and validation of models to represcnt and link to-
gether BOP components (e.g., steam generator components, feedwater heaters,
turbine/generater, condensers) that are generic te all types of nuclear power
plarts. This system traneient analvsis pacage is designated MINET 'o reflect
‘he generalitv of the models and methods, wh'ch are based on a rmomentum inte-
g\ al network method. The cnde is to be fast-ruaning and capable of opernting
a8 a -elf—.tlnding cod¢ g to he easily interfacod to other system codes,
Rt ‘ference is made to th2 previous quarterly prugress repoit (Guppy, 1983) for
+ sumwory of accomplishments prior to the start of the current period.

3.1 Baiwsince of Plant Modeling (G.J. Van Tuyle, J. Guillen)

The major restructuring of MINLT to =odel the balance ot plant configura-
tions and components has been complétied. We e¢xpanded the fluids and materials
projwrties, and eatended the =team table range to allow analysis at the low
operating pressure of the main condensers. Testing indicates these functions
are quite accurate, i.e., 1% or less errur, and they are quite acceptable for
reépres-nting the low pressure portion of the balauce of plant.

The MINET hoat exchanger module har been modified to allow representation
cf a cross-flow eat exchanger, This option is expected to be useful in rep-
resenting large tube-in-tank heat erchangers, including many condensers and
feedwater heaters.

A turbine stage module Is currently being incorporated in MINET. This
module represents impulse or impulse~reaction turbine stages, and is to be
used with existing valve and ac:umulator modules to repre2sent the turbine, in-
cluding the steam extraction for re~rdwater heating.

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

An updated version of MINET (Version 1.3) has been constructed incorpor-
ating revisions to the input processor a2ad computaiional code. All temporary
coding has been removed from the inpnl processor as of this version.

Several options for representiug heat exchangers have recently been add-
ed. These will allow representation of the heat capacitence of heat exchanger
structural materials, the eflects of core tubes (such as those found in the
EBR-I1 superheaters) and the behavior of cross-flow heat exchangers.

The initialization of th: heat exchanger module is rclatively intricate
whk? ' one or both fluids pass thruugh multiple heat trancfer regimes. To aid
in the iterative solution, a generalized root-finder subroutine was added,
which utilized Newtnn-Raphcon and Method of False Position schemes to provide
an improved estimate of the root. The Method of False Position was only used
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when the root was fully bounded, and utilizeu information on both sides to
project an estimate of the roct., After extensive applications of this root
solver, it was found that the convergence is often bi-linear, i.e., discontin-
uities cause large differences in slope on opposite sides of the root. As a
result, the Method of False Position was replaced with a bounded Newton-
Raphson that projects in from whichever side the most recent point lies. Sig-
nificant improvements have resulted.

A turbine stage module has recently been incorporated in MINET. Consis-
tency tests on the new module are currently being performed.

A trial compilation of MINET was made using the CDC FTN5 compiler which
implements the ANSI X3.6-1978 FORTRAN standard. The resulting diagnostic mes-
sages were reviewed to identify code revisions necessary to conform with the
above standard. It is estimated that the revision process will be completed
shortly.

Conceptual design has been completed for a restart capability. Implemen-
tation remains to be done.

3.3 MINET Standard Input Decks (G.J. Van Tuyle, J. Guillen)

MINET standard decks C4 and C5 are the current standard decks for one-
and two-loop representations of Clinch River, using CY-41 of SSC/MINET. MINET
deck El is the current standard deck for representing EBR-II.

The version of deck El for the stand-alone MINET has been used to simu-
late the first 10 minutes of the 8A transient, which was previously simulated
with the version of MINET coupled to SSC. The results of the simulation are
currently being reviewed and compared to the test data, as well as the results
of the previous simulation. Results from the stand-alone MINET and from the
version running with CY-41 of SSC are quite similar for deck El, as expected.

3.4 MINET Applications (G.J. Van Tuyle, T.C. Nepsee, J. Guillen)

The version of MINET running with SSC, CY-41, is currently being used in
simulating Clinch River (Decks C4 and C5) and EBR-II (Deck El). The stand-
alone version of MINET is being tested on a version of EBR-I1 deck El.

We are currently considering interfacing MINET with the RAMONA code, which
is used fcr BWR transient analysis. RAMONA contains detailed models for the
thermal-iyiraulic and neutronic behavior of boiling water reactors, but has no
models for the portion of the plant beyond the turbine and feedwater valves.
Thus, MINET would be used to extend the simulation further into the plant,
much as it does when it is used with SSC. A preliminary investigation indi-
cates that a RAMONA/MINET coupling is quite feasible. Current efforts are fo-
cused on the KAMONA code, to determine where the MINET drivers are to be call-

ed.
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3.5 User Support (G.J. Van Tuyle, B. Schubert)

The version of MINET working with SSC is being used in simulating the
German KNK-II facility. 1In this system, the steam generaiors can be bypassed
during the transient, with heat removed (iustead) through sodium to air heat
exchangers. The piping and valves facilitating this bypase were incorporated
into the MINET input deck and the new representation appears to be working
correctly.

Work has begun on the MINET documentation. A single, major document is
planned, containing model and code descriptions, a user's guide, and valida-
tion summaries. A notebook format is planned, so that the documentation can
be updated whenever the code is revised.

3.6 MINET Validation (G.J. Var Tuyle)

Transient test data have been used in validation studies performed using
both versions of MINET, including Version 0 (coupled to SSC, CY-41), and Ver-
sion 1 (the stand-alone code). Both versions of MINET performed well, and
gave nearly identical results., Figures shown here actually contain results
from Version 1, as it is likely to eventually replace Version 0 in support of
the SSC calcuiations.

The EBR-II facility is a 62.5 MW sodium ccoled breeder reactor and power
plant. While features of the primary system are quite different, the steam
generator system is very similar to the Clinch River Plant. The EBR-II system
is shown schematically in Figure 3.1.

The MINET representation is shown schematically in Figure 3.2. “MINET
Standard Deck El" is the name of the input deck that creates the component
configuration as shown. The intermediate heat exchanger (IHX) shown at the
left side of the drawing is not represented by MINET, but is included in the
drawing as a reference point. The dashed line extending from the IHX repre-
sents a pipe that is included in MINET when it is executed in stand-alone mode
80 that the transient can be driven with the IHX outlet temperature. When
MINET is run with SSC, in order to model the whole system, this pipe is re-
moved from the MINET representation and is represented in the SSC calcula-
tions.

The EBR-II test transient analyzed involved a coastdown to natural circu-
lation from 36X full power and 39% full primary flow. This test was chosen
because of its reliance on decay heat removal via the natural circulation
mode, a type of trancient of particular significance in LMFBR systems. Test
data from this transient for comparieon against computer code results were
made available by ANL staff.

In simulating the transient, initial conditions and boundary conditions
reportedly measured at the facility were used. These include such information
as the flow and temperature coming from the IHX, the feedwater flow and tem-
perature, and the blowdown flow rate. The turbine throttle valve was closed,
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and the actions of the turbine bypass valve could be approximated by a simpler
controller equation. The flow rate out of the auxiliary line was unknown, and
could only be inferred from independent calculations that left some uncertain-
ty remaining.

This study is discussed in detail in a formal BNL report currently being
published. Two of the more interesting results are shown in ¥igures 3.3 and
3.4, which are the ‘odium temperatures entering and leaving the superheaters
and evaporators, respectivelv. It can be seen that the MINET calculated tem-
peratures lead those measured through the transient, which was expected be-
cause of instrumentation time constants between 10 seconds and one minute.
These figures are typical of results from this comparison, where MINET accu-
rately determined trends, but precise agreements were impossible due to uncer-
tainty in transient boundary conditions and instrumentation response. Despite
this limitation, the MINET results were consistently close to the experimental
results.
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4., Thermal Hydraulic Reactor Safety Experiments

4.1 Core Debris Thermal Hydraulic Phenomenology: Ex-Vessel Debris Quenching
(T. Ginsberg, J. Klein, .'. Klages, and C. E. Schwarz)

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

4.,1.1 Experimental Results

Lipinski (1983) has recently modified his model fri: dryout heat flux from
a heated debris bed. This new version has been compared with the heat removal
rates observed in the BNL dabris bed quench experiments (Ginsberg, 1983).

Steam flow rate traces are shown in Figures 4.1 and 4.2. The results are
compared with predictions based upon Lipinski (1980, 1983) dryout heat flux
models. It is observed that the most recent version of the model provides a
good estimate of the quasi-steady heat transfer during the bed quench period.
The bed quench heat transfer data are shown in Figure 4.3 together with pre-
dicticns based upon several models. It is observed that the data agree rea-
sonably well with the Lipinski (1983) heat transfer prediction for all the
particle sizes investigated, 0.89 mm-12.7 um.

4.1.2 Analytical Modeling and Results

A model to characterize the debris bed quench process has been described
previously (Ginsberg, 1983).

Calculations have been performed for the case of negligible steam cooling
of the debris. It was assumed in this calculaction that 40%Z of the stored en-
ergy is removed during the downward frontal propagation period. The positions
of the two quench fronts vs. time are presented as consecutive line segments.
The downward particle quench front is characterized by the negative slope; the
upward fina! quench front has the positive siope. Results shown are for l-m
deep beds of 1-, 3-, and 6-mm particles which transfer heat to water at 5
bars. The initial sphere temperature is assumed to be 1723 K. Note that an
“average” bed decay heat is approximately 1.5-2.0 MW/m3 at 1% of steady-
state power for a 1000 MWe power plant. Results are shown in Figures 4.4
through 4.6.

Figures 4.4 and 4.5 present the quench front propagation results based
upca the Lipinski (1980) and Ostensen (1981) debris bed heat transfer models,
respectively, for beds of particles of diameters 1-, 3- and 6-mm. The decay
heat generation rate is assumed here to be Q''' = 1.5 HU/n3. Significant
differences in juench times are observed based upon the two models, attributa-
ble to the difference in predicted bed heat flux. For 3-mm particles, for ex-
ample, the calculation using the Lipinski model predicts that the downward
quench front reaches the base of the bed at approximately 600 s, while the
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Ostensen calculation predicts approximately 3500 s. Similarly, the upward-
directed front for the 3-mm particles advances extremely slowly based upon the
Ostensen heat flux prediction as compared with the Lipinski prediction. This
large difference in results is attributable partially to the smaller heat flux
predicted by the Ostensen model, which leads %o a longer bed quench time. The
longer quench time, in turn, leads to increased stored energy due to decay
heat generation which then feeds back to slow the bed quench. The
temperature-time history of the unquenched particles within the bed is shown
in Figure 4.6. Note that the adiabatic temperature rise rate of the debris is
0.52 K/s. It is apparent, therefore, from Figures 4.4 and 4.5 that quench
times on the order of 1000 s can have significant impact on the debris bed
stored energy.

The results suggest that remelting of the debris is possible during the
quench process in the yet-unquenched regions of the bed. This possibility is
strongly dependent on particle size, on the limiting bed heat flux, and on the

decay heat generation rate. Remelting would also depend on the initial debris
temperature.

4.2 Core Debris Thermal Hydraulic Phinomenology: In-Vessel Debris Quenching
(N. K. Tutu, T. Ginsberg, J. Klein, J. Klages, and C. E. Schwarz)

The purpose of this task is to develop an understanding of the transient
quenching of in-vessel debris beds (formed in the reactor core region) when
the coolant is injected from below. The experiments proposed would, in addi-
tion, serve as a data base for verifying the transient 1D thermal hydrauliec
models for the quenching process.

-] -



4.2.1 Experimental Program

A debris bed consisting of stainless steel spheres is formed in a test
vessel and heated to an initial temperature. The quench is initiated by
injecting water at saturation temperature through the bottom of the bed
(currently at a constant flow rate).

The first series of experimental runs using 3.18 mm stainless steel
spheres and constant rate injection of the coolant (water) at saturation
temperature was begun and completed. A few of the results from these
experiments are presented below.

Figure 4.7 shows the schematic of the experimental facility designed to
perform the debris bed quenching experiments. The test section consists of a
108-mm inside diameter stainless steel tube in which the debris bed is con-
strained between two fixed screens to prevent fluidization. Before beginning
an experimental run, the two butterfly valves are ¢ .osed. The debris bed is
then brought to its initial temperature by circulating hot air through it and
by energizing the heater coils surrounding test section. The details of the
test section instrumentation are shown in Figure 4.8. A constant displacement
pump was used to inject water at a constant flow rate and at saturation tem-
perature. The experimental parameters are listed in Table 4.1.

HE

DIMETONZEO0O

Figure 4.7 Schematic of the Core-Debris Heat Transfer Facility.
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Table 4.1

Experimental Parameters

Particle material
Particle diameter

Bed height

Bed Porosity

Vessel diameter

Initial bed temperature

Water supply temperature
System pressure

Water inlet superficial
velocity (J;)

stainless steel 302
3.18 mm

422 mm

0.4

108 mm

770 K

373 K

0.1 MPa

1.0 to 7.4 mm/s

38 -



During an experimental run, temperature signals from various pressure
transducers and thermocouples within the bed, as well as a signal proportional
to the steam flow rate at the top of the debris bed, were recorded. For small
water injection rates, a typical temperature trace within the bed shows the
following behavior during the quenching process. The temperature remains con-
stant for some time, decreases slowly for a few seconds (V10 seconds), then
drops sharply to the saturation temperature and remains constant thereafter.
The time at which the temperature is reduced to the saturation temperature is
defined as the "quench time,"” and it is assumed that this is also the time
when a small neighborhood of the debris bed surrounding the thermocouple is
quenched. For experiments conducted with a water injection superficial ve-
locity (JQ) of 1.0 mm/s at the bottom of the debris bed, it was found that the
debris bed quenched in sequence from bottom to top. Thus a quench front can
be assumed to travel up the bed. Figure 4.9 shows the quench front propa-
gation plot for two experimental runs. The time to quench T, is measured
with respect to the time of arrival of the quench front at the bottom thermo-
couple (18 in Figure 4.8). Here H is the distance between the top and bottom
thermocouple within the debris bed (22 and 18 in Figure 4.8), x is the verti-
cal distance as measured from the bottom thermocouple location, and d is the
diameter of particles in the debris bed. It is seen that the quench front
travels with a reasonably uniform velocity.
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Figure 4.9 Dimensionless Quench Front Propagation Plot
for JQ - 1.0 _/80
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Figure 4.10 shows the instantaneous heat flux (based on the bed cross-
sectional area) leaving the top of the debris bed in the form of superheated
steam as a function of time during the quenching process for two experiments
conducted with identical initial conditions but with different water injection
rates. For comparison, the two-phase countercurrent limit that would occur in
a top flooding situation is also indicated in this figure. It is clear that
the heat flux is a strong function of the water injection rate. For the case
with J, = 1.0 mm/s, heat flux remains relatively constant for most of the du-
ration of quench. However, this is not the case at the higher water injection
rate corresponding to J , = 7.4 mm/s. In this case the peak heat flux (18.7
lelz) is about twice the average heat flux (9.37 HH/-Z).

A detailed analysis of all the experiments conducted with 3.18 mm stain-
less steel spheres and constant rate injection is in progress. The results
will be used for analytical modeling of the quenching process. Future plans
include experiments with particles of different size and material as well as
experiments with constant head injection.

20
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Figure 4.10 Instantaneous Heat Flux Leaving the Top of the Debris Bed
with Bottom Injection of Coolant at Saturation Temperature.

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

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

The experimental apparatus in which the ¢ ¢ i] boiling ex-
3 a six-inch
old

periments are performed is shown in Figure
schedule 10 stainless steel vessel, 45 centimeters high, in which to hold the

high temperature melt and boiling coolant. The test section is mounted over a

h
movable track which holds the bottom calrod heater. The heater can be slid
away and a four-inch-thick base of Fibrefrax insulation can be moved into its

place to insulate the test section base. The entire test section is insulated

"imental Apparatus

Boiling Studies.




with a two-inch-thick blanket of similar insulation. Coolant is stored in a
large capacity tank and is introduced at a controlled rate into the test sec-
tion through a downcomer during the transient boiling quernch to maintain a
constant coclant level. A separate reservoir holds an initial coolant inven-
tory of two liters which is dumped at the beginning of the experiment to cre-
ate the initial boiling coolant pool. Both reservoirs and their piping are
insulated and trace heated.

A thermocouple probe is mounted vertically inside t.e test section and is
lowered into the liquid metal pool until an attached continuity probe detects
the pool surface. The probe contains eight thermocouples, one in the coolant
and seven in the melt, to measure the temperature history of the melt and
coolant during the transient quench experiments. Four thermocouples near the
melt-coolant boiling interface are used to calculate the transient melt sur-
face temperature; four thermocouples submerged in the melt are uced to calcu-
late the transient enthalpy change of the melt. From these, the boiling curve
for the experiments can be constructed.

The major parametric ranges used in the experiments to date are shown in
Table 4.2.

Table 4.2

Experimental Parameters

Melt Composition Bismuth, lead, Wood's metal
Coolant Composition Rll, water

Melt Depth 8 cm

Coolant Depth 10 cm

Melt Temperature Up to 1000 K

Coolant Temperature Saturation temperature

Data Acquisition Rate 25 Hertz

Pressure 0.1 MPa

Pool Diameter 15 cm (approximate)
Non-Condensavle Gas Flux None

The results of these experiments will be discussed in detail below.

4.3.2 Experimental Results

In the experiments performed to date, two distinctly different modes of
boiling heat transfer have been observed. For the case of saturated R1l boil-
ing on a pool of liquid metal, a very stable, quiescent interface was photo-
graphically observed between the two liquids, similar to film boiling from a
polished solid surface. Quantitative data for the boiling heat flux as a
function of surface superheat indicate that the liquid-liquid film boiling
data for this fluid are in good agreement with the Berenson (i961) film boil-
ing model predictions.
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However, for the case of water boiling on the surface of similar liquid
metals, quite different behavior has been observed. Photographic investiga-
tion revealed considerable interfacial mixing between the liquid metal and the
water with no stable liquid-liquid interface. Quantitative experiments demon-
strated the potential for steam explosions between liquid metal and water in
layered pool geometry, with bismuth, lead, and Wood's metal. For experiments
in which no steam explosion occurred and the boiling heat flux could be mea-
sured, the data exceeded the Berenson film boiling model prediction by a sub-
stantial margin.

4.3.3 RI1l/Liquid Metal Liquid-Liquid Fiim Boiling Data

A series of cransient boiling experiments were performed with three dif-
ferent liquid metal melts and Rl1l as the boiling coolant. The liquid rmetal
superheat achieved in the tests was in the range 100-600 K. The RIl (Freon
11) coolant was saturated (297 K). The data are shown in Figure 4.12. The
calculated boiling heat flux from the classical Berenson flat plate film
boiling is shown for reference. Excellent agreement was achieved in these
tests between the measured boiling heat flux and the Berenson model predic-
tions for flat plate film boiling. The data in Figure 4.12 represent a cum-
posite overlay of data from four separate experiments. The tendency of the
data to deviate from the model in the vicinity of 300 K superheat and then
return to agreement should be attributed to experimental uncertainty and not
to a physical process. The observation of stable liquid-liquid film boiling
(in the absence of a non-condensable gas flux from below) from the data is
further substantiated by visual photographic evidence of the actual boiling
interface behavior. It was observed that the liquid metal surface was per-
fectly flat with no waves or ripples, in spite of the active boiling-induced
hydrodynamic activity in the RIl layer above. This indicates that for the
case of Rll boiling on a liquid metal pool, the vapor film between the two
fluids is hydrodynamically stable with no iuterference or feedback from the
boiling layer above. No liquid-liquid contacts were observed.

Under these circumsiances, it can be concluded that film boiling of RIll
can be characterized by stable film boiling correlations even in the presence
of a liquid surface below. Experiments to be performed in the near future
will investigate the effect of blowing a non-condensable gas through the boil-
ing interface. This will simulate the action of concrete decomposition gases
during a core-concrete interaction.

4.3.4 Hy0/Liquid Metal Liquid-Liquid Film Boiling

Recently, experiments have begun with water as the boiling coolant in-
stead of Rii. The same liquid metal melts were employed. Frequently during
these transient film boiling experiments, pool-geometry steam explosions oc-
curred which would terminate the juench experiment. In all cases, these steam
explosions occurred after some variable time delay with no premixing or trig-
gering. Subcooling of the water was found to promote these events; however
steam explosions did occur with saturated water as well. It was postulated
that natural film boiling instabilities were promoting spontaneous film col-
lapse and partial mixing, resulting in these pool-geometry steam explosions.
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To investigate this hypothesis, photographic visualization studies were
again performed at the liquid-liquid boiling interface. What was observed was
a region of intense mixing and agitation at the liquid-liquid interface with
large amplitude spikes of metal splashing upwards into the water layer as much
as several centimeters. No stable surface was observed between the water and
liquid metal as was observed in the case of RlIl. This disturbed interface was
evidence of spontaneous 'iquid-liquid contact and enhanced film boiling.,

Quantitative film boiling experiments with water coolant were performed
which did not result in a steam explosion. In most cases, a minor explosive
“pop” still would occur which would disrupt the melt layer and disperse it,
In several cases, the film boiling continued thrcugh the quench without dis-
ruption, enabling a quantitative measure of the magnitude of the unstable film
boiling heat flux, similar to what was measured for Rll. One such set of data
is shown in Figure 4.13. Hevre it is evident that the boiling heat flux is
significantly higher than that predicted by the Berenson film boiling model by
a factor of three to five. This is also in the absence of a non-condensable
gas flux through the interface which would simulate gas release from a core-
concrete interaction. This deviation of the data from the Berenson film
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Figure 4.13 Water/Lead Liquid-Liquid Film Boiling Data.

boiling model is direct evidence of the enhancement of the heat flux by spon-
taneous film instability and liquid-liquid contact, the mechanism that fre-
quently escalated into a steam explosion.

It can be concluded that film boiling of water on a molten substrate is
inherently unstable, characterized by liquid-liquid contacts which enhance the
boiling heat flux and frequently esca’ate into pool-wide steam explosions. Ex-
periments to be performed will investigate both aspects of this mode of film

boiling further.
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the AD10 processor with those of the CDC-7600 main-frame 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 progress made previously and a detailed sum-
mary of achievements during the current reporting period.

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

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

The results of the assessment have been published earlier in three re-
ports (Wulff, 1980; Wulff, 198la; Cheng and Wulff, 1981). It had been found
that existing training simulators were limited to the simulation of steady-
state conditions and quasi-steady transients within the parameter range of
normal operations. Most currently used PWR simulators cannot simulate two-
phase flow conditions in the primary ceactor coolant loops, nor the motion of
the two-phase mixture level beyond the narrow controls range in the steam gen-
erator secondary ~ide. Most currently used BWR simulators cannot simulate
two-phase flow conditions in the recirculation loops or in the downcomer and
lower plenum, nor can they simulate coolant level motions in the steam dome,
the lower regions of the downcomer (below the separators), or in the riser and
core regions. These limitatious arise from the lack of thermohydraulic models
for phase separation and mixture level tracking (Wulff, 1980; 198la).

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

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

The ADIO had been selected earlier as the special-purpose peripheral pro-
cessor 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 ADIO units, coupled directly to each other by a bus-to-bus interface
and equipped with a total of one megaword of memory, have been installed with
the PDP-11/34 host computer, two sixty-seven megabyte disc drives, a tape
drive and a line printer. On-line access is facilitated by a model 4012 Tek-
tronix oscilloscope terminal and a six-channel signal generator. The system
is accessed remotely via four ADDS CRT terminals and two DEC Writer terminals,
one also equipped with a line printer. An IBM personal computer is also used
to access the PDP-11/34 host computer and to generate multicolored graphs from
AD10 results. An advanced multicolor graphics terminal is needed, however,
for extensive on-line display of simulated parameters generated by the ADIO at
real-time or faster computing speeds.

5.4 Software Implementation on AD1O Processor

A four-equation model for nonhomogeneous, nonequilibrium two-phase flow
had been formulated and supplemented by constitutive relations from an exist-
ing BWR reference code, then scaled and adapted to the ADIO processor to simu-
late the Peach Bottom-2 BWR power plant (Wulff, 1982a). The resulting High-
Speed Interactive Plant Analyzer code (HIPA-PB2) has been programmed in the
high-level language MPS-10 (Modular Programming System) of the ADIO. After
implementing the thermohydraulics of HIPA-PB2 on the ADIO, we compared the
computed results and the computing speed of the ADI0 with the results and the
computing speed of the CDC-7600 main-frame computer, to demonstrate the feasi-
bility of achieving engineering accuracy at high simulation speeds with the
low-cost ADIO minicomputer (Wulff, 1982b).

It has been demonstrated (Wulff, 1982b) that (i) the high-level, state
equation-oriented systems simulation language MPS-10 compressed 9,950 active
FORTRAN statements into 1,555 calling statements to MPS-10 modules, (ii) the
hydraulics simulation occupies one fourth of available program memory, (iii)
the difference betvéen ADIO and CDC-7600 results is only approximately + 5% of
total parameter variations during the simulation of a severe licensing base
transient, (iv) the ADIO is 110 times faster than the CDC-7600 for the same
transient, and (v) the ADI0O simulates the BWR hydraulics transients ten times
faster than they progress in real-time. It has been demonstrated ncw tha:
even after the inclusion of models for neutron kinetics, conduction, balance
of plant dynamics and controls, the ADIO still achieves ten times real-time
simulation speed for all transients listed in Table 5.1 of Section 5.4.2,

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

The stand-alone program modules for neutron kinetics with feedback simu-
lation and scram control, for thermal conduction in fuel elements, for com-
pressible flows in the steam line and for the control logic for operating the
safety and relief valves tested earlier (Wulff, 1982c; 1983) have been imple-
mented in HIPA-PB2.

Specific accomplishments of the current reporting period are described
below.
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5.4.1 Model Development (W. Wulff)

Control Systems

Models have been foramulated, scaled, programmed and tested in stand-zlone
mode for the feedwater controller. the pressure regulator and the recircula-
tion flow controller. The description of the control system for the BWE Power
Plant, and the specification of its parameters, have been taken fyom (he re-
port by J. D. Milton (1982). The control system diagrams are shown in Figures
5.2, 5.3 and 5.4 for the feedwater controller, the pressure regulator ind the
recirculation flow controller, respectively.

The feedwater controller (Figure 5.2) receives fecur input signals: the
level set point signal, the signal of the actual narrow-range mixture level
(LEVEL) in the downcomer and the actual signals o' mass flow rate from the
steam just upstream of Lhe main steam isolation valve (HsL) and from the
feedwater entering the pressure vessel (Wgy). The signal transmission de-
days for level and mass flow rates are simulated by three lag compensators. A
change in level set point is introduced by seclecting the rate of change of
level (RLSP) and the time span during which this rate of change is imposed.
The output of the feedwater controller, consiiting of a lead-lag compensator,
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a proportional-integrating controller and a lag compensator, is the control
signal to the valve actuator ‘shaded block in Figure 5.2) which determines the
stem position (SPFTV) of the valve admitting steam to the feedwater pump
drive turbine. The rate of change of level set point (RLSP), the signal SFWCF
for initiation of feedwater controller failure (at full demand or no demand)
and the signal SFTVF for initiation of feedwater turbine valve failure (wide
open or stuck closed), are all entered as analog signals from the control pan-
el. All the gains and time constants shown in the transfer function cf each
control block can be changed interactively from the keyboard during program
execution.
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FEEDWATER CONTROL

Figure 5.2 Feedwater Controlle:r Diagram

The pressure regulator (Figure 5.3) receives one internally computed
input signal which is the turbine inlet pressure. The regulator produces
three outputs, namely the two stem positions SPpcy,rgy and SPgpy of the
turbine control/stop valve and the bypass valve, respectively, and the demand
error signal which is transmitted to the recirculation flow controller ("igure
5.4). There are eight analog signals accepted by the pressure regulator, as
shown along the left-hand margin and in the lower right-hand corner of Figure
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5.3. Two of the signals serve to change set points, five signals serve to trip
failure conditions and one serves to operate the bypass valves manually. Spe-
cifically, the TGLR signal trips the condition of turbine-generator load re-
jection, LSPT is the load set point, RPSP defines the rate of change for the
pressure set point, SPRC and SPRO, respectively, trigger pressure regulator
failures at zero and full steam demand, while STSVF is used to simulate a
stuck open or stuck closed turbine control/stop valve. Any negative FMBP sig-
nal maintains automatic bypass control; a positive FMBP signal overrides auto-
matic control if FMBP exceeds the automatically called demand for bypass flow.
The SBPVF signal trips bypass valve failure in wide open or closed positions.
All gains (G) and time constants () shown in Figure 5.3, as well as che lcad
bias BSLD, can be changed interactively from the keyboard during program exe-
cutions.
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Figure 5.4 Recirculation Flow Controller Diagram
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The recirculation flow controller (Figure 5.4) receives two intermally
computed input signals aad five manual input signals. It produces one output
signal, namely the scoop-tube position x. in the fluid coupler between the
drive motor and generator. The slip in the coupler depends upon this scoop
tube position and determines the frequency and voltage supplied by the gener-
ator to the pump drive motor, thereby controlling the recirculation flow rate,
whence the core flow rate and the coolant subcooling temperature. The sub-
cooling temperature of the coclant affects the core void fraction and, via
void feedback, the fission power in the core. The two internally computed
input signals are the demand error, computed by the pressure regulator (see
Figure 5.3) and the generator speed (w,). The three manual input signals are
FMSC for manual override of the demand error, FRDL for limiting the runback
demand and SRCCF for tripping the recirculation controller failure. All gains
k and G, as well as the time constants T, can be changed via keyboard com-
mands. The coupler frequency w,. is a specified funccion of the angular fre-
quency wy of the generator.

when comparing the control system models of HIPA-PB2 and TRAC (Milton,
1982), notice that the HIPA control system models contain no hydraulic compo-
nent models. The interface between plant components and control systems in
HIPA is consistently at the actuator output for valves and for the coupler
scoop tube. Plant component models have been developed separately as described
below.

Plant Components

The recirculation system consists, besides the earlier simulated recircu-
lation loop with jet pump, centrifugal pump and drive motor, of a motor-gener-
ator set and a fluid coupler. Models have been developed for predicting the
rotational speeds of the generator drive motor and of the generator, respec-
tively:

dmdm (Mel)dm ' CDHG . ”g,l
d,r o I (5-1)
dmtc
Here (Mgy)gm = (H:l)dm * fy (Eqm) is the electrical torque and
(Ma1)gn = 48.633 48 Kkim, (5.2)
is the reilerence torque, while
2
fy Bgm) = Eqm/ 2.6 E4 + 0.019] (5.3)

represents the torque characteristics of an induction motor as a furction of
motor slip

Egm = 1 - Wgu/w, (5.4)

at constant net frequency w, = 125.6673 s”l., The symbol Cpy; designates
the trip signal, introduced as analog signal from the control panel:
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Cpmg = 1.0 for normal operation, drive motor under power
Cpmg = 0.0 for drive motor tripped.
Igm+c in Eq. (5.1) denotes the moment of inertia for the drive motor and the
drive motor side of the fluid coupler. M.; is the coupler torque acting on
the drive motor:
Me,1 = Me,ref * % " &(1+[z|3) (5.5)
Here
C » (md- -wg)/uo » (5»6)

where w, is the angular speed of the generator, x. is the scoop-tube posi-
tion generated by the recirculatlion flow controller and

Mo, ref = 2,330,345 kNm . (5.7)

The coupler torque as computed by Eq. (5.5) is delayed. The delay is simulated
with a lag compensator with gain of unity and time constant of 0.1 second.

The generator speed Wy in Eq. (5.6) is computed from the equation of
metion

dw M ~ (Me1)
g it 2 v
® ° ' (5.8)
gtc

"c,Z is the coupler torque acting on the generator and differs from M., by
the coupler loss

w (072
MC.Z : Mcl'-D' AMc.ref mg(o) » (5.9)

where

AM. ref = 4,709.73 Nm
D=1 for wdmzwg, (5.10)
=7 else .
The electrical torque in the generator should be computed from the magnetic
field intensity and the rotor current as obtained in a phasc¢ diagram. Since

the necessary information for constructing the phase diagram is nst available,
("el)g was computed from the power balance

w  (Mey) -
(Mel)g - GB -;r-;fl‘ (5.11)
g pm g
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where wp (Mg 1), o N and r, represent, respectively, the angular speed of
the pump-motor assembly, the ilectrical torque of the pump motor, the pump
motor efficiency and the generator efficiency. The pump speed wp is comput-
ed from

M -
dp _ Mer)pm = My (5.12)
dt I
pmtp
where J is the moment of inertia for the pump-motor assembly. The hy-

draulic torque Mpyyq is taken from Eq. 161 on page 2-36 of the report by Lin-
ford (1973). This equation is not reproduced here because it contains propri-
etary information. The electrical torque (Mg))pm in Egs. (5.11) and (5.12)
is computed from

(Me1)pm = (Me1)pm * fM (fpm) * CRCP (5.13)

where

(Me1)pm = 20,465.9 Nm (5.14)
and fy is given by Eq. (5.3), evaluated with
£ -1-% " (5.15)

The ratio 2/3 in Eq. (5.15) accounts for the ratio of the number of magnetic
poles in generator and pump motor. The efficiencies in Eq. (5.11) are approx-
imated by

ng = 0.9 (5.16)

and 1no

1/4
Npm = 1:060 321 £pp (1 = £pg)  «

(5.17)

Equation (5.17) produces a typical maximum (1 pp)pax = 0.86 at £, = 1/3 and
pm = 0 for fpp = 0 and fpm = 1. The coefficient CRCP in Eq. (5.13) serves

to trip (uncouple) the recirculation pump from the control panel (analog sig-
nal):

CRCP = | normal operation

=0 tripped. il
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5.4.2 Model Implementation (H. S. Cheng, W. Wulff, A. N. Mallen and S. V.
Lekach)

The models for the balance of the plant (see Figure 5.1) and for the con-
trol systems have been coded, implemented and tested as stand-alone wodules.
A complete HIPA-PB2 code assembly has been completed and is ready for checl.-
out. A summary of all the component trips currently implemeated is shown in
Figure 5.5. The systems simulated in HIPA-PB2 at this time will enable the
plant analyzer to simulate all the transiente shown in Table 5.1.
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Figure 5.5 Component Trips Summary
(Shaded circles and valves)

5S.4.3 Hardware Improvements (C. E. Schwarz, D. Morris and R. J. Cerbone)

A larger control panel with thirty-two channels has been constructed tc
maniprlate or trip control systems and to change set points on-line during
simulations. All channels are interrogated by the ADI0 two hundred times per
second. Indicator lights are being used to facilitate tlie reccgnition of con-
trol switch positions,

COP memory in the ADI0 has been expanded from 1024 words to 2048 words.
This expansion allows us to address now 28 input channels and !6 output chan-

nels.
v
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Table 5.1

Simuiation Capabilities

Transients with System Pressure Rise

l. Generator Load Rejection

2. Turbine Trip wichout Bypass Flow

3. Turbine Trip with Bypass Flow

4. Closure of Main Steam Isolation Valve

Transients with Moderator Temperature Docrease

5. Inadvertent Feedwater Pump Start-up

6. Feedwater Controller Failure, Maximum Demand
7. Feedwater Heater Loss

8. RHRS Inadvertently Started

9. HPCIS and/or RCIS Inadvertently Started

Iransients with Reactivity Changes

10. Scram or Scram Failure
I1. Control Rod Drop
12. Continuous Control Red Removal

Transients with Loss of Inventory

13. Loss of Feedwater Flow

l4. SRV Stuck Open, any Bank or Combination of Banks
15. Pressure Regulator Failure

16. Loss of Auxiliary Power to M/G Set

Transients with Change in Core Flow

17. Recirculation Pump Control Failure
18. Recirculation Pump Trip

19. Inadvertent RCP Start-up

20. RCP Seizure
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5.5 Multicolor Graphic Displays (S. V. Lekach)

Work has been continued to gen:rate labelled plots, displaying selected
par-meters as functions of time.

An IBM Personal Computer XT with a lO-megabyte hard disk, a four-color
monitor with 640 x 200 addressable dots with associated double-capacity color
graphics buard, extra RAM memory and an analog to digital converter interface
had been obtained earlier. The IBM Personal Computer serves to supplement the
Model 4012 Tektronix storage oscilloscope, which cannot generate labelled
curves and to define the specifications for later acquisitions of more power-
ful graphics capabilities.

The IBM Personal Computer accepts now simultaneously and on-line fitteen
parameters and time frem the ADIO. Any set of fifteen parameters can be asso-
ciated with the fifteen available output chani._ls. Any one of the fifteen
output parameters can be displayed on-line, the other fourteen afterwards from
memory .

However, the IBM Personal Computer, in its current configuration, is too
slow to display the high-"requency content of ADIO output at real-time simula-
tion speed, certainly not at the possible simulation speed of ten times faster
than real-time. Acceptable results can be obtained at about 1/5 of real-time
speed.

Work 1is continuing to establish a file of frequently needed diagrams
(labelled axes) which can be called for displaying selected parameters from
memory. The IBM Personal Computer is programmed to accept nine parameters
on-line and then to display one at a time from memory. It takes approximately
forty seconds to display the first graph after the ADI0O simulation is complet-
ed.

5.6 Future Plans

Work will continue to check out the overall assembly of HIPA-PB2 and to
verify the systems response to the manual controls. Graphic displays will be
generated for the twenty transients comprising the current simulation capabil-
ities of the model implemented in HIPA-PB2.
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6. LWR Code Assessment and Application

(P. Saha, U, S. Rohatgi, J. H. Jo, C., J. Hsu, H. R. Connell,
C. Yuelys-Miksis, G. Slovik, L. Neymotin and J. Pu)

This project includes independent assessment of the latest released
versions of the TRAC and RELAPS codes, and application of these codes to the
simulation of plant accidents and/or transients. Since no new versions of
these codes have been released recently, more emphasis was placed on the
code application area. Specifically, the RESAR-3S large break LOCA study
and the BWR/4 MSIV closure ATWS analysis are the prime ongoing tasks under
this project.

The details of the progress achieved during the reporting period of
July to September 1983 are described below.

6.1 Code Assessment

6.1.1 Analysis of Oak Ridge Post-CHF Tests with TRAC-PFl (U. S. Rohatgi
and J. Pu)

A series of high pressure and high temperature steady state and tra .
sient experiments were conducted with water flowing upwards through an 8 x
8 rod bundle at Oak Ridge National Laboratory (ORNL). The details of these
tests were given in an earlier quarterly report (Neymotin, 1983). A steady-
state post CHF test (Run No. 3.07.9H) was selected for simulation with the
TRAC-PFl (Version 7) code. The same test was modeled arlier with the TRAC-
BDl (Version 12) and RELAP5/MOD1 (cycle 14) codes. The nodalization and
initial conditions in all three simulations were identical and have been de-
scribed earlier (Neymotin, 1983).

Figure 6.1 shows the comparison between the predicted rod bundle sur-
face temperature and the experimental data averaged over a group of rods.
TRAC-BD! showed good agreement with the data. However, RELAP5/MOD1 and
TRAC-PF1 both predicted early CHF which led to higher rod surface tempera-
ture downstream of the CHF point. All three codes used different correla-
tions for the CHF point. TRAC-BDl used the Biasi critical quality-boiling
length correlation while TRAC-PFl and RELAP5 used the Biasi local CHF cor-
relation and the modified Zuber =zorrelaticn, respectively. It should be
noted that at low flow rates, significant vapor superheating develops down-
stream of the CHF location. This causes the rod surface temperature to con-
tinuously increase downstream of the CHF location as shown in Figure 6.l.
TRAC-BD1 and TRAC-PFl reproduce this vapor superheating phenomenon quite
well. However, RELAP5/MODl does not predict any vapor superheating until
all the droplets in the post-CHF region have completely evaporated and this
explains why the RELAP5 rod surface temperature decreases in the post-CHF
region. Clearly, the RELAP5/MOD1 heat transfer package including the non-
equilibrium phase change rate in the post-CHF regime needs improvement. It
is our understanding that the heat transfer package of RELAP5 has been
changed extensively and the newer version of the code should better predict
this test.
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6.2 Code Application

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

In the previous quarterly report (Yuelys-Miksis, 1983), it was men-
tioned that two Input decks for the Westinghouse RESAR-3S 4~loop plant were
received from iLANL and INEL. The deck from LANL was for TRAC-PFl, whereas
that from INEL was for TRAC-PD2. These decks were compared and some dif-
ferences in the plant dimensions were found. Westinghouse engineers had
helped in developing both of these decks and they conveyed to us that the
plant dimensions provided to LANL were the latest and more accurate. There-
fore, we decided to take the important plant information from the LANL deck
and modified the INEL deck accordinglv. Furthermore, it was decided to use
the TRAC-PD2/MOD! ccle as this was the latest released version of the TRAC-
PWR codes which had been extensively assessed for large break LOCA condi-
tions.

In the first attempt, the INEL deck was run as received and the results
matched with the INEL results. However, it was found that the TRAC-PDZ
generally overpredi.ted the subcooled choking flow rate. The code does not
have a separate break flow model and the choking was predicted at the junc~-
tion of the broken PIPE component and BREAK component, where an explicit
numerical scheme is used. This was corrected by using a guideline recently
suggested by LANL. This guideline consisted of making the diameter of the
last cell three times the actnal diameter of the pipe. This modification
shifted the choking point from .he junction of the broken PIPE component and
BREAK component to the interior of the PIPE component where an implicit
numerical scheme was used. This change reduced the subcooled choking flow
rate by~ 20%. However, it only delayed the time of CHF slightly. The peak
clad temperature (PCT) was unchanged (860°K or 1088°F) and it occurred dur-
ing the blowdown phase.

In the next calculation, the fuel conditions used in the LANL deck were
incorporated into the INEL deck to study the sensitivity to fuel conditions.
The peak clad temperature dropped to 826°K from the original INEL prediction
of 858°K. This is to be expected since the total peaking factor in the LANL
deck was 1.55 in comparison to 1.65 in the INEL deck. This PCT is still
different from the LANL prediction of about 811°K using the TRAC-PFl code.
This could be attributed to code differences and the way the VESSEL compo-
nent was modeled in the two decks. The bypass region was simulated by a set
of bypass pipes in the INEL deck while in the LANL deck, a separate annular
ring was used. Furthermore, the loss coefficients and the nodalization were
also different., Since incorporating the loss coefficients, which are loca~-
tion dependent, from the LANL deck into the INEL deck would be less accurate
it was decided to simpiify the LANL VESSEL module and incorporate it {iato
the INEL deck. This produced a TRAC-PD2 input deck for the RESAR-3S plant
which is also in agreement with the Westinghouse staff recommendations. The
new VESSEL module now has 224 cells in comparison to 180 in the INEL deck
and 544 in the LANL deck. The total number of cells including the VESSEL
module is now 556.
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The BNL best-estimate calculation has been performed with this modified
TRAC-PD2 deck now designated the BNL deck. The peak clad temperature again
occurred in the blowdown phase and it was B800,5K which is slightly lower
than LANL's prediction of the peak clad temperature with TRAC-PFl. This
best-estimate calculation has been run up to approximately 30 seconds and
required approximately seventeen (17) CPU hours on the BNL CDC-7600 com—
puter. The clad temperatures for the hot pins during the transient calcula-
tion so far were always lower than the first peak clad temperature which occ-
curred at around 2.5 seconds. Figure 6.2 shows the clad temperature for
one of the hot rods. The clad temperature started increasing after the
first cool down which was due to flow reversal at the core inlet. The clad
temperature started decreasing again due to rewet from the upper plenum.
This second peak in -lad temperature was lower than the first peak. The
final rod cool down began when the core entered into the reflood phase at
around 30 seconds.

A second calculation is being performed with additional modifications
to the BNL deck in order to assess the modeling conservatisms built into
Appendix K of 10CFR50. The initial and boundary conditions that were used
in the Westinghouse licensing calculation with reactor pumps tripped are im—
posed in this calculation. Therefore, this calculatiorn will indicate the
degree of conservatism in the estimation of peak clad temperature by com-
paring the results of an advanced best-estimate systems code such as TRAC-
PD2 with those obtained from an evaluation model code. The plant conditions
such as fuel, containment pressure, safety injection and accumulator inven-
tory were the same as those used in the Westinghouse licensing cualculation.

The fuel arrangement in the Westinghouse calculation consisted of a hot
pin in a hot channel and the rest of the core in a second channel. Some
cross-flow was allowed between these two channels. On the other hand, the
TRAC-PD2 vessel has a three-dimensional cylindrical arrangement. The fuel
rods were arranged in eight sections; the only way to impose the same ar-
rangement used in the Westinghouse calculations would be to have four inner
cells of the same size as the Westinghouse hot channel. However, this would
require major changes in the nodalization; furthermore, the inner cyiinder
in the VESSEL module wsuuld be very small. This problem was resolved by mak-
ing one quadrant of the inner cylinder represent the hot channel with the
average rods in the other core sections. The hot pin in the hot quadrant
would interact with hotter fluid and it would thus conform to the most con-
servative situation as required by the Appendix K assumptions.

Another difficulty arose when incorporating the friction torque model
for the Reactor Coolant (RC) pumps in TRXAC-PD2 as supplied by Westinghouse
for the pump coastdown calculation. The TRAC-PD2 friction torque model is
given as:

“fr * Tg+Cl0| 0702 ¢

where T¢ and C are friction torque and a constant for bearing and winding
friction torque, respectively. This model will have a friction torque even
when the pump is not running. Westinghouse (1973) supplied the following
form for the friction torque:
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The TRAC-PD2 code required some updates in order to include this description
for the friction torque.

This second calculation has been run for 28.57 seconds and could not
proceed any further due to oscillations in the cold leg components, re-
quiring time steps smaller than 10~6 seconds and more thar 15 outer iter-
ations. Safety injection has not yet started due to the Westinghouse-
specified 25 second delay betwren safety injection and reception of the
safety injection signal triggered when the pressure in the pressurizer is
reduced to below 121.337 bar. However, ths: accumulator flow into the cold
leg had started. One possible cause of these oscillations could be due to
the lack of an external driving momentum towards the vessel because of the
RC pump trip and delay in the safety injection flow. The peak clad temper-
ature so far occurred in the blowdown phase and was 999.2°K (1307°F). The
hot pin having this peak clad temperature has not yet cooled and the clad
temperature was still 988°K (1287°F) at 28.57 seconds.

6.2.2 BWR/4 ATWS Calculations Using TRAC-BDl and RAMONA-3B Codes
(C. J. Hsu, L. Neymotin, J. H. Jo and H. R. Connell)

To explore the causes for the anomalous feedwater ramp-down rate and
the recirculation pump coastdown rate observed in the earlier TRAC-BD1 ATWS
calculation (Hsu, 1983) using the automatic control system, a thorough re-
view of the TRAC-BDl automatic control block diagram and control parameters
was undertaken, This also included a detailed comparison with the Browns
Ferry control system logic and control block constants used in the RETRAN
and RELAP5 code calculations. It was discovered that the relatively slow
coastdown of the recirculation pumps was due to a couple of input errors in
the block constants associated with the recirculation coupler torque dynam—
ics and coupler frictional losses. Correction of these input errors re-
sulted in a significant improvement of the recirculation pump coastdown
characteristic when either the pump-motor or the motor-generator set of the
recircu'ation pumps was tripped. Tripping the motor generator set showed a
relatively large coastdown time constant as compared to tripping the pump-
motor; however, the coastdown curves for the two cases eventually merged.

The rapid ramp-down of the feedwater flow rate following the MSIV
closure is attributed to the feedwater flow pressure correction factor used
to account for the effect of feedwater line pressure on the feedwater pump
flow., Previously, this feedwater pump shut-off head was set to be 1255
psia. This caused the rapid ramp~down of the feedwater because the earlier
TRAC-BD1 calculations showed that the reactor pressure reached 1255 psia
within a few seconds. The cause for this relatively high reactor pressure
predicted in the TRAC-BDl calculation was found to be due to incorrect input
data in the relief-ard-safety valve lines flow area and the valve flow area.
Several test runs were performed to determine the valve flow area such that
valve discharge rate is correct when the set pressure is reached.

- 100 -



(DEG-K)

RCD TEMPERATURE

1300 Y T T
ORNL POST-CHF TEST ”‘\
1200 ({3.07.9H) AN A
\

= o DATA | \ i
x 1100F _. tRAC-PFI l NG )
w —— TRAC-8DI | ~
Z {000} —— RELAPS/MOD | 'I 4
-
< »
& 900+ ” i -
s /
5 ¥ g
- 800+ , / -
§ T %o
u 700 i ~
g 1/
v ‘

600 o

1 1 L
%% 1.0 20 30 40

BUNDLE ELEVATION (m)
Figure 6.1 Comparison Between the Experimental Data and
Code Predictions for ORNL Post-CHF Test 3.07.9H.

850.0 R R0
8 9
ot 7 - 3.089
o
750.0 9 Z+- 5.018
s
700.0 4 Z- 65.292
650.0 4 7+ B.746
$00.0
550.0 4
500.0 4 MV‘_"M—
450.0 4
\
400.0 4 VESSEL
350.0 - - - ’ v - 1D » 99
0.0 5.0 10.0 15.0 20.0 .0 30.0 8.0
TIME (S)

Figure 6.2 Calculated Hot Rod Surface Temperature for the
RESAR-3S Best-Estimate Large Break LOCA Analysis.

- 101 -



After correcting all the input errors mentioned above, a new 200 second
MSIV closure ATWS calculation was carried out using the automatic control
system option. Some of the results, such as the normalized reactor power
and the steam dome pressure, are illustrated in Figures 6.3 and 6.4, re-
spectively. The peak steam dome pressure is seen to be about 9.37 MPa (1360
psia) occurring at approximately 1l seconds. The boron injection was ini-
tiated at 165 seconds including a 45 second delay. The calculation is being
continued until the reactor hot shutdown is achieved.

For the ATWS calculation using the RAMONA code, an error in the steam
line part of the code was discovered and corrected. The calculation has
been successfully rerun for 300 seconds of transient. Typical results are
shown in Figures 6.5 and 6.6.

During this reporting period, effort was made to compare the thermohy-
draulic performance of the RAMONA-3B and TRAC-BDl codes for the same reactor
power and feedwater flow boundary conditions. For this purpose, anotlier
TRAC-BD1 calculation was performed by imposing the RAMONA-3B calculated
reactor power. This last calculation provided a one-to-one comparison be-
tween the RAMONA-3B and TRAC-BDl predictions for the same reactor power and
feedwater boundary condition:. The results of this comparison are shown in
Figures 6.7 through 6.12. Figure 6.7 represents the reactor power calcu-
lated by the RAMONA-3B code. This reactor power was used as a boundary con-
dition in the TRAC-BDl calculation. As can be observed from Figures 6.8
through 6.12, the transient behaviors of the average fuel temperature, the
steam dome pressure, the relief-and-safety valve flow, and the core and re-
circulation pump flow rates as predicted by the two different codes are
quite close. This may be an indication that for the ATWS calculation, the
differences in the results obtained from the two codes are mainly due to the
difference in the neutron kinetics model.

6.2.3 RAMONA-3B Nodalization Study (G. Slovik)

During this quarter, a RAMONA-3B nodalization study simulating the
Peach Bottom-2 Turbine Trip test #3 (Carmichael, 1978) has been completed.
The initial conditions for the turbine trip test #3 can be found in Table
6.1. The nodalization of the original input (or reference) deck is outlined
in Table 6.2.

The only modificaticn made to the nuclear data during this study was to
add a fuel parameter data set. This was done to collapse two zones in the
fuel which became necessary in reducing the number of axial levels from 24
to 12 in the core. This particular collapsed node contained a region which
was made up of a section containing burnable poison (i.e., gadolinium) while
the other section did not. The new fuel data set was generated by taking
the volume average for each of the coefficients in the diffusion coeffi-
cients and cross sections. This new set was then used in every calculation
that used 12 axial levels in the core.

The modeling changes of the reactor were made by collapsing the refer-
ence case (i.e., 24 axial levels and 191 neutronic channels in a quarter
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core representation) which modeled the core by having 54 control blades and
31 hydraulic channels. The neutronic nodes represented each fuel assembly
explicitly ~ith each nude having . dimensions of AX = AY = 15.24 cm and
AZ = 15..¢ cm for 24 axial leveis in the core. The first modified run
(1.e., 12 axial levels and 191 neutronic channels in the core) was made by
changing the axial levels from 24 to 12. The same extrapolation lengths
used in the reference run were used to represent the reflectors, but new
albedos were calculated to match the initial average axial power distri-
bution. This type of adjustment was made for each nodalization. Also, it
should be noted that the control blade pattern, as fixed by the initial test
condition was used in the calculation.

The next modeiing change was made by combining four assemblies into one
neutronic channel. This was a relatively str-ightforward process because
each control blade controls four assemblies; hence, the positioning of the
fuel and its associated control blade was completely consistent with the
reference case. This produced neutronic nodes that had dimensions of AX =

AY = 30.48 cm while AZ = 15.24 and 30.48 cm to represent a core with 24 and
12 axial levels, respectively.

The final core model in this nodalization study had 12 axial levels and
22 neutronic channels. Difficulties arose in this nodalization because the
nodes contained an equivalent of about 9 assemblies. Also, the hydraulic
channels and control blades had to be remodeled since the reference case had
31 hydraulic channels and 54 control blades. Because of large neutronic
nodes, the model lost its direct relationship to the details of the reactor
core. Hence, the control blade pattern from the test data was abandoned and
the control blade positions were adjusted to give the most correct initial
average power distribution. Each node was assigned a unique hydraulic
channel and control blade to preserve as much of the 3-dimensional effect as
possible. For the neutronic nodes, this coarse mesh representation crossed
many fuel zones and no clear collapsing was possible. However, the fuel
types were arranged as appropriately as possible using the same fuel types
in the reference case. The dimension of these neutronic rodes were AX =
AY = 45,72 cm and AZ = 30.48 cm.

The initial relative axial power distributions for each of the dif-
ferent core nodalizations and the main global parameters predicted for this
transient can be seen in Figures 6.13 through 6.16. A summary of the dif-
ferent nodalizations used, and the CPU *ime used to run each model out to
2.08, are presented in Table 6.3.

It can be seen in Figures 6.13 and 6.14 that the core models that used
either 191 or 55 neutronic channels were able to represent the initial power
distrilution reasonably well. This ability stems from the fact that in the
191 neutronic channels representation, each assembly in a quarter core was
represented along with its assigned contrul blade, which in turn, controls
the four nearest assemblies. This symmetry was taken into account when con-
structing the 55 channel case which grouped the four assemblies into one
neutronic node; hence, the same control blade pattern as was used in the
test was used in these models, thus contributing to good agreement with the
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TABLE 6.1
PEACH BOTTOM-2 TURBINE TRIP TESTS
INITIAL CONDITIONS

Scram Inlet
Test Power Setting Core Flow |Core Pressure |Temperature
No . % Rated % Rated % Rated MPa K
3 69.1 77 100.9 6.95 549
TABLE 6.2

NODALIZATION FOR TURBINE TRIP TEST CALCULATION

Region Number of Nodes
Upper Downcomer 6
Lower Downcomer 6
Lower Plenum 5
Upper Plenum, Riser, Separator 5

Steam line

Vessel to junction for Bypass Valve (BPV) 65
Junction for BPV to Turbine Stop Valve (TSV) 2
Junction for BPV to BPV 10

Core (one quadrant)

Axial 24
Planar
Neutron Kinetics 19
Thermohydraulics 31
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data shown in Figures 6.15 and 6.16. The nodalizations with 24 and 12 axial
levels showed that these two predicted almost identical results for the case
with 191 neutronic channels. However, in Figure 6.15 the relative power for
the case with 24 axial levels (and 55 neutronic channels) predicts the peak
to within 6 percent while the case with 12 levels (and 55 channels) predicts
the maximum value to within 10 percent. While these differences did exist,
hydraulically the results of the 55 channel case were very similar to the
reference case because the total integrated power was still close to the
reference case. In Figure 6.16, this fact is borne out since the system
pressure for the cases with 191 and 55 neutronic channels predicted the same
pressure response.

TABLE 6.3

RUN TIME STATISTICS FOR PEACH BOTTOM TURBINE TRIP TEST #3

Core Nodalization Total Hydraulic Total CPU
Axial Neutronic Neutronic Channels in Hydraulic Time
Levels Channels Nodes __ Core Nodes (s)

24 191 (Reference) 4584 31 843 1578

12 191 2292 31 471 821

24 55 1320 31 843 683

12 55 660 31 471 384

12 22 264 23 235 299

For the case with 12 axial levels and 22 neutronic levels, the results
were not as good., In Figure 6.14 it can be seen that the initial average
relative axial power distribution was underpredicted in the lower part of
the core and overpredicted near the top. This situation existed because the
nodes encompassed about 9 assemblies on the horizontal plane. Hence, the
effect of inserting a control blade into the node aflfected a larger area.
RAMONA-3B was not designed to control this type of node; thus, the control
blades are represented explicitly in the core which means that as the con-
trol blade moves into a core, the node preceding it must be completely rod-
ded. While this is fine when representing one assembly at a time, it great-
ly underpredicts the nodal power when used in neutvonic nodes containing 9
assemblies, particularly when each assembly may have a different control
blade pattern. This problem can be circumvented by using the control den-
sity in a node; however, that option is not presently available in RAMONA~
38. This problem caused the underprediction of the relative power for the
transient shown in Figure 6.15 which resulted in the system pressure being
underpredicted, as shown in Figure 6.16.
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In conclusion, the predicted response of the Peach Bottom Turbine Trip
Test #3 can be best simulated with a quarter core representation of one node
per assembly (i.e., 191 neutronic channels) with either 24 or 12 axial
levels in the core with equal results. This test can also be represented by
using 55 neutronic channels because the control blade pattern can still be
explicitly expressed. Hence, it would appear that a RAMONA~3B user can rep-
resent the core of Peacn Bottom EOC-2 with reasonable accuracy by using a
neutronic channel containing four assemblies. As seen in Table 6.3, the CPU
time is greatly reduced with each reduction of the total number of neutronic
nodes. Also, it was found that the number of assemblies in a node should
not exceed four (4) since a control blade pattern cannot be accurately de-
fined. This could be alleviated if a control density option was added to
RAMONA-3B when called upon to use such large nodes, and should be considered
for future improvement.

6.3 Peer Review of Systems Thermal Hydraulics for NRC PTS Study
(J. H. Jo, U. S. Rohatgi, and P. Saha)

BNL staff members attended the Calvert Cliffs Pressurized Thermal Shcck
(PTS) review meeting held at the Baltimore Gas and Electric Company in Bal-
timore, Maryland on September 20-21, 1983. The BNL staff also attended
mectings on the H. B. Robinson PTS analysis held at Idaho Falls, Idaho on
August 23-24, 1983 and September 29, 1983, Work has begun in reviewing the
TRAC input deck for the Calvert Cliffs plant and the resultant steady state.

References

CARMICHAEL, L. A., and NEIMI, R. O., (1978), "Transient and Stability Tests
at Peach Bottom Atomic Power Station Unit 2 at End of Fuel Cycle 2," EPRI
NP-564.

HSU, C. J., (1983), "BWR/4 ATWS Calculations Using TRAC-BD1l and RAMONA-3B
Codes,” in Safety Research Programs Sponsored by Office of Nuclear Reg-
ulatory Research, Quarterly Progress Report, April 1 - June 30, 1983,
NUREG/CR-2331, BNL-NUREG-51454, Vol. 3, No. ? Section 6.2.2.

NEYMOTIN, L., (1983), "Analysis of Oak Ridge Post-CHF Tests with TRAC-BD1,"
in Safety Research Programs Sponsored by Office of Nuclear Regulatory Re-
search, Quarterly Progress Report, January 1 - March 31, 1983, NUREG/CR-
2331 BNL-NJUREG-51454, Vol. 3, No. 1, Section 6.1.2, 1983.

WESTINGHOUSE ELECTRIC CORP., (1973), "Topical Report: Reactor Coolant Pump
Integrity in LOCA," WCAP - 8163, September 1973.

YUELYS-MIKS1S, C., ROHATGI, U.S., and CONNELL, H. R., (1983) "LOCA Analysis
of Westinghouse RESAR-3S Plants,” in Safety Research Programs Sponsored by
Office of Nuclear Regulatory Research, Quarterly Progress Report, April 1
~June 30, 1983, NUREG/CR-233', BNL-NUREG-51454, Vol. 3, No. 2, Section
6.2.1, 1983,

- 113 -



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

(P. Saha, L. Neymotin, and L. Moberg (ScP))

This project includes the modifications, improvements and preliminary
(or developmental) assessment of the BWR trarsient analysis code called
RAMONA-3B. Work on this project has been resumed after the conclusion of
the BNL-Scandpower agreement on the release of RAMONA-3B. The code (RAMONA-
3B) is now available, at no cost, to U. S, organizations for the analysis of
U. S. reactors.

During this reporting period of July to September 1983, a collapsed
water level tracking capability has been added to the RAMONA-3B code and
significant progress has been made in implementing the feedwater and re-
circulation flow control systems. The work on collapsing the 3-D cross
sections for 1-D calculations and reactivity edits, under subcontract to
Scandpower 1is nearly completed. 7he details of the progress achieved are
described below.

7.1 Collapsed Water Level Tracking Capability (L. Neymotin)

In addition to the existing two-phase mixture level tracking calcula-
tion in the downcomer, a procedure to calculate the collapsed water level
has been implemented in RAMONA-3B, Tu‘s capability is important for the
correct initiation of the safety injection sysctem and the feedwater control
system currently being developed for the RAMONA-3B code. The code's output
will include both the downcomer two-phase alxture and collapsed water level
location history.

7.2 Feedwater Control System (L. Neymotin)

A stand-alone computer program was written for the feedwater control
system and the check-out calculations and sensitivity studies have been per-
formed. The control system structure (Jo, 1982), time constants and the
controller gains have been taken from a RETRAN input deck (Forkner, 1978).
A complete description of the system together with results of the develop-
mental assessment will be presented when the system implementation into the
RAMONA-3B code is completed.

7.3 Recirculation Pump Control System (L. Neymotin)

Development of the recirculation pump coatrnl system has reached the
same stage as that of the feedwater contro! system mentioned above.
Implementation wil! begin after the latest version of the code is created.

7.4 Support for the MSIV Clowure ATWS Calculation (L. Neymotin)

A number of corrections to the code have been made and the calculation
was successfully continued up to 1000 seconds of transient time. Results
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for the first 300 seconds are shown in Figures 6.5 and 6.6 of Section 6.2.2
of this report. The final results will be discussed in the next quarterly
report.

7.5 Improvement Tasks Performed at Scandpower (L. Moberg, 3cP)

75.1 1-D Cross~-Section Data Generation

A methodology for collapsing a 3-D cross section distribution to an
equivalent 1-D (axial) cross section data set has been developed. The
procedure consists of first performing a reference 3-D static calculation
with RAMONA-3B followed by a series of perturbation calculations which
reflect the cross section dependence on the free variables void, fuel and
coolant temperature. Data files are saved from each of these cases and fed
into a new stand-alone code, FRAM, which performs the actual collapsing.
The 1-D data are fitted to polynomials producing a data file for use in a
corresponding 1-D RAMONA-3B model. The coding of FRAM, and the required
modifications to RAMONA-3B, have been completed and functionally tested at
Scandpower .

7.5.2 Reactivity Edits

Edits of total reactivity, as well as the reactivity contributions from
void, fuel temperature, coolant temperature and control rod effects have
been implemented in RAMONA-3B. The total reactivity is calculated by two
methods; frow the inverse reactivity equation (point kinetics) and from the
perturbation theory. The reactivity components are calculated from the
perturbation theory, and are printed out at user specified intervals.

The coding of the reactivity calculations is completed and functionally
tested at Scendpower.
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racking of PWR Steam Generator Tubing

(D. van Rooyen)

The objective of this program is to develop quantitative data to serve as
a predictive basis for 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 tue cracking of tubing. Verification was planned with tubing to be
obtaired from a deconmisrioned steam generator, but this will not be possible
due to a reduction in funding level for 1984,

The present experimental program addresses two specific conditioms, i.e.,
1) residual stess conditions where deformation occurs but is no longer active,
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 thit would apply in service; tubing from actual
production is used in carrying out threse tests, The enviromments include both
normal and "off" chemistries for primary and secondary water. Material
condition also includes various degrees of cold work

The results summarized here were obtained in several different tests.
The main ones are 1) split tube "reverse" U-bends, 2) CERT, and 3) consta-t
load. The temperature range covered is 290°C-365°C.

8.1 Counstent Load

For the case where denting or active deformation is no longer occurring,
it is necessary to obtain data that relate failure times to stress, 1.e., the
load on the tube, In service these stresses can consist of residual plus
operational stress, and may te complex. Tensile specimens under app.ied load
have given good data for 0.01% carbon Inconel, but not for 0.02 and 0.05%
carbon heats, and the latter appear to need a different stress pattern. This
type of exploration also will not be pursued due to lack of support,

The effect of temperature was shown in the previous report, together with
the data from various environments. Cold work effects are not effectively
sorted out by the constaat load test, and have been discontinued. The long
term, low stress test with as received materic! at 365°C continues, and a few
additional tests are scheduled for 1984 in AVT.

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, vhich are used for calculating crack propagation rates
and used for predicting strain levels at which SCC wil! hecome a problem. An
activation energy of 33 Kcal/mole continues to be the best value available for
crack growth, pending the introduction of a better correction in the
calculation,




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

Work on finalizing a design for a test intended to improve the accuracy
of determining the initiation period during CERT in high temperature water has
stopped.

8.3 U-Bends

Split tube type U-bends cracked in earlier tests at 325°C-365°C and sug-
gestea a possibility that the carbon level of the Inconel influences the crack
initiation/temperature relationship, 1.e., activation energy seemed to in-
crease 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
not shown cracking for 0,02 and 0,032 carbon, but the 0.012 material showed
cracks in four samples. These data plus earlier results at higher temperature
are plotted in Fig. 1, showing a straight line Arrhenius plot of failure time
ve, 1inverse absolute temperature. Some of the other materials (0.02 and
0.03%C) are now at points that may ehow an increasing activation energy at the
lower temperatures, and they will continue for longer times.

Testing continues with tubes at 365°C in pure H70 to correlate a static
"dent" size with susceptibility to SCC of 0.012 C Alloy 600. The "dents" were
made by pressing semicylindrical pieces of metal onto the ouiside surface
while the tube is in a test jig. All materials are made out of Inconel 600,
and the "dents" range from 5 to 4C mils (actual inward deformation). The
exposure time is now over four months, without SCC.

8.4 Future Work

Little future work will be possible along lines of verifyiug and 1im-
proving the reliability of our predictive model at the 1984 funding level.
Its application at present is not believed to be more than semi-quantitative.




9.

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

Experimental work was completed on the project. The rcsults have been
evaluated and a report is being written., A draft of the report will be sent
to NRC in Der :mber, The abstract from the investigation follows:

An increase in the number of bolting failures attributed to lubricant
coolant interaction at nuclear power plants has caused a great deal of concern
regarding the more judicious use of lubricants by the nuclear power industry,
An .nvestigation was performed on ten more commonly used lubricants by the
nuclear power industry., The investigation included EDS analysis of the lubri-
cants, notched tensile CER testing of bolting materials with the lubricants,
frictional testing of the lubricants and weight loss testing of a bonded solid
film lubricant. The report generally concludes that there is a good deal of
variance in the mechanical properties of common bolting materials; that MoS»
can hydrolize to form HyS at 100°C, and that the use of copper containing
lubricants can be potentially detrimental to high strength steels in an
aqueous environment.




10. Probability Based Load Combinations for Design of Category I Structures
(H. Hwang, M. Reich, M. Chang, P. Brown, S. Kao
M. Shinozuka, B. Ellingwood and P.C. Wang)

0.1 Load Combination 51('??:')(!'.'1“:@: t()rrfe_)&rn_ard

The tornado load is considered as a quasi-static load so that only the
static responses of structures are taken into consideration. The occurrence
sf tornado is assumed to follouw the Poisson arrival law during the struc-
tural lifetime. Fur each occurrence, the tornado wind force is idealized as a
rectangular pulse with a random duration and a random intensity.

It ‘s reasonable to believe that the duration and intensity, the two
variables required in the procedure, are positively correlated. However, they
can be treated as being independent in the reliability anaiysis for the fol-
lowing reasons. (1) For a tornado load alone, since the response analysis is
static, the duration does not need to be considered. (2) In combination with
other loads, Wen and Pearce (198l1) showed that this type of correlation has
only a minimal effect on the combined load probability, i.e., it can be neg-
lect ed without wsing any significant error.

According to Wen and Chu (1973), the mean annu ate of a nuclear power
plant being hit by a tornado is given by

(0)

\\._‘ h‘v
where Ay is the mean occurrence rate of tornadoes (1r'milw~]’y'uu‘) t a site
which can be evaluated from statistical data. WA is the mean damage area
(miles“), and is estimated to be 0.85 mile? by Schaefer, et al (1979).
The mean duration ¥py.of a tornado acting on a power plant is also an
important parameter. Following Wen's recommendation, the mean duration is

n to be 23.2 seconds in this study.
The pressure on the ex.ernal surface of structures resulting from a
is
"[}'1' (;'s

¢ ) ' : 3
where q = 0.00256V< (psf) represents the ayna > pressure and Vp is the
]

maximum wind speed (in mph and the sum of the translational and rotational

components) generated by a tornado. C, is the pressure coefficient and its

" » 2 £ 3
value is either specified by codes or documented in reports.

The anmual probability of a wind speed threshold v being exceeded at a
site can be found in Reinhold and Ellingwood (1982). This is the probability
of the int event that the tornado wind speed exceeds v and a site is struck

by a tornado. Since the mean annual rate of a nuclear power plant being hit
by a tornado can be computed as indicated in Eq. 10.1, the conditional
distribution of the maximum wind speed Vp, given a tornado hit the site
under consideration, can be easily established. For the Clinton Power plant

site, the conditional distribution of thea maximum wind speed Vr
I




For completeness of the distribution function of Vr» a linear form between v

= 0 arnd v = 75 mph is assumed for Fy (v). Then,
l\'(.)»“/','xlw—jv for 0 v £75 mph (10.4)
If one sets
W - \-y' { .
then the distribution function of Wr given a tornado hit can be expressed
as follows:
9 -( 5 - )
}A\., (w) =1 - 10e !.wii}ﬂ\\- for w 3 (-y;lm})p,‘)k
| (1 .b)
- e )
= 2.77 x 10 3'\.1 for O < w < /75(mph)*“
N F

On the basis of the above probabilistic model for tornado load, a load combi-

iation methodology for dead/live load and tornado load has been developed.
his methodology together with the data indicated above has been applied to
the Clinton containment structure. It is found that the conditicnal limit
state probability of the critical element is about 1.15 x 10710 bagsed on the
ultimate limit state defined in this program. 1he liamit state probability in
the lifet ime of the contaimment 40 years, therefore, is about 0.18 x 10~11

10.2 Reliability Analysis of Shear Walls

A reliability analysis method for shear walls has been devel ped . In
this method, a shear wall is modelled as a deep beam. The limit states for
flexure and shear are defined according to the ACI strength design for com-
bined axial and bending moments, nd deep beam requirement for shear. To
derlve the statistical distribution of structural resistance, the variations
of material strength and wall dimension are taken into consideration. At
present, three loads, 1i.e., dead load, live load and earthquake ground ac-
celeration, are considered in the reliabili:cy analysis. Both dead and live
loads are assumed to be Gaussian distributed and the probabilistic model for
earthquakes is the same as tha used in concrete containment reliability
inalysis. Based on the above information, the limit state probabilisties for
flexure and/or shear during the lifetime of the shear wall can be comput ed.
his reliabilic«v analysis method has been applied to a typical shear wall, and
the limit state probabilities are found to be about of the order of 1079,
The details of the methodology and the numerical examples will be included in
a technical report.

lhis reliability analysis method can be used to evaluate the reliabkility
level of an existing shear wall, and to derive load factors for design of

shear walls. [n FY 84, this work will be expanded to include more loads, and

a load combination criteria for design of shear walls will be suggested.
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Mechanical Piping Benchmark Probl

(P. Bezler, M. Subudhi, Y.K. Wang, S. Shteyngart and R. Alf

Elastic Bencnmark fvi"»'cl-,lrmt'l)l

Volume 2 of the benchmark report series is complete a nd has been reviewed
the NRC. The inclusion of an alternate problem taken from an actual reac-
tor system and the impact of applicant comments from the trail usage phase are

being considered before svbmitt ing the report for printing.

Physical Benchmark Development
I B s s hmincieaches

A draft of the report describing the blind predictions for the ext ended Z

bend test was completed. The report will be submitied for printing follnwing
NRC staff review.

Two analyses were performed for the extended Z bend. In the first analy-
gis, the measured sled accelerations and displacements were used directly as
i nput. In the second analysis, the measured sled accelerations were again
used, however, the input sled displacements were the time history records pro-
duced when the measured acceleration records were twice integrated and base-
line corrected. The inputs then, for the second analysis, were a censistent
set. This was not necessarily true for the first analysis.

For both analysis, i¢he independent support motion, modal superposition,
time history algorithms were used with a 10 mode spproximation and a inte-
gration time step of 0.001 sec. A uniform damping value of 2% was employed
yased on ectimates from the test results. Lastly, the input displacement and
acceleration time histories were digitized on 0.001 sec. intervals.

A listing of the predicted natural frequencies for the Z bend are pre-

sented in Table 11.1. fhe corresponding exp2rimental estimates for the fun-
damental freguencies of the system are presented in the last column of this
table. As can be seen, the agreement between the measured and predicted
values is good.

The finite element model used in the calculations is shown in Fig. 1l.1.
The seismic inputs were imposed at nodes 1, 7 and 34. Figures 11.2 and 11.3
show time history traces of the mearured and predicted displacements in the Z
direction of nodes 15 and 26. On each of these figures the upper curve is the
measured response, the center curve is the predicted response based on mea-
sured acceleration and displacement inputs (test input) and the lower curve is
the predicted response based on measured accelerations and integrated dis-
placement inputs (integrated test input). Figures 11.4 and 11.5 show time
history traces for the measured and predicted accelerations in the Z direction
1t nodes 9 and 2. In these figures the upper curve is the measured data and
the lower curve is the predirted data.

Considering the displacement results, the displacements predicted (sing
the test inputs are almost identical to the measured results for the first 18
seconds. Beyond 18 seconds the measured results show greater amplification of

the high freguency components of response resulting in higher -eak amplitudes
i : b L B y F







The modal and directional combinations for this case follow the guide-lines
given in US NRC Regulatory Guide 1.92. All other input parameters used in
this gnalysis were consistent with those used in independent response spectrum

ana.ysis.

The results for indep2ndent support tion are presented in tabular romm.
rable 11.1 - 11.4 summarize AFW piping model response comparisons for both
the dynamic and static components. The tables indicate the node/ element aum-

bers, their components/type, time history results and the results for the dif-
ferent cases considered. For the dynamic analysis, the different cases repre-
sent the fourteen combination procedures between groups, modes and direction
o«f exciation. Also included are the results corresponding to the uniform (ot

envclope) Response Spectrum (URS) met hod. For the SAM analysis, the five
dif ferent methods consti*ute ten different cases. The results listed under
each represent the percentage of conservatism asso« jated with each parameter
when compared to the time history value. [f it is a negative number, it sig-

nifies that the BNL predicted *alue is less then the actual time history re-

sults.

The parameters chosen for comparison are the displacements and accelera-
tions at se’ected no.nl locations, and the resultant pipe woments and support

forces at selected pipe element locations. Each predicted parameter calcu-
lated by any of the procedures is compared with the time hietory responses ob~-
. tained from an independent time history analysis. A total of six different
piping systems are considered in the study. The time history results for two
piping systems were provided by LLNL. BNL predicted the pipe responses using
the LLNL supplied data. Thirty-three different earthquakes were considered

for these piping systems. For the other four piping systems, the analysis of

three, for one seismic excitation, have been completed to date.

For the dynamic responses, the env:lope spectrum analysis, which is cur-
rent practice, yields conservative results except at some isolated locations.
At these locations, the participation factors computed for independent excita-
tion are large but cancel when uniform methods are used eliminating the phas-

Even if the input spectra are large, the product

ing between sapport points.
f the above factor with the spectrum value result in a lower response. How-
ever, because of the complicated layout of a typical piping system, this ef-

fect does not occur frequently.

For the independent response spectrum methods, it is found that in gen-
eral the absolute sum among groups yields the most conservative response.
However, algebraic and SRSS combination between groups can go either way,
although the mean values over all the earthquakes studied are conservative.
The sequence between groups, modes and directions does not significant ly alter

the IO‘VQ‘I f conservvaltl fes.

The pseudo-static responses predicted by any of the five methods reveal

that there exists nc unique method to predict ihis component of seismic re-
sponse. BNL is currently involved in a parametric study to identify all the
factors that influence the SAM responses. No particular conclusion has been

reached at th's time.
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Table 11.5 Support Force Responses (Static) of AFW Model for Earthquake 15.
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Human Error Data for

lated

Brookhaven National Laboratory (BNL) has been tasked in \ program to
develop and apply alistic human performance data and models to help quantify
and qualify the human's role in nuclear power plant (NPP) s ; To meet

ve, the major FY 1983 efforts are being placed i » following

investigation, namel
'he prediction of Human Error Rates (HERs) 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
hood ndex Method (SLIM).

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

Utility Analysis of Using LER Data for HERs Predict

(K. J. Voska, W. J. Luckas, Jr.)

objective of this research has been the development of a me thodology
which can be used to obtain human error rate (HER) data from an analysis ol
Licensee Event Reports (LERs). A further objective was to assess the practi
ality, acceptability, and us2fulness of using the HERs obtained to predict
uman error probabilities (HEPs) for use in Probabilistic Risk Assessment
(PRA).

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

total number

of a particular type of
tota: number of opportunities for those

of HERs was originally presented in NUREG/CR-1B80

the fourth quarter of FY 1983, a structured methodology
ation, classification, and quantification of human errors found in
been completed and subject to peer review. Copies of the methodology
a short questionnaire were distributed to 20 human reliability

Responses received indicated he relative useful ness of the

and the confidence that could be placec n the resulting

of those experts responding.

18 Se s smen he potential fulness of existing LERs for human
predi s was made by evaluating the capatibility of human
ntified on LERs, with the human errors des y: fons used in two well

banks (NURE 1278). By referring to » human errors




ntified in LERs by NUREG/CR-2417 and -2987, an estimate of the total number
LERs that could potentially be used for HER calculations was made. The
i the resulting HER data was evaluated in terms of reliability and

by assessing the LER system as a measure of humn performance.

With regard to practicality, a ry o nd their availability
was obtained through interviews with personnel th C office of Analysis
aind Evaluation of Operational Data. Ir addition, ler ion was given to

10N

difficulties that might occur n the necessary derivation of opportunity for

[t has been assumed that the use ¢ LER: provide human error data
ich could be applied to improve the safety of 1 - plants is generally
eptable to the licensees and NRC.

The results of research conducted in this project in FY 1983 along with
conclusions and recommendations have been documented in a draft report which
has been submitted to the NRC for review. The report is entitled "Utility
Analysis of Using Human Error Rates Developed from Licensee Event Reports to
‘ Human Error Probabilities™ and has been assigned: NUREG/CR-3519.

lihood Index Method (SLIM) Deve

of Human Reliability Assocl

Performance Shapi Factors (PSFs) and quantified expert

using SL is important in the evaluation of human reliability. It

should be noted that the amount of authentic quantitative human reliability
aita that exists is small (and is likely to remain small for the

1 for foreseeable

future). [t is therefore likely that subjective judgment and extrapolation
will continue to pl: n important part. Nevertheless, present extrapolation

techniques are covert unsystematic, and rely on the knowledge of a limited
wmber of judges. 'hey do not systematically take into account the ways in
ich mbine together to affect the probability of success in particular
3ituations. Moreover, certain tasks cannot effectively be quantified using
! approaches. For these tasks, involving ii agnosis, decision
making and other cognitive activities, a holistic t mique will probably be

lecessary.

jective judgment has emerged from th revi analysis as
importance for human reliability ralus 1 SLIM is a
ntified subjective judgment approach which uses PSFs or

)f the factors which comb‘ne to produce the observed likelihood of suc~-
the basic premise of } appr n is that when an expert judge (or

1luate(s) the likelihood that particular task will succeed, he or
is essentially consi ing the utilit )f the combination of PSFs in the

tuation of interest 1 { enhancing or degrading reliatility. SL

the means positioning a task on a subjective scale of

ess, which is subsequently transfors probability

derived by considering the judges' perceptions

in determining task reliabi ) NUREG/CR-2986
SLIM




During the fourth quarter of FY 1983, efforts were devoted t determin-
ing the progress completed to date on the extension of the original SLIM
concept, now called SLIM-MAUD (Success Likelihood Index Method using Multi-
Attribute Utility Decomposition). The addition f MAUD to the basic SLIM
procedure represents the incorporation of an interactive microcomputer based
program into the elicitation procedures so that assessors may generate their
own PFSs. The assessor generated PSFs are evaluated for theoretical con-
sistency by the program 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 fileld testing of the technique.

12,3 Multiple Sequential Failure Model Development

(P. K. Samanta, J. N. O'Brien)

The dependence of human faiiure on multiple sequential action is impor-
tant in the evaluation of human reliability. NUREG/CR-2211 has analyzed the
nature of this dependence and has distinguished it from other types of multi-
ple failures. Human error causes selecrtive failure of components depending on
when the failure started. Two models have been initially developed for quan-
tifying the failure probability in s aultiple sequential action. The first is
very general in nature and does not require any dependent failure data. The
failure probability obtained from this model is a conservative one with asso-
ciated uncertainty. The uncertainty is calculated considering many possible
gsources such as data, coupling, and modeling. In the second model, details of
the process .n multiple sequential failures (MSF) are taken into account. The
model increments the conditional failure probabilities by a certain amount
from their lower bounds (independent failure probability). This approach pro-
vides important insights into the influence of dependence of failures on sys-
tem reliability. The model can be used effectively to choose an optimum
system considering the individual failure probability, dependence factor, and
the amount of redundancy in a system.

During the fourth quater of FY 1983, the small-scale psychological ex-
periment being used to test the model was further developed. Programmi ng of
test sequences was initiated and experimental tasks were tentatively identi-
fied. Developmant of subject training approaches was undertaken along with
other experimental design requirements. The experiment is scheduled to be
fully underway during the next quarter.
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Human Factors in Nuclear Power Plant Safeguards

N. O'Brien)

Brookhaven National Lazboratory (BNL) has been tasked i his program to
levelop a long~term research plan for studying the effects of human factors on
the security at nuclear power plants. In the past, relatively liitle atten-
tion has been paid to human factors affecting security personnel, in spite of
the high level of attention the Three Mile Island Unit 2 ac cident brought to
human factors affecting operational personnel. In order to remedy this, NRC
is seeking a coordinated, cost effective, long-term research plan. To meet
this objective, BNL 1is developing a planning jocument to assist NRC in
{dentifying safeguards related human factors research that can be usefully
undertaken over the next 5-7 years.

Safeguards Related Human Factors Research

The first step employed to develop this resear« h plan was to assess four
principal data sources to 1dentify and rank in {importance human factors
affecting safeguards. These are: (1) a human factors analysis of the Safe-

guards Summarv Event List, (2) a set of comments supplied by over twenty human
factors and/or safeguards experts, ) an extensive literature review, and (4)
NRC's own survey ¢ analysis human factors affecting safeguards

768) .

During the fourth quarter in FY 1983, a third draft interim report was
prepared which discussed the results of a literature review on social scien-
tiiic research design with particular emphasis cn how to design research
approaches for safeguards human factors problems. This draft was combined with
the two interim reports discussed last quarter to form the basis of an overall
final report.

The format of the final report is in two volumes. Volume I is a summary
overall research effort and a presentation of the final research plan.
ains an overall description of the four major program elements which
1) training and performance evaluation, (2) organizational factors, (3)
chine interface, and (4) trustworthiness and reliability. For each pro
lement, several project descriptive statements are included to specifi
describe the optimal sequence of research efforts. Volume 11
three interim reports condensed as chapters in the volume.
an introduction; Chapter 2 describes the effort and results of identifying
ranking safeguards human factors issues; Chapter 3 yntains an analysis of

s y

feasibility of research on those issues identified in Chapter 2; and Chapter 4

locuments the literature review conducted to investigate scientifically valid
research approaches applicable to the issues identified.

The entire plan was presented to the NRC staff in a high-level brief-
ing and it is expected to be available in published form during the next

juarter.







