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FOREWORD

The Advanced and Water wxeactor Safety Rurearch Programs Quarterly
Progress Reports have been combined and are included in this report entitled,
"Safety Research Programs sponsored by the Office of Nuclear Regulatory
Research - Progress Report.” This progress r-vort will describe current
activities and technical progress in the prog ‘ms at Brookhaven National
Laboratory sponsored by the Division of Regulatory Applications, Division of
Engineering, Division of Reactor Accldent Ana'ysis, and Division of Reactor
and Plant Systems of the U. S. Nuclear Regulatory Commission, Office of
Nuclear Regulatory Research followiug the reorganization in 7abruary 1987,
The projects reported are the following:

Division of Regulatory Applications -
Advauced Reactor Review/LMRs of HTGRs
Division of Engineering =

Standard Problems for Structural Computer Codes, Fire
Protection Research, Characterization and Detection of
Age-Related Failures of Sclected Components and Systems
With Consideration for Aging/Seismic Interactions, Fail-
ure Analysis and Nuclear Industry Practice, Evaluation
of the Adequacy of Current Reactor Coclant Pump Seal
Instrumentation and Operator Responses to Possible
Reactor Coolant Pump Seal Failures, Adequacy of Current
Valve In-Service Testing Methods, and Regulatory Guide
tor Reactor Dnsimetry

Division of Reactor Accident Analysis -

Thermal-Hydraulic Reactor Safety Experiments, Protective
Action Decisionmaking, MELCOR Verification and Bench-
marking, Uncertainty Analysis of the Source Terms
(QUASAR), Source Term Code Package Verification and
Benchmarking, Risk and Risk Reduction for Zion, Thermo=
dynamic Core-Concrete Interactions Experiments and
Analysis, Contalmment Performance Design Objective,
Review of the Core-~Melt Evaluatior for the Westinghouse
Standard Plant (SP-90), Review of Containment Resporse
Analyses in the Shoreham Probabilistic Risk Assessment,
Fission Product Releases and Radiological Consequences
of Degraded Core Accidents. and Review of the Accident
Sequence Evaluation for the Westinghouse Standard Plant
(8P-90)

b g



Division of Reactor and P'ant Systems -

Code Maintenance (RAMONA-3B), Assessment and Application
of TRAC-BF1 Code, Plant Analyzer Development of BWR/2
and BWR/6 and Maintenance for BWR/4, Procedures for
Evaluating Technical Specifications (PETS), Operational
Safety Reliability Research, Risk-Based Performance
Indicators, Study of Beyond Design laslis Accidents in
Spent Fuel Pools (Generic Issue 82), Development of
Techrical Basis tor Severe Accident Guidelines and
Procedural Criteria for Exieting BWR Plants, Development
of Technical Basis for Severe Accident Guidelines and
General Criteria for Existing BWR Plants, Interfacing
Systems LOCA at LWRs, Improved Reliability of Residual
Heat Removal Capability in PWRs as Related to Resolution
of Generic Issue 99, Support for Containment Lcading
Studies, and Support for TRAC-PF1/MOD1 VUncertainty
Analysis

The previous reports have covered the period October 1, 1976 through
March 31, 1987,
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I. DIVISION OF REGULATORY APPLICATIONS

SUMMARY

Advanced Reactor Review/LMRs & HTGRs

The Advanced Reactor Review Safety Research Program is directed toward
enchancing analytical tools for applications to the new generation of adianced
reactors. In April 1987, as a result of an NRC reorganlzation, the Accident
Analysis and Safety Review of Liquio Metal and High Temperature Gas Reactors
(LMRs and HTGRs) Program was transferred from Regulation to Research. There-
fore, both programs (which are coordinated to meet a common objective) are
discussed here.

In the part of the effort originally supported by Research, efforts are
underway to {mprove (1) our LMR reactivity modeling for metal fuel cores, and
(2) our representation of HTGR systems during postulated water ingress events.
In LMRs with metal fuels, changes in core geometry (mostly due to thermal ex-
pansion) are proportionately more i{mportant than for oxide fuel cores, largely
due to the much smaller Doppler contribution in the metal cores. Appropriate
reactivity feedbacks have recently been implemented {nto SSC, and results com=
pare favorably to those cited by GE. Similar models have been developed for
MINET. The revised numerics for tracking HTCR moisture ingress in MINET have
been implemented, and testing is near completion.

In the effort to analyze the advanced LMRs and HTGRs, good progress con-
tinued to be made. A series of postulated severe accidents for the MHTGR has
been analyzed, and the results are provided within., It appears that, with a
falr margln, the MHTGR can survive heatup transients with and without RCCS
functioning., On the LMR side, three significant findings were made: (1)
break‘ng a primary pipe in PRISM of SAFR apptars to have lit.le safety impor-
tance, (2) the reactivity changes due to radial expansion claimed by GE and RI
for PRISM and SAFR, respectively, appear to be correct - within 10% of a "hand
calculated” value, and (3) the performance of the air-cooled vessel systems,
RVACS and RACS, should be at least as effective as G+ and RI claim.




1. Advanced Reactor Review/2, LMRs & HTGRs (Combined) (C. J. Van Tuyle)

The Advanced Reactor Review Safety Research Program has continued under
NRC Research funding since October 1986, In April 1987, as a result of an NRC
reorganization, the Accident Analysis and Safety Review of liquid Metal and
High Temperature Gas Reactors (LMRs and HTGRs) Program was tcansferred from
Regulation to Resersrch. Therefore, both programs are discussed here under the
"Research" title of Advanced Reactor Review.

The combined programs are focused to help NRC accomplish the review of
advanced reactor (LMR and HTGR) designs over the next one and one-half years.
Technical assistance {n the following areas is provided: (1) review, adapta-
tion, and {mplementation of snalytical tools and models for application to the
design submittals, (2) independent analysis of specific accidents and plant
conditions and characteristics for the designs, (3) developing and evaluating
appropriate source terme, (4) reviewing O0OE reports on safety issues, (5) re-
view of those aspects of DOE's base technical program related to the areas
described in (1) through (4), and (6) assistance in assessing PRAs submitted
for review,

1.1 Advanced Reactor Review Efforts

l.141 LMR Reactivity Modeling (M. 8. Cheng, G. C, Slovik, G. J, Van Tuyle)

The use of metallic fuel causes significant changes in the importance of
the various reactivity feedbacks. The hard neutronic spectrum and che small
temperature rise across (radial direction) the fuel pins act to significantly
reduce the importance of Doppler feedback: The sodium density feedback is
positive (undesirable), Sut is of oniy moderate importance until boiling is
reached. Expanslon of the core and the control rod drive lines i{s very {mpor~
tant, given the small Doppler., Thus, much of our effort to modify our codes,
originally developed for oxide fuels, is in the incorporation of the reacti=-
vity feedbacks due to geometric effects.

Several of the key reactivity feedbacks have now been implemented in 8$SC
[Guppy, 1983), including metal fuel Doppler, sodium density feedbacks (was in
place already), axial fuel expansion, and radia) expansion ar the loal pads
and the grid plate., Expansion of the control rods is currently being added.
Bowing, which is expected to be a negative feedback (and therefore helpful),
will be neglected i{n order to be conservative regarding this very complex re~
sponse. The SSC reactivity feedbacks have been testey against results gen~
evated by GE for a postulated 35 {nsertion (see later section), and the feed-
backs in the SSC run appear consistent.

Similar reactivity feedback models have been developed for MINET ([Van
Tuyle, 1984]) but have not yet been implemented. (MINET has more flexibility
in representing the LMR systems, while SSC has the more detailed reactor
model.)
lale2 HTGR Ingress Modeling (G, J. “an Tuyle, A. Aronson, J, W, Yang)

Problems with the numer{:al behavior of our inftial water ingress model



for MINET fcrced us to convert to an implicit differencing scheme. Implemen=
tation of the revised numerics has taken some time, but testing is now nearly
completed. In the meantime, water ingress analyses have been performed using
carefully chesen reactivity boundary conditions, and results similar to those
reported by ORNL have been obtained.

l.1.3 COMMIX (G. J., Van Tuyle, B. C. Chan)

Our concerns regarding the gap between the reactor 2ad containment ves-
sels in SAFR, which would have required COMMIX [ANL, i985) analysis of some
important transients, have been answered by RI. They have reduced the gap to
seven inches, which {s small enough so the IHX will remain covered in the case
of a reactor vessel leak. Thus, our need for COMMIX runs {s no longer imme-
diate.

lelsd Assessment of DOE LMR Metal Fuels Behavior Research Plan (T. Ginsberg)

Our preliminary review of the DOE LMR Metal Fuels Behavior Resea--h Plan
has now be2n completed, and our findings are being documented. As the re-
search program is still very much in process, there is considerable urcertain-
ty regarding the metal fuel/HT9 cladding currently envisioned for PRISM and
SAFR,

One area of interest {s the respose of LMR fuel to overpower tran~
sients. Prior thinking about fission gas release led to speculation that gas
release during a transient would lead to axial fuel expansion and a rapid .e-
gative feedback effect., Recent interpretation of TREAT M-Series tests sug-
gests that insignificant axial expansion occurred prior to the onset of fuel
melting. It is now believed the observed behavior is due to a combination of
two factors: (1) accommodation of gas released during the transient by the
available porosity, and (2) binding of the fuel and cladding prior to eutectic
formation, thus restricting axial fuel motion.

l.1.5 Validation of LMR Reactivity Modeling (G. J. Van Tuyle)

A computer code validation workshop was held at ANL on May 19th, While
the ANL team that runs the EBR-II facility 1s doing quf:e well with their
codes, the other efforts, e.g., SASSYS, are just beginning to benchmark their
codes against EBR-II data. An effort to benchmark our codes against the
EBR-I1 data i{s planned for next year.

led Accident Analysis and Safety keview

14241 Modular HTGR (P, G, Kroeger)
1e24141 PSID Roview (P, O, Kroeger)

A review of Chapter 5 of the Preliminary Safety Informacion Document
(PSID) and the corresponding sections of the Technology Development Plan was
performed. At the pursuant review meeting, a list of questions was discussed
and submitted to RES,



Chapters 6, 9, 10 and 11 of the PSID were reviewed. 'ne resulting ques-
tions were discussed with RES and passed on to DOE, where appropriate, in the
review meecing.

After receipt of the requested material properties, as well as design and
performance data from GA, several minor {tems were clarified in phone conver=
sations with GA, Ccnsidering this information, a re-evaluation of RCCS per-
formance was made, confirming that the computations by GA for the PSID wure
indeed reasorable., Modifying our RCCS model in THATCH (Kroeger, 1986) corres-
pondingly we obtained reactor vessel temperatures and RCCS panel temperatures
sufficiently close to those given in the PSID.

Based on the information submitted by GA regarding the RCCS design, our
depressurized core heatup accident models were revised, including internal iin
performance evaluation in the PASCOL code computations of the RCCS,

The resuliing more detailed computations show tnat the RCCS performance
data of Section 5.5 of the PSID are indeed realistic. The revised models are
now being used in the evaluation of Safety Related Design Condition (SRDC-6),

Chapter 15 of the PSID was reviewed, The resulting questions were dis-
cussed with RES and passed on to DOE, where appropriate, during the review
meeting, Initial water ingress evaluations during depressurized core heatup
(SRDC=6) indicate, tha: depending on how tightly the main loop shut-off valve
clos~s, the bypass flow through the steam generator, though small (a few kg/
kr), can be larger than the in-core recirculation flow. In such cases, the
total H,0 inventory could increase over previous predictions, but would still
remain relatively small.

The PRA report for the Modular HIGR was reviewed. The resulting ques=~
tions were d’scussed with PES and passed on to O0E, where appr- ‘riate, during
the review meeting.

1,2,1.2 Depressurizec Core Heatup Accident Scenatios in Advanced Modular
High Temperature Gas-Cooled Reactors (P. G. Kroeger)

The reactor vessel (Figure l.1) is not thermally insulated, resulting in
a permanant heat loss to the RCCS of about 0.8 MW during normal full power
operations (about 0,3% of full power heat generation of 350 MW), During some
of the worst case licensing basis events, the reactor is scrammed, all forced
circuiation {s lost, and the primary loop is depressurized:. Thereafter, decay
heat rewoval is from the core predominantly by sonduction and radiation to the
reactor velse¢l and from rhere to the RCCS,

This analysis considers the core heatup «ad cooldown transients re:ulting
from the ubove accident scenario, with the peak fuel temperatures and als: the
peak vessel temperature being the {tems of most concern, Excessive fuel tem=
peratures leading to fuel failures can result {n increased fission product re-
leases. Excessive vassel teamperatures can affect vessel (ntegrity and coapro=
mise restart capability after an accident tcansient,

The analysis ‘as performed with the THATCH [Kroeger, 1986] code, ana-
lyzing transient condu.tion «nd radiation in the reactor vessel, coupled with
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reasonably high emissivity on the vessel and RCCS panels to avoid hot spots,
The results of Case 4 point out that inclusion of 2 complete graphite anneal-
ing process in the model did affect the results significantly.

However, the two parameters which were found to be of major concern are
the decay heat function and the core effective thermal conductivity. Both of
these can significantly affect the peak fuel temperatures, Currvent fuel fail-
ure data indfcate that there is virtually no fission product velease due to
core heatup up to 1600°C peak fuel temperature, with very little ircrease in
the range of 1600 to 1800°C. At about 2200°C, massive fuel failures would be
expected to occur., By varying the best estimate decay heat function it was
found that a 30% increase in decay heat would cause peak fuel temperatures to
reach 1600°C, and a 110X increase would be required to reach peak fuel temper-
atures of 2200°C., Similarly, by arbitrarily varying the core thermal conduc~
tivities, {t was found that a reduction to 63% of best estimate values raised
peak fuel temperatures to 1600°C, and a reduction to 30% resulted in 2200°C
peak fuel tumperatures.

While a reduction of core conductivities affected the vessel temperatures
only very little, increased decay heat also raised the peak vessel tempera-
tures, and a 32% increase !n decay heat was required to reach the peak vessel
temperature to 480°C, a value beyond which restart capability amight be com
promised.

These investigations have shown that typical expected depressurized core
heatup transients do not result in excessive core and vessel temperatures, and
that there are at least 30 to 40% margins in the decay heat function and core
thermal conductivities, before ‘emperature levels of concern are being reach-
ed. However, the evalustions a so indicate the necessity to establish a high
degree of conf!dence in the best estimate decay heat and thermal conductivity
data,

1.241.3 Severe Acciden Core Heatup Trausients in Modular High Temperature
Gas=Cooled Reactors without Operating Reactor Cavity Cooling Systems
(P, G. Kroeger)

In this hypothetical severe accident, all forced cooling is lost, the
primary loop is scrammed and depressurized, and, in addition, the completely
passive RCCS is also lost.

The RCCS, with two separate stacks and four independent, wut cross coun=
nected inlet and outlet ducts incorporates a significant amount of redundan-
¢y, Partial fatlures of the ducting or cooling panels have been shown to re-
sult in minor decreases of performance only., Thus, a complete failure of all
alr flov s an extremely unlikely event, «na <ven a 90X loss of air fiow
scenario would be an accident of signiff _antly lower severity than the one to
be considered ! re.

To protect the reactor cavity ccncrete under normal operating conditions,

thermal insulation .s provided in the reactor ~avity on the back side of the
RCCS panels, as well as in the ceiling and floor regions of the cavity. In

-1:-



case of an RCCS failure this insulation becomes the most significant heat
transfer barrier, retarding heat rejection to the surrounding concrete struc~
tures and to the soil. This insulation is assumed to remain in place. Thus,
the assumed accident scenario {s a most conservative one, assuming that a
major catastrophic event completely destroys and blocks all air ducting and
stacks, but leaves all thermal insulation in place.

The analysis of this accident was conducted using the THATCH code. For
the current application, the nodalization of the top and bottom regions of the
reactor vessel and its surroundings had to be refined. Additionally, the
thermal insulation and the concrete structures of the silo and the surrounding
soi]l were added. As reactor cavity temperatures are much higher than in-core
heatup transierts with RCCS, a two-dimensional radiation model was used for
the reactor cavity.

Since this accident is well beyund the design basis, neither the concrete
structure nor the surrounding soll are currently planned to be controlled dur-
ing design and construction of the plant, Therefore, the Base Case for the
cureeont acc’'dent evaluations makes rather pessimistic property selections for
both .r.crete and soil., Cencrete properties can vary widely and a set of
prope tiss which had been used in previous gas-cooled reactor safety studies
was .dopted from [Ceneral Atomic, 1978), However, at temperatures between
1" € and 400°C,concrete typicaily first looses its physically bound moisture,
' then also some of 1its chemically bound moisture, resultirg in a lower
thermal conduc’ivity, Theretore, our Base Case evaluations use the above
thermal conductivity only up to 200°C, Beyond 400°C a "dry" tlermal conduc-
tivity of 0.5 W/mK was applied, with linear transition between ! he two models
between 200°C and 400°C, For the surrounding soil, a relatively low conducti-
vity clay was assumed with k = 1,28 W/ mK.

About 70X of the reactor vessel is faced by five feet concrete walls
which face other side cavities, then three feet of concrete and ultimately the
soil, Only 30% of the vessel faces three feet cuncrete walls and soil direct~
ly. As the code currently cannot model this peripheral non-symmetry, these
two geometries were mod. load separately, It was found that the differences bde-
tween the two modelt were not very significant, and since some average of the
tvo configurations would represent the real situation, i{mplementation of a
mode]l including this non-symmetry was not justified.

In evaluating the resulting Base Case transient the temperature and heat
flow responses of Figure 1.6 and 1,7 were obtai-ed., The peak fuel tempera-
tures of almosr 1400°C were reached at about 80 hr., This value i{s only about
30°C higher than the corresponding peak fuel temperatures with operating
RCCS. Thus, ever this pessimistic accident scenario is not expected to cause
any significant fuel failures or fission product reloases. However, the peak
reactor vessel temperatures now reach 750°C, while they were around 420°C for
the case with operating RCCS, Also, while the core begins a gradual but slow
cooldown after 80 hr, the vessel temperatures remain within 10°C of their peak
temperature from 270 hr to BOO hr (Note that the results of Figures 1.6 and
1.7 cover a time period of 2 mouths!).
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Biyond the Base Case, several variations in concrete and soll properties
and conflgurations were employed., Sc-ve of these are shown in Table 1.2, The
Base Case considered heat rejection to the more typical configuration of 5 ft
concrete wall, side cavities and then to outer walls, Case 2 models the con-
figuration of direct heat rejection to outer walls and soil. At the time of
peak fuel temperatures hardly any of the concrete and none of the soil has
heated up, Therefore, the peak fuel temperature is independent of concrete
and soil configuration and properties, The peak vessel temperatures were
slightly higher, but occurred much later. Even when the soil conductivity was
reduced by a factor of two (Case 4) the vessel temperature only rose by an-
other 30°C, Thus, it is seen that pessimistic assumptions on concrete and
sol]l configuration and properties do not raise the peak vessel temperature
very much, but they do extend the transient significantly in lime, delaying
the ulrimate cooldown,

During the transient, some of the surrounding concrete was found to reach
excessive temperatures, 600 to 700°C at the side of the cavity, and close to
500°C at the bottom surface of the *op floor, Depending on the type of con=
crete, such temperatures can lead to structural collapse,

To establish safety margins under such accident scenarios the decay heat
function and the core thermal conductivities were varied. An increase of
about 27% in decay heat level and a loss of thermal conductivity of about 30%
would be required before the peak fuel tempevatures would reach 1600°¢C,

The same decay heat increase of 27% that raised the peak fuel tempera~
tures to 1600°C would cause vessel temperatures of about 930°C. Beyond this
level of decay heat, scenarios are pcssible where some fuel failures occur at
about 100 hr into the transient and the vessel would subsequeally fail, but
only after several weeks, at which time core temperatures have already return=
ed to the range of 1200 to 1300°C,

Thus, even in a mrst pessimistic RCCS failure scenario, the resulting
fuel temperatures and safety margins are very close to those for depressurized
core heatup accidents with RCCS, However, vessel temperatures and some of the
surrounding concrete temperatures are such that some component failures sever-
al weeks after the beginning of the accident are not impossible.

1.2,1,4 MHypothetical Air Ingress Scenarios in Advanced Modular High Tempera-
ture Gas=Cooled Reactors (P, G. Kroeger)

One of the potentially dangerous accident scenarios for high temperature
gas-cooled reactors (HTGR) has always been the case of air ingress. Reaction
of oxygen with the graphite of the core and support structure can lead to
weakening of the uitructure, egress of combustible gases (CO), and to further
core heatup and fuel failures. As fn previous designs, the current modular
HTGR (MaTGR) design precludes significant air ingress from being a credible
event, It would require the simultaneous failure of the reactor vessel in top
and bottom locations, or a complete jouble guillotine break of the short cross
duct, which 1s built to vessel specification, While such accident scenarios
are considered to be of extremely low probadility, they have been evaluated to
establish whether any traumatic consequences are to be expected,
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Table 1.7 Peak Puel and Vessel Temperatures for Several Concrete/Soil Configurations snd Properties During
Depressurized Core Heatup Acclidents without Operating FCCS

with 1/2 of Case . Thermal
Conductivity

Cane
L Sepcrigtion Pesk Fuel Terperatuce Yook Vegoel Temperature |
Vessel
Variatfon Vartastion | Cross
From Base From Base | Over Max ! mue
Valoe At Time Case Value Ar Time Case Time* Core Temp.
2 _ he I . hr " he at 1500 hr
1 Base Case 1" 78 —— 754 a8 610 914
2 Beat Tren*-~ te Exterior Concrete 1B L3 8 o w7 1105 +13 125 %6
Wall e Ciay Sell
b} Concrete Properties of [Ceneral i 78 0 e 310 -15 345 Lt
AMonic, 1978] withorr Assuming Re-
duced Thermal Comductivity with
Dryonst
“ As Casme 2, but Surrounding Seil 19 78 o 3 1680 3 17%0 954

® Time at which heat leaving vessel exceede Juceay neat, l.e., net cooldown of reactor vessel and interval begins.

&% Case was no' run to 1500 hr.
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To evaluate a massive ai: ingress scenario, it was assumed, non-mechanis~
tically, that the cross duct had suffered a double guillotine break, and the
steam generator side of the duct had disappeared. A scenario achieving this
would require extremely destructive forces, and {t may not be credible to
stipulate such an event without considering also destruction of reactor vessel
supports and reactor internal components. However, such an event i{s stipu=
lated here, to serve as an upper bound on potential air ingress scenarios.
Following such a cross duct break, gas would enter the inner part of the annu=
lar cross duct, flow upward through the core, downward at the core barrel, and
discharge through the outer section of the cross duct. At this exit signifi-
cant reclirculation would occur, with part of the inflowing gas being exhaust
gas, Again, non-mechanistically, this recirculation as well as the fact that
the fresh air inventory in the silo cavities is very limited are being disre~
garded, and pure air inflow into ths inner section of the cross duct {is
assumed.

following such a break, the gas flow through the active core is deter~-
mined by a balance of buoyancy and friction forces, which are {n turn dominat-
ed by the temperature field of the large thermal capacitances of the core.
Depending on the temperature level, the chemical reaction between oxygen and
core graphite {s governed predominantly by the chemical reactivity of the
graphite (low temperature region), by the in-pore aiffusion of gas through
yraphite coupled with the chemical reactiviry (intermediate temperatures), or
by the coolant to graphite surface mass transfer (high temperature region).

The analysis of gas flow through the reactor with mass transfer and chea~
ical reaction in the core is carried out in the FLOXI code, which uses a de-
pressurized core heatup temperature profile computed by the THATCH code. This
quasi-static model neglects the thermal energy release from the exothermal
carbon/oxygen reaction, which is always small with respect to decay heat., It
does, however, include the effect of additionali gas generation from the chemi~
cal reaction and {ts effect on the total flow fieid. PFollowing [Katscher,
1986] the effects of in-pore diffusion and chemical reaction are modeled by a
single semi-empirical Langmuir-Hinshelwood type expression. VFor mass transfer
in the coolant channels the blnary diffusion coefficients of oxygen in nitro-
gen were based on Chapman=Enskog kinetic theorys Only the reaction of C and
0, to CO was considered here. At the prevailing temperature levels any CO,
formed initially would typically react to CO in the hotter core regions. For
the total burn-otf, as well as the amount of combustible gases formed, ne~-
glecting any small CO, fractions in rhe exhaust gas i{s conservative.

Applying the FLOXI code to a typical core heatup transient resulting from
the assumed cruss duct failure the core gas flow and graphite oxidation tran-
sients of Flgure 1,8 were obtained. The gas flow process and the amoun: of
graphite oxidized are under all conditfons completely limited by the in-core
friction pressure drop. The coolant holes are about 15 mm in diameter and al-
most 10 m long, and in-core {low rates are always ext emely laminar with typi-
cal Reynolds numbers between 20 and 100, As the core heats up the air inlet
flow rapidly decreases from about 500 kg/hr to about 250 kg/hr for most of the
transient, In very early portions of the transient the exhaust gas still con-

tains about 6 vol 5 of air, but as the core heats up, after a few hours all
alr reacts in the lower portions of the core, and most of the reactor sees a
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gas stream of 35 vol % CO and 65 vol % N;. The resulting graphite oxidation
rates decrease from an initial value of 80 kg/hr to about 40 kg/hr for most of
the transient.

To assess the uncertainties in ¢he graphite reactivity and the diffusion
coefficlents used, both were varied by up to two orders. In each case, only
the length of the reaction zone was affected., With lower reactivity and/or
diffusion coefficient, some of the oxidation shifted from lower elevations to
the center of the core. Except in the first fow hours, virtually all oxygen
was converted to CO, and the total in-core flow did not vary significantly, as
it remained dominated by the in-core friction pressure drop. When a 50/50 gas
mixture of helium and air was assumed instead of pure air inflow, the gas mass
flow rates and graphite oxidation rates were about one~third of those for pure
air flow., The energy release from the chemical reaction amounted to about 62
of the decay heat, justifying the assumption of neglecting this effect 2s well
within the uncertainties of the analysis, {n particular since the temperature
field used here was computed with a conservative decay heat function.

The air inflow into the core and the subsequent graphite oxidation rates
under extremely pessimistic accident assumptions remain limited by the in=core
friction pressure drop of the long and narrow coolant channels, All air en-
tering the core will be oxidized except during the first few hours of the
transient. As the air supply in the reactor cavity is in general limited, the
reactions would come to a halt well defore the 200 hr transient considered
here. Significant loss of strength of the graphite structures could become a
concern only {f an unlimited air supply would de available for hundreds of
hours. Also, during the initial phases of such an accident, as the available
alr in the reactor cavity is burnt and CO is emitted from the reactor, local
burning in the reactor cavity would not be impossible,

Thus, even under the above extreme assumptions, such an accident could
not lead to any rapid destruction of the core or to significant fission prod-
uct releases.

142,1,5 Water Ingress Analysis (J. W, Yang, A. Aronson, G. J. Van Tuyle)

The MINET 'Van Tuyle, 1984] representation ot the HTGR system has been
extended to include the reactor structures, secondary side of “he steam
generators, and transient boundary conditions. The steady-state calculations
have resulted in system pressures, temperatures, and flows similar to GA's
nrojected steady=-state conditions,

A MINET analysis of the event involving the loss of HTS and SCS cooling
has been completed, The event represents the early transient of DBE~6, In-
terpretation of the preliminary results are in progress.

Several improvements of the MINET representation of the HTGR system were
made, The flow oscillation and minor inconsistency at the beginning of the
transient were eliminat<d, Prelisminary results indicate that the system re-
sponse is sensitive to the time of main circulator coastdown, isolation of the
steam generator, and the startup of the SCS heat exchanger and circulator.
Paramettic studles are in progress,
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1,2,2 LMRs = PRISM and SAFR (G, J. Van Tuyle)

1.2.2.1 Review of PRISM and SAFR PSI1Ds (G, J. Van Tuyle, G. C. Slovik, T,
Ginsberg, H. S. Cheng)

The LMR PSID Chapter & review meeting at NRC was quite fruitful in that
many questions ralsed by BNL reviewers were resolved. In the area of reactiv-
ity feedback, the following problems are still outstanding:

+ It appears to be impractical for an LMR to reduce the positive sodium
void reactivity coefficient., This remains a point of concern for &
hypothetical accident involving massive sodium boiling. However, this
i{s highly unlikely because of vevy large sodium subcooling in an LMR.

» There is a rcal potential for limited axial fuel expansion due to
fuel=clad lockup at high durnup (>2 a/e). The modeling of this feed-
back mechanism should take this into account.

+ The radial bowing effect on reactivity can be important but very dif-
ficult to predict. It appears to be prudent to treat the radial bow=
ing reactivity as an input function table with a large uncertainty
(~50%) assigned to it.

+ The definition of Doppler coefficient being used for LMR designs ap-
pears to be inappropriate for metal fuels. The more correct defini-
tion has been brought to the attention of LMR designers.

¢+ The use of 13 as shutdown margin by PRISM is nonconservative because
it is of the same order of magnitudc as various uncertainties (e.g.,
criticality prediction, fissile tolerance).

The thermal~hydraulics (i.e., Chapter 5 of the PSID) of PRISM [Berglund,
1987] and SAFR [Dldenkamp, 1987] wece also reviewed, A list of questions was
given to each designe' to supply more information about specific issues which
were unclear or net in the PSID, The vendors will include the formal re-
gponses to the gquestions asked in appendices of the PSIDs,

Chapters 6-13 and 17 cover a range of topics, including, containment,
plant protection and control, electric power, auxiliary systems, balance of
plant, radiation protection, waste management, and conduct of operations.
Both GE and Rl are citing less frequent scrams (perhaps one per year), despite
the presence of a fairly standard power conversion system (the source of most
transients leading to scrams in light water reactors). The explanation to
this apparent contradiction {s that GE and Rl plan on having the control sys=
tems inift{ate "power runbacks" in response to many problems starting in the
steam systems, Another {nteresting development is Rl's decision to reduce the
gap bdetween the reactor and containment vessels, which should allow continued
functioning of the IHX under a worst~case leak from the reactor vessel.

The PRISM and SAFR Safety Test Plans, covered in PSID Chapter 14 and sup~
porting documents were also reviewed, OGE and Rl took very different approach-
es in this area, The GE Test Plan for PRISM focused entirely on testing the



first module, and contained little regarding supporting work that must be done
by ANL and HEDL, The Rl Yest Plan for SAFR focused largely on the long term
R&D program, and placed little emphasis on testing of the Initial unit. The
position taken by Rl is consistent with 1) thelr need to make the first unit a
power producer and therefore llcensable, and 2) problems in running worst case
events on the first unit (fear of damaging the unit so it can't then be oper~
ated to meet a 60 year design lifetime).

The GE/PRISM situation can easily be corrected by simply considering
their needs for long term R&D support as stated elsewhere than "Chapter 14" as
part of thelr overall Safety Test Plan. The RI/SAFR situation is more diffi~
cult, and there will be several open i{tems before tests are performed on the
first unit, and limits on testing would be undesirable,

On a similar note; some means of routinely testing the SAFR Curie-point
SASS will have to be found before high reliability can be assured. One parti-
cular concern {s that ferretic aaterial, such as the HT9 clad, that bdreaks
loose into the coolant system will tend to accumulate on the surface of the
SASS magnets. Ferhaps a means of electrically heating the sodium flowing past
the magnets can be worked out as a means for routine testing.

142,2,2 PRISM and SAFR PRA Review (L, Chu, T, Ginsberg, G. J. Van Tuyle)

A review of the advanced LMR PRAs {s in process, and clarification is
being sought from GE and Rl in many areas. Many of the failure probabilities
assumed in the PRAs seem very optimistic, but the potential impact of substi-
tuting more conservative estimates is not yet known.

An IBM=PC program that can be used to assemble the results of the event
trees {n the PRISM PRA was developed., It can be used to reproduce the risk
estimates of PRISM, and to perform sensitivity calculations,

1.2,2,3 SSC Analysis of PRISM and SAFR ATWS Fvents (G, C. Slovik,
(R. J. Kennett)

A 35¢ ramp insertion TOP in PRISM was simulated und the results were com~
pared to those provided by GE, As was indicated under modeling activities in
Section 1.,1.1, the two obvious Jifferences were!: 1) GE's large bowing
fecdback was not in our SSC [Guppy, 1983] analysis, as we have chosen to be
conservative and neglect this complex behavior, and 2) thy control rod
expansion was not yet incorporated in SSC so it 1is missing in the BNL run.
Otherwise, the SSC and GE runs show similar behavior, i{.e., for sodium
density, Doppler, axfal expansion, and radial expansion. This work 1is
sumparized in a paper submitted for the Safety of Next GCeneration VPower
Reactors conference.

1424244 MINET Analysis of Leaks into Containment (B, C. Chan, G. J. Van
Tuyle)

A MINET [Van Tuyle, 1984] model that can be used to simulate primary
sodium leaks into the containment for the SAFR design has been completed. The
leak location is at the b-ttom of the cold-pool. Any leaks from the



containment {nto the atmosphere are assumed to be much smaller compared to the
leak from the reactor into the containment, A simulation under normal opera-
tion (without scram and primery pump coast down) has been performed. The re-
sulting thermal and hydraulic behavior are consistent with engineering Judge~
ment., More testing is {n progress.

1.2.2,5 RACS/RVACS Hodolin‘ in MINET (B, C. Chln. A. L. Aronson)

The PASCOL code has been coupled with the RACS/RVACS overflow model in
MINET. This modification to the MINET code provides the cap. bility to simu=-
late the RACS/RVACS system in SAFR/PRISM designs.

1:2,26 Evaluation of Postulated LOF Events in PRISM and SAFR (B, C. Chan,
Gs Js Van Tuyle, G. L. Slovik, A, L, Aronson)

Both PRISM and SAFR are pool=type designs, with all primary components
submerged in a large volume of sodium in the primary tenk., The approximate
configuration of the components within the reactor vessel can be inferred from
Flgure 1.9, which (s & schematic drawing of our current MINET representation
of both systems (conceptually they are very similar), Primary sodfum flowe
upward inside the core, heats up and enters the hot pool., Hot primary sodium
transfers heat into the intermediate loop sodium while flowing down through
the I4Xs {nto the cold pool. The pumps (four electromagnetic in PRISM and two
centrifugal in SAFR) draw sodium from the cold pool and drive it through head~-
ers and eight pipes into the inlet plenus and on into the core. There are no
valves in the primary system, and all valves shown in Figure 1.9 are solely
for simulating postulated breaks., (There are additional features in the MINET
representation for simulating the RVACS/RACS overflow, and leaks into and out
of the containment vessel, but they are irrelevant to this analysis,)

“he analyses reported here are wmore refined, at least for the pipe
breaks, than those i{n the inftial caleulations, reported in [Van Tuyle, 1987)
which used estimates for the variation of pump head versus [low rate. For the
centrifugal pumps in SAFR, the estimated head curve was similir to the head
curve that has since been provided by RI, so the results are little changed.
For the electromagnetic (EM) pumps used in PRISM, the assumption that the head
varies little with flow proved to be erroneous. GE now states that they plan
to operate well out on the head curve, so that the head varies sharply with
flow, assuring a nearly constant flow rate through the pumps. As a result,
the surging of flow through che pumps reported in [Van Tuyle, 1987] no longer
occurs, making the pipe break a more severe occurrence (although still accept~
able, apparently).

In the case of pipe break accident, the diameters of the discharge plipes
are small compared to the space in the ccld pools, so that the discharyed
fluld {s sssumed to expand freely into the pools, and the postulated break oc~
curs near the inlet plepum in one of the pump discharge pipes. The break mod~
#l is the double end guillotine break (DEC) with large separation distance, in
vhich the I(nteraction between the flow discharge from the two sides of the
break is neglected.
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The pump seizure events assume the !nstantaneous loss (without coastdown)
of one of the pumps in each design, For PRISM, that means one of the cabdbles
from the synchronous machines to the EM pumps is assumed severed.

The calculated core flow rates in PRISM and SAFR for the three transients
are shown in Figure !,10 and Figure 1,11, respectively. In the calculations,
the pip+ break and the pump selzure occur rapidly in 0,1 seconds. Both PRISM
and SAF' would experionce a rapid reduction in the reactor flow. In the event
of a pipe break, large flows through "valve" 502 come from both the pump out-
let header and from the inlet plenum (reversing the flow in pipe 6). In par=-
tial compensation, the flows through the seven unaffected pipes (labelled 13
and 4 in Figure 1.9) {increased somewhat, MHowever, this was limited, as the
head drops off with increasing flow., Thus, for the pipe breaks, the reactor
flow in PRISM (s reduced to 58% full flow, and for SAFR {t falls to 73%, 1In
the purp seizure event PRISM (one of four pumps selze), the reactor flow is
reduced to 53T and, for SAFR (one of two pumpy seize), to 353, PRISM thus
benefity from having four, rather than two pumps, In the results of the pump
trip and coastdown, both PRISM and SAFR have similar reduction in core flow.

The significance of this study is that the lovs of power to the pumps is
not necessarily the worst case loss-of-flow event, The reactivity feedbacks
require time to bring the power down in the PRISM and SAFR LOF events. Analy~
ses by GE and RI have indicated that the feedpacks do have sufficient time to
work in the coastdown events, although BNL has not et performed confirmatory
analyses. Of the pipe break and pump selzure events covered in Figures 1,10
and 1,11, one stands out as a potential problem; tha: being the pump seizures
in "R, which quickly reduces the reactor flow to 35%, (The other three
cases would require little reduction in power for survivability.) Our next
step will be to feed this reactor flow history into our detailed core model to
determine whether the SAFR reactivity feedbacks can uct fast enough to make
this event benign even without scram.

1.2.2,7 Radifal Expansion Reactivity for PRISM and SAFR (H, S, Cheng)

Relatively simple and straightforward calculations have been performed in
arder to independently evaluate the radi{al expansion reactivity for PRISM and
SAFR, The feedback model for radlal expansion was developed sometime ago, but
the lack of precise i{nput data prevented a meaningful quantitative evalua-
tion, Since sufficient information has been obtained from the recent LMR re-
view meeting, v can now evaluate the radial expansion reactivity with fewer
uncertainties., An interactive program called "RHORX" has been written in
FORTRAN to run on a PDP=11/34 minicomputer.

The physical model for the radial expansion reactivity is based on a non-
leakage probability representation of the effective neutrod multiplication
factor:
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Under the assumption that the radial expansion has no effect on kg (the effect
{s primarily on the atom density which appears in both the numerator and
denominator of k., thus cancels out) and that the material wmass in the core
remains unchanged during the radial expansion (this is a good assumption
since, as temperature increases, the material density decreases and the volume
increases so that the material mass tends to stay constant), it can be shown
that the radial expansion reactivity for a cylindrical core is given by:

2.2
°u'l°.‘."-

vhere 884 = ¢ a(Cleaa)® = 1) 4 cz~<<xoeat)’ -1

Cl - 'zl“c

c, = 5. 784R2R2AC

1 A (2
C - r..—¢ (-—L-—)
etr‘n "c.o

M, =] o, V, = total material mass in the core
n

n z Ni v'n.t v;

<
.

-
B

0.06602'l'b2 = Volume of a hexagonal assembly

Active core height

r
.

Flat=to~flat duct outside of the hexagonal assembly

Weight fraction of nth material composition

Atomic weight of n‘h material composition

>
L]

't = Number of asseably type 1 (e.g., driver fuel, internal blanket,
eto.

L = Density of material n




V¥ = Volume fraction of material u in asseably type i

u.‘
N = 0,6023
0
r * Average microscopic transport cross section (barns) in the core
°, = Average microscoplc absorp’' ion cross section (barns) in the core

AT = Temperature change relative to the reference
a = Thermal expansion coefficlent of structure (HT=9):

. 1070004, 28659640,02096517-1,0624x10""1°)

for 293 K < T < 650 K
. 14.587x107° for T < 630 K

(Note: a is in l-l and T in K, and it has been assumed that HT-9
is principally responsible for radial expansion)

Py * Density of core materials, The frllowing densities were used:
o m 7.76%(1,00634834=1,285972x10 " 1-3,144763x10"01°

WT9

+1.06236x10" 1?)
4 “1.2

. . 16.06509 « 8,12202x10 *1-1.01008x10""T

fuel
Oy = 140118 = 0,22054x10"21=1.9226x10"%1% 5.6371x10" 1% 3

vhere »'s are in g/cc and T in °K,

The program RHORX was utilized to obtain the radial expansion reactivity
as a function of temperature change (relative to a reference temperature) for
both PRISM and SAFR, The temperature dependence of the thermal expansion co-
efficient and density for the structural material (HT-9) were taken into ac~
count, The microscopiec cross sections of core materials averaged over the
reactor spectrum were obtained from Ref, [Wirth, 1978], which were used for
both PRISM and SAFR, All the assembly types in the core were taken into

account.,

The results indicate that the radial expansion reactivity exhibits a
fairly linear behavior. The reactivity vs radlal expansion data were least-
square fitted with a straight line using the curve-fitting progras CURFIT on a
POP=11/34, The slopes of these fitted curves are summarized bdelow aloang with
the reported values by vendors (G and R1):



This Work =-2,368 =1.706
GE "202"
Rl ~1.630

The agreement {s quite good (+3% for PRISM and +5% for SAFR).
1.2.2.8 Analysis of RVACS and RACS (P, G, Kroeger, G, J. Var r“’l.)

Both PRISM and SAFR include a passive alr cooling system for final decay
heat removal under accident conditions, To be completely passive, these cool~
ing systems are operative at all times, causing a minor pa.asitic energy loss
during normal operation.

In these designs, as schematically shown in Figure 1,12, air is suppli d
to the bottom of the guard vessel, flowing upward along the guard vessel due
to natural convection and being discharged through s stack providing suffi-
cient draft to remove the decay heat under acciaent conditions.

In either coancep., the heat . «jection from the reactor vessel to the air
cooling systen is by radiation ant ‘onvection across a grs gap betwern the re-
actor vessel and the guard vessel, und by radiation from the guard vessel to
the opposite alr cooling system surface (collector surface), and ultimately by
convection from both surfaces to the rising air, Additionally, the SAFR con-
cept includes fins on the collector surface. For this concept the sieu .an+
eous effects of radlation and conduction on the collector surface are con-
sidered.

The evaluation of the passive air cooling system was performed with the
PASCOL code, which was originally developed for analyzing a similar passive
air cooling system in the modular high temperature gas-cooled reactor pro-
gram, This code can either be applied as a free standing program, given a
spatial reactor vessel temperature distribution, or coupled to the relevant
code for accident analysis, It solves simultaneously the quasi-steady momen~
tum and energy equations for the air, coupled with simultaneous radiation,
conduction and convection from the reactor vessel via the guard vessel and the
other alr cooling sys.em surfaces to the coolant,

The performance evaluation reported here considers thu operation under
accident conditions, For the PRISM reactor the heat transfer surfaces were
not finned. As the vendor specified data d4iA not irclude sufficlent details
to compute the inlet and exit ducting pressure drops, the system was evaluated
parametrically with inlet and exit loss coefficlents being varied between |
and 10, The results, shown i~ Figure 1.13, indicate that the vendor's cluimed
performance can readily be obtained, if ducting is such that {nlet and exit
losses each amount to about four velocity heads. The vendor assumed solid
surface emissivities of only 0,7, while wvalues of 0,85 are readily
achievable, Our evaluations showed that an {n~rease (n the heat resoval rate
of 16% is possibdle with such an increase in emissivity,




“}8a

s1035%ay T®Ia pinbry

PASURAPY 0] WAlsig JUTIO00) ATV MATHERY JO ) IRUSYOE

man¥y g

21y

e A )

COLLECTOR SYRFACE

1008vd



e

K.K‘ﬂ 'Kh

Figure 1.1} PRISM Passive Alr Cooling System herformance During Decay Heat
Removal as Function Inlet and Catlet Vucti g Fli ¢ Resistances

-32-



For the SAFR air cooling system an evaluation of the simultaneous conduc=-

tion and radiation in the collector surface had to be made. Duefining a per-

formance faccor:

—. .total convective heat transfer to air
ronvective hea® rtransfer to air from guard vessel

2 value of ¢ ~ 1.B to 2.5 can be expected under accident
ndor's .laimed performance can be reached down to a value
asing the emissivity from the vendor's value of 0.65 to 0.85

fgher performarce.

it was .ou
conditionrs,
Of ¢ = 1.5,
resulted {1

A comparison of our results and the vendors claimed performance for both
concepts is shown In Table 1.3. As :an be seen, both systems can readily
achieve the required decay heat removal race. Further increases in perform=
ance could -eadily be ac“ieved. However, such performance increases may not
be desirable, since they would raise the paracitic heat losses under normal
operating conditions.

Table 1.3 Advanced Liquid Meta! Practor Pa-sive Alir Cooling System
Perforwance During Decay Heat Removal

PRISM=CE PRISM~BNL SAFR-RI SAFR-BNL
Emissivity 0.7 0.7 0,.5 0.65
Surface wl,7 1.5%
Effectiveness
K + K 8.0 10 10
air air
in ex
H..' (Kg/s) 25.9 26,0 39 37,2
Q (MW) 2,42 2.45 3.90 3.96
40 (C) 92,2 91.7 99.4 102.5
B

*Surface effectiveness f{s likely wuch higher than 1.5. At best estimate

value of 2,2, Q is cstimated to be 4.85 MW,
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II. DIVIS_ON OF ENGINEERING

Standard Problems for Structural Computer Codes

During this period the studies on criteria for seismic Class I structures
were continued., A detailed evaluation of uncertainties related to the behav-
for of reinforced Category I structures was perforsed. 1In addition, various
experimental programs on concrete structures were reviewed to determine bench-
mark problems which may be used for validating mathematical models which are
employed in predictions of structural response.

Fire Prctection Regearch

Thie work was iniriated to provide additional fire-modeling capability to
those fire-risk tasks assoclated with NRC's RMIEP. As such, initial effort:
were dire.ced to investigate, numerically, potential fire scenarios in the
LaSalle Plant control room. The first phase of this work, namely the deter-
mination of the fire environment (1) in the c~ntrol room as a whole and (2) in
the exhaust plenws behind the control cabinets in Unit 2, was completed in FY
1985, Code enhancem:nt was begun in FY 1985 to include the effects of heat
conduction to and from objects in the enclosure as well as enclosure walls and
ceflings.

Due to cutbacks in “RC funding, the Fire Protection Research program was
curtailed in FY 1986 and terminated in FY 1987, Originally, plans hed been to
develop and deliver a fully documented user package {ncorporating modelling
featurcs developed in ¥Y 1984-1985, Ultimately what was completed in FY 1987
was a final NUREG/CR report regar the fire enviromment in the LaSalle
control room.

Characterization and Detection of lejkelntod Failures

During the period April 1 to September 30, 1987, the following progress
was made in the N clear Plant Aging Research program,

~ The three volumes of the phase 2 motor study were finalized and were
sent for publication (NUREG/CR=4939). While volume 1 provides recom~
mendations for {mpreving motor relifability in nucleac power plants,
the other two volumes summarize the results obtained from tests per=-
formed on a 10-hp and a 400-hp motor.
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A report entitled "Technical Findings Related to Generic Issue 23: Reac-
tor Coolant Pump Seal Failures” 1s being prepared. A draft report on
“Technical Findings" was forwarded to NRC for review.

Adequacy of Current Valve In-Service Testing Methods

A draft methodology was developed for review of benefits and costs asso~
ciated with a program to maintain in-service operability assurance. The draft
document was prepared to support the ‘ustification to expand the IE Bulletin
85-03 applicability to all safety related motor operated valves.

Regulatu.y Guide for Reactor Dosimetry

The R:actor Dosimetry Program has been established to develop a Regula-
tory Guide to assist vendors and licensees in performing reactor vessel damage
fluence calculations. An {initial draft Regulatory Guide providing guidance
and a description of acceptable methods and assumptions for determining pres-
sure vessel damage fluence for input to the 10CFR50.61 RTpys prescription
has been written and {s presently under review.
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Define Equipment Response: The response of certain safety shutdown equipment
and components to the environmental conditions would be studied. The objec-
tive was to determine the limits of environmental conditions that a component
may be exposed to without i{mpairment of its ability to function.

4.3 Summary of Prior Efforts

As a continuaticn of a research project initiated in FY 1982, prior ef=-
forts entailed surveys of both national and international research programs
which could be a factor in formula:ing nuclear power plant fire protection
programs and guidelines,

Additional FY 1983 efforts ’‘acluded a survey of enclosure fire models
that specifically employs three-dimensional, transient field model techniques
and criteria for the selection of those applicable to the NRC needs.

Based upon the criteria established, a computational model was selected
and efforts in FY 1984 were scoped to 4emonstrate further the capability of
the selected analytical model/numerical .ode. This largely entailed compari-~
sons with cable fire/enclosure tests conducted for the Electric Power Research
Institute (EPRI) and fnr the NRC. Comparison with both test programs were
promising to cthe extent that the model-demonstration phase is essentially com-
pleted and that further model augmentation can proceed to study other fire~-re-
lated aspects, e.g., excess pyrolozate burniang and conductive and radiative

heat transfer.

Work was also initiated in FY 1984 to perform a parametric study of po-
tential fire environments within nuclear power plant control room configura-
tions. This work was initiated to provide additional fire-modeling capability
to those fire-risk tasks associated with NRC's RMIEP, As such, initial ef~-
forts were directed to investigate, numerically, potential fire scenarios in
the LaSalle Plant con*rol room. The first phase of this work, namely the de~
termination of the fire environment (1) in the control room as a whole and (2)
in the exhaust plenum behind the control cabinets in Unit 2, was completed in
FY 1985, Code enhancement was begun in FY 1985 to include the effects of heat
conduction to and from objects in the enclosure as well as enclosure walls and

ceilings.

4.4 Work Performed During Period

Unfortunately, due to cutbacks {in NRC funding, the Fire Protection
Research program was curtailed ‘n FY 1986 and terminated in FY 1987, Origin-
ally, plans had been to develop and deliver a fully documented user package
incorporating modelling features developed in FY 1984-1985, VUltimately what
was completed in FY 1987 was final report regarding the fire environment in
the LaSalle control rooms This work is summarized as follcwus,

4.4,1 Computational Model Parameters

The control room contains contro)l and instrumentation cabinets and cables
for LaSalle NPP Units | and 2, The enclosure (Fig. 1) is 120 ft x 60 ft x
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200°C at the cabinet level in 2 minutes, which may indicate when equipment or
cable damage would begin to occur. Equipment in the dead-end area of the ple-
num may be most sensitive to this potential damage trom high gas temperatures.
Conversely, the environmental effects outside the plenum in the working area
are negligible for this fire scenario; only the plenum area environment be-
comes inhospitable., There is also evidence that fires larger than 600 kW can
occur in cabinets/consoles, which would correspondingly increase the damage
potential of the fire., It was assumed in the course of these simulations that
no secondary fires occurred; this may not be the case in the plenum area in
view of the fact that cable trays pass through the upper portion of the fire
plume (Fig. 3). Any of these effects would exacerbate equipment/cable damage
potential.

4.5 References

"Fire Environment Determination in the LaSalle Nuclear Power Plant Control
Room," J.L, Usher and J.L. Boccio, NUREG/CR=-5037, October 1987,

"Fire Environment Determination in the LaSalle Nuclear Power Plant Control
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Plant Enclosures: Present Capabilities and Future Prospects," J.L. Boccio and
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"The Use of a Fleld Model to Assess Fire Behavior in Complex Nuclear Power
Plant Enclosures," J.L. Boccio, et., al,, ANS Transactions, Vol. 49, p. 297,
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"The Use of a Field Mode] to Assess Fire Behavior in Complex Nuclear Power
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The two primary monitoring techniques employed were temperature measure-
ments and electrical waveform observation., Internal panel temperature as well
28 individual subcomponent temperatures were recorded at regular intervals
during steady state and transient operations, Thermo-couples imbedded within
the transformer and inductor windings and attached to silicon controlled rec-
tifier (SCR) and capacitor surfaces provided a non-obtrusive means of monitor-
ing component operation., Readings taken were compared to original acceptance
test data, Based on a twenty percent increase in SCR case temperatures, it {s
concluded that some SCR heat transfer degradation has occurred with age,
Similarly, an increase in output filter capacitor case temperature could be
attributed to an increase in capacitor equivalent series resistance (ESR),
which has been established as a capacitor aging characteristic,

Circuit waveforms were observed on an hourly basis during steady state
operation and at the time load transients were applied, The inverter output
voltage and the SCR gate current waveforms remained relatively constant
regardless of the applied loads., On the other hand, when circuit degradation
was intentionally induced (i.e., input f{lter capacitance change) waveform
characteristic changes were evident, This indi:ates the usefulness of circuit
monitoring to detect impending fallure in the incipient stage.

Testing indicates that individual fusing of filter capacitors be consi=-
dered in order to preclude a capacitor failure in the short circuit mode from
rendering the i{nverter inoperable, Also, equipment i¢cce~tance testing should
be modified to obtain the most limiting design opera.ing conditions for all
major subcomponents., Tt was observed that the accep:ance test was conducted
under a high {nput volrige condition only, while the testing revealed that the
highest input choke winding temperatures were obtaine! when a low input volt-
age was applied,

5.242 Phase 2 Report

The phase 2 aging assessment of battery chargers and inverters was com-
pleted and a draft raport, NUREG/CR-5051, '"Detecting and Mitigating Battery
Chargers and Inverter Aging," was issued to the NRC for comment. Consisting
of a two-phased approach, th's report achieved the second plase of the NPAR
goals which are to: (1) {dencify inspection, surveillance, or monitoring
methods which will assure timely detection of inverter and battery charger
aging effects, and (2) evaluate the effectiveness of storage, preventive main-
tenance, repair, and replacement practices in mitigating aging effects.

A review of recent operating data (1984~1986 LER) supports tha conclu-
sions reached In the phase | report (NUREG/CR-4564) regarding the operational
and safety importance of battery chargers and inverters, In addition to the
57 scrams resulting from an inverter fallure in tne last thrae years (1984~
1986), other challenges to safety systems, abnormal transients, and loss of
control or indication provide the impetus to improve inverter reliability
througn the maintenance and monitoring methods discussed,
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at stake, more detailed, site-specific recommendations for optimum performance
should be solicited from the manufacturers and incorporated into the
maintenance prograa,

Corrective maintenance practices for inverters and chargers should be
defined. For exsmple, specific torque requirements exist when replacing sili-
con-controlled rectifiers (SCRs). Root-cause evaluation as to why a component
failed may lead to the conclusion that cther strrssed components also must be
replaced.

The testing of a naturally aged inverter and battery charger proved that
temperature monitoring can be an effective condition monitoring technique.
The installation of thermocouples on component surfaces and insile the panel
offers insight into component operation., For example, SCR heat transfer
degradation can be detected by monitoring its junction temperature, and elec~
trolytic capacitor degradation, as reflected by the increase in internal
resistance, may be reflected by an increase in case temperature, In addition,
trensformer and inductor winding temperatures are responsive to internal
degradation such as turn to turn shorts.

The monitoring of clrcuit waveforms to assess equipment condition was
found to be feasible, however, the Information obtained is more difficult to
assess than component temperatures, The waveforms which provided pertinent
indication of the equipment's operational readiness are the inverter output
sine wave, the battery charger output ripple volrage, the SCR gating current,
and the commutating capacitor voltage waveform,

5¢3 Circuit Breakers and Relays (W, Gunther and Franklin Research Center)

NUREG/CR=4715, "An Aging Assessment of Relays and Circuit Breakers and
System Interactions,'" was published., This report satisfies the phase 1 NPAR
objectives for these components in presenting the following information:

+ a detailed description of tne aging mechanisms and faflure modes;
o« an assessment of the LER, NPRDS, and IPRDS data bases;

« molded-case and metal-clad circult breaker operations are described
and related to specific failure modes experienced at nuclear power
plants, including reactor trip breaker problenms;

+ the aging {nteraction relating to circuit breakers and relays in
safety {njection system {8 described in detail, Consideration of sys-
rem operation under varying external influences, including seismic and
LOCA conditions, i{s also presented, The study concludes that fallure
of a safety infection train {s possible from circuit breaker and relay

failare Lf adequate maintenance and testing are not performed;




+ recommendations are given for development of monitoring methods to
evaluate the susceptibility of continuously energized relays and
diagnostic techniques for evaluating the condition of the control
circuits and operating mechanisms of mutal-clad circuit breakers.

5.4 Motor Control Centers (W, Shier and M. Subudhi)

A draft report describing the Phase | aging assessment of motor control
centers (MCCs) has been completed and submitted for NRL staff comments,
This report follows the es%ablished NPAR strategy and investigates the opera-
tional performance, the design and manufacturing methods, and the current
maintenance, surveillance and monitoring techniques assoctated with 4CCs. A
significant result described in this report concerns the identification of
fmportant MCC failure modes, causes, and mechanisms from plant operational
exper.ence, Failure i{requencies determined for the various MCC subconponents
are also described, 7Tn addition, recommendations on functioral indicators
that could be useful in monitoring MCC performance prior to fatlure are pro=-
vided, These functional indicators will be evaluated during Phase 2 of the
program.

Several sources of operating plant experience were reviewed in detail to
examine the more {wportant failue modes, causes, and mechanisms, The results
of this review indicated that circuit breakers, relays, and coils accounted
for more than 50% of the reported MCC failures, The dominant fallure cause
that was {dentified was the sticking of electrical contacts due to the accumu-
lation of foreign substances, The subcomponents that were ldentified as con-
tributing to MCC failures are shown in Figure l!. Figure 2 summarizes the
failure causes that were ldentified., An important result that was also iden~-
tified from the failure analysis was that approximately 44% of the failures
were discovered during surveillance testing or maintenance., For a standby
system that operates on demand, this result {ndictes that the MCC was found in
a falled condition when the maintenance or surveillance was {nitiated.

The reported failure events in the Nuclear Power Reliability Data Sys~
tem, maintained by the Institute of Nuclear Power Operations, were organized
on a component basis and a failure frequency was determined, For the dominant
subcomponents (circuit breakers and relays), these results were in agreement
with the results obtained {n another NPAR program related to cirvcuit breakers
and relays, Other reported results include:

. A survey of the domainant failure modes;

. A summary of the safety systems affected by the MCC failures;

. A summary of the plant operating status at (he time of fallure iden-
tification:
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The failure data also showed that "leakage' was the most (rmmon failure
mode, This is a typical failure mode for valves and pumps which were the
components most frequently failed, Valve failures included both internal seat
leakage and external seal leakage., Pump fallures included external seal
leakage as well as bearing fallures., Instrumentation/conttols and heat
exchangers were also found to have a significant number of failures,

0f the failures reviewed, 502 resulted in degraded CCW system performance
while ' . -esult- in a loss of redundancy, The remainder either had no
effec, ystem operation or {ts effect was unknown, Complete loss of CCW
systen *+. tion was only found once, and the fallure was not aging related.
This shows that CCW failures are typically detected before they become serious
enough to cause a complete loss of system function, but not always before
system performance has been affected, Current monitoring methods detect only
2/3 of all fallures. The remaining 1/3 are not detected until some
operational abnormality is observed. Improvements to current monitoring
methods should, therefore, be considered.

To supplement the information obtained from the data bases, actual plant
data from Indian Point 2 was obtained and reviewed, Results showed a large
percentage of age related faflures (80% to 100%), Pumps and valves were found
to provide the predominant number of failures, which {s consistent with pre-
vious results,

Component failure rates were calculated from both the data base informa-
tion and from the actual plant data., Results showed good agreement with fail=-
ure rates from commonly used sources, but were higher than fai'ure rates used
in PRA studies, Also, a trend toward increasing failure rate with component
age was seen, thus indicating that system unavailability increases with age,
It should be noted that current PRA techniques assume constant failure rates
and, therefore, predict constant system unavailabilities throughout plant
life,

The probabilistic work included a4 review and analysis of the Indian Point
2 PRA, The CCW system from this plant was modeled and a PC based computer
program called PRAAGE was developed to perform PkA calculations as a function
of age for the CCW system., Time dependent fallure rates were input to the
program, and system unavallability and component ifmjortance were calculated
for various ages, The Indian Point 2 CCW system wa; modeled for this study
since ir 18 representative of other plart designs snd an existing PRA was
availab.e for {(t,

The PRA calculations showed that (f interaction vpetween various plant
systems (s considered, CCW unavailability is dominated by loss of the service
water system. Looking at the CCW system, valves in critical leocations domi-
nate system unavallability followed by pumps, These results are expected to
be typical for most CCW systems, however, individual design variations must be
considered,
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though no substantial changes in the over 11 hydrodynamic conditions could be
suspected.
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7. Evaluation of the Adequacy of Current Reactor Conlant Pump Seal
Instrumentation and rator Responses to Possible Reactor Coolant

Pump Seal Failures

(CsJs Ruger and W.J, Luckas, Jr.)

As part of resolving Generic Issue 23 entitled, "Reactor Coolant Pump Seal
Fallure" the ohjectives of thi. project ave to (1) evaluste the adequacy of cur-
rent reactor coolant pump (RCP) seal and seal cooling syster instrumentation to
detect RCP seal degradation and failures, (2) evaluate the adeqiacy of current
automatic actions and operator responses to prevent RCP seal l:ss of coolant ac~-
cldentns (LOCAs) or other unacceptable events, and (3) propose possible instru-
mentation, automatic actions or manual operator response changes which could i{m=
prove the current RCP seal safety procedures. An additional objective is to (4)
develop technical findings for Generic lssue 23,

In achieving the first tnree objectives, namely those associated with the
ACP seal !nstrumentation and operator response, BNL published NUREG/CR-4544 in
December 1986, This document (s «ntitled, "Reactor Loola.t Pump Seal Instrument=-
ation and Operator Responses: An Evaluation of Adequacy to Anticipate Seal
Failures,"

The fourth objective is being addressed by ithe ongoing development of a re-
port to be entitled, "Technical Findings Related tc Generic Issue 23: Reactor
Coolant Pump Seal Failures." When published, the repori is intended to document
the findings of the appropriate technical studies developed as part of the effoit
to resolve Generiec Issue (GI) .3, The report is structured to address the
findings as they apply to each sudtask of the GI 23 Task Action Plun,

During the third and fourth jJuarters of FY 1987, a preliminary draft of the
"Tecanical Findings" report was developed based on the relevant seal failure re-
search documentation available. The draft was forwarded %o the NRC and other

appropriate reviewers for comment,
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8. Adequacy of Current Valve ln-Service Testing Methods

(CsJs Ruger and W,J. Luckas, Jr.)

The objectiv> of this project is .o periorm studies and related services to
systematically evaluate current requirements for in-situ testing in nuclear power
plants., The evaluation w!ll be to deterrine {f the valve testing methods, as
currently invoked, are sufficient to assure valve perfarmance under design basis
accident conditions, Emphasis for the project is in the area of value~impact
analyses for expanding IE Bulletin 85-03 valve operability assurance applicabil~
ity to all safety related motor operated valve (MOV) actuators,

During the third and fourth quarters of FY 1987, a draft methodolugy was
develrred for the review of the benefits (value) and costs (impacts) associated
with a program to maintain in-service operability assurance., This draft document
was prepared to support the justification to expand IE Bullecin 85-03 applicabil~
ity to all safety related MOVs,



9. laggl!t%g! Cuide for hnﬂgtor Dosimeiry
J.F, C.r.'g M. Todosow
A draft Regulatory Guide for performing pressure vessel damage fluence
coleulations has been woitten. This guide provides acceptable methods and
assumptions for use in determining pressure vessel damage (>1-MeV) fluence for
input to the RTprg prescription given in 10 CFR 50.61., Detalled procedures
for determining few-group neutror cross sections, constructing an exposure=
averaged core neutron source and carrying out the required neutron transport

calculations are presented. Acceptable methods for qualifying calculational
techniques and a quantitative acceptance criteria are also presented.






product behavior was published {n NUREG=C772 (n 1981, The latter study did
not actually estimate the source term, but provided a review of the state of
knowledge at that time, It also led to the current NRC and Industry (IDLOR)
inftiatives on re-estimating the source term as embodied in the BMI-2104 docu-
mentation and the final IDCOR document.

Since publication of the RSS, and subsaquently, the accident at the Three
Mile Island Unit 2, substantial development and advances in the state of
knowledge concerning the nature of severe accidents and associated fission
product release and transport liave bee.. made., These developments and advances
indicated that the source term estimates conceived previously might be highly
conservative a~d often uncertain,

As part of the continuing source term reassessment, the United States
Nuclear Regulatory . amission (USNRC) is sponsoring a demonstration procedure
for mechanistic determination of source terms at Battelle Columbus Laborator-
fes (BCL) and Sandia National Laboratories (SNL). The models for the estims~
tion of fission product release and behavior are incorporated into computer
codes rerarred to as the Source Term Code Package (STCP), which mathematically
sinulates a severe accident to predict the source terms. In order to better
establish the estimates of sovrce term fiom these phenomenological models,
quantification of the uncertainties in the resulting source term is essential.

The objectives of the present program are: (1) to perform an uncertainty
evaluation of the 1input parameters and phenomenological models used in the
Source Term Code Package (STCP), (2) to define reasonable, technically defen~
sible ranges and assumptions for use in the STCP, and (3) to determine the
uncertainty in the source term to the environment for selected sequences in
both Boiling and Pressurized Water Reactors.

Source Term Code Package Verification and Benchmarking

During accideats {n Light Water Reactors (LWRs) the reactor core could be
damaged «nd fission products may be released to the primary system, If the
primary system i{s breached fission products could in turn be released to the
containment building, In containment there are a number of systems available
to help prevent the fission products from being released ro the environment.
1f these systems fail or are compromised, a fraction of the radionuclides may
be released to the atmospherv with corresponding adverse effects on the sur-
rounding envirovaent. There are potentially a large number of different
accident sequences that could lead to core damage and ultimately to core
meltdown. Each individual accident sequence could result in several possible
paths for fission products to reach the environment. FEach path will have a
unique fission product release characteristic or "source term".

In order to define a "source term”, information is nceded on the amount
and chemical form of the fission product species released and alsgo on the
characteriatics of the release. The release characteristics are the timing of
release, release duration, release height, and release energy. In the Reactor



Safety Study (RSS) models of the physical processes associated with particular
accident sequences wure developed to assess the magnitudes and timings associ-
ated with the release, tcransport, and deposition of the radioactive materials
form the core through the primary system and containment and into the environ=-
ment. However, it has been suggested that the methodology used to generate
fource terms in the RSS may contain simplifications, which would tend to over
predict the release of fission products and hence result in overly conserva-
tive estimates of off-site consequences.

The Source Term Code Package (STCP) developed by Battelle Columbus Labo-
ratories (BCL) 1is aimed at better quantifying the severe accident source term
estimates. The interim version of the code (STCP/MODO) has been operational
at BNL since late 1985, and BNL has received the newest version (STCP/MOD1) in
July 1986,

The objectives of this project are (1) to lmplement, verify and benchmark
the STCP at BNL, (2) to provide quality assurance of the specific STCP calcu~
lations performed by BCL, (3) to perform plant specific calculations for the
USNRC, and (4) to initiate a validation program based In the recent experi-
mental data and detailed mechanistic code calculations.

Risk and Risk Reduction for Zion

Significant {mprovements have been made in U.S. nuclear power plants,
plant models, and risk-analytical methods over the last ten years. In order
to determine the f{mpact of these improvements on cevere accident risk avalua-
tion in Light Water Reactors (LWRs), the United States Nuclear Regulatory
Commission (USNRC) is undertaking a complete reassessment of severe accldent
risk for five reference plants, to be published in the document NUREG-1150.

The identification of {mportant core melt accident sequences for four of
the filve reference planis 1s being undertaken in the Accident Sequence Evalua-
tlon Program (ASEP) at Sandia National Laboratories (SNI.). Containment event
trees (CETs) for the important accldent sequences at the four plants are being
formulated as part of the Severe Accident Risk Reduction Propram (SARRP) also
at SNL, New source term calculations using the Source Term Code Package
(STCP) have been performed at Battelle Columbus Division (BCD) for important
fatlure modes for each of the five plants. Iinally, SNL will {ntegrate the
results of the above studies into a complete risk analysis for four of the
five plants as a basis for NUREG-1150. BNL {s applving the methods developed
for the above studies to the Zion plant for input to NUREG-1150,

The technical phases of the BNL project include the following: (1) Review
of the Zlon accident sequence analysis provided by SNL, and adaptation of its
content to the NUREG-1150 methodological framework, (2) Characterization of
the Zion contaiment by use of the containmert event tree methods under devel~
opment at SNL, (3) Incorporation of the BCL Zion source term calculations into
the acclident progression analysls, (4) Performance of Zion-specific contain-
ment loading calculations, (5) Characterization of systems and phenomenologi=-
cal uncertainties through the use of expert opinion eltcitation, ( ) evalua-
Lion of offsite lmpacts, conditional upon the radi.logical rel.ases predicted,
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and (7) Integration of the previous phases to provide a characterization of
the severe accident risk pos:d by operation of 2ion Unit 1. 1In February 1987,
a draft version of the BNL atralysis of Zion was published (NUREG/CR-4551, Vol.
5, Draft). The analysis is - urrently being revised in the light of publie,
utility and peer panel review. BNL is providing on-call assistance to the NRC
on matters relating to this su-dy.

Thermodynamic Core-Concrete Interaction Experiments and Analysis

A survey of available models for stratified interlayer heat transfer be-
tween bubbling layers is presented. The models are compared to existing data
and shown to underpredict the magnitude and trend of the data. An apparatus
is described in which interlayer bubbling heat transfer experiments were per-
formed. Three sets of experimental data are presented: 10 cs oil/mercury,
100 ¢s oll/mercury, and water/mercury. A dimensionless correlation is devel-
oped and the form of the correlation is reported.

Efforts taken to redesign the apparatus for film boiling from solid and
porous surfaces are describod. Modifications to the design to eliminate nu-
cleate boiling, maintain constant liquid level, and cool the boiling chamber
base are described. Final testing was performed to ensure proper operation of
the apparatus prior to the gas injection tests. The measured boiling heat
flux was found to deviate frca the Berenson model prediction by approximately
10%.

Containment Performance Design Objectives

The initial objectives of this project were to develop a containment per-
formance objective (CPO) for light water reactor (LWR) containment buildings
and implementation guldance for possible incorporation into the Nuclear Regu-
latory Commission's Safety Goals Policy Statement. This work was completed
during 1986, During the current reporting period the project was redirected
to providing the NRC staff with technical support to help define what might
constitute “a large release” of radioactive materials during a severe accident
in a LWR.

Review of the Core-Melt Evaluation for the Westinghouse Standard Plant (SP-90)

This project Involves a review of those aspects of the Probabilistic
Safety .ssessment (PSA) for the Westinghouse Standard Plant (SP/90) related to
the core wseltdown evaluation, The SP/90 PSA was performed by the Westinghouse
Electric Corporacion as part of the requirements for applicaticy for a prelim
inary design approval (PDA). The BNL effort {includes a full review and
requantifica. .on of the risk that could result from accldents iavolving core
damage.
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10, Thermal-Hydraulic Reactor Safety Experiments

10.1 Direct Heati of Containment Atmos

here by Core Debris (N. K. Tutu and

This task 1is concerned with predicting the actual extent of the direct
heating of the containment atmosphere by the molten core debris foll~reing a
high=pressure melt ejection accident, The general objective of the experi-
mental purt of the program i{s to underst'nd the details of the melt-blowdown
steam interaction in the reactor keyway and its {mmediate vicinity, and the
development of 1individual phenomenological models to descrive this interac-
tion, This investigation would complement the 1/l0-scale Surtsey pregram at
SNL.

10.1.1 Parametric Calculations of Hydrogen Generation in the Zion Reactor
Cavity Reglon

10414141 Introduction

Since it is the high-speed jet of steau (blowing down from the reactor
pressure vessel) that entrains the melt and transports it out of the cavity,
#¢ have recognized from an early date, the possibility of hydro en generation
iue to steam-metal chemical reactions in the reactor cavity during a high-
pressure melt ejection (HPME) accident, Our preliainary calculations have
shown (Tutu et al,, 1985) that there is enough time avsilable for signiiicant
girconium-steam reactions to take place within the Zion reactor cavity. More
recently, calculations performed by Williams et al., (1987) using the lumped
parameter CONTAIN code have also demonstrated the possibility of significant
hydvrogen generation in the reactor cavity during a HPME accident., This phe-
nomenon {8 now well recognized by the workers in tnis field, However, it must
be pointed out that so far no realistic calculations to predict the actuail
extent of hydrogen generation in the reactor cavity daring a HPME accident
have been performed, Such realistic calculations (development of which is
under way [Ginsberg and Tutu, 1987]) would involve modeling of all the rate
processes (melt entrainment rates, melt droplet size distribution, gas-droplet
interfacial drag, heat transfer, and chemical reaction) and any thermodynamic
limits on the relevant chemical reactions. 1In the absence of these very com~
plex calculations, hydrogen generation in the cavity region was neglecced in
the past; whereas now several investigators have argued that most of the po-
tential chemical energy in the core melt could be converted into hydrogen in
the reactor cavity, Therefore, to iaprove our understanding of the reactor
cavity phenomena during HPME accidents, we have performed an equilibrium
bounding calculation, which gives the maximum possible extent of hydrogen pro-
duced in the reactor cavity, We have also performed several parametric calcu=
lations to take into ac'ount the effect of transient melt dispersal rate on
rhe magnitude of hydrogen generaion in the cavity., The calculation procedure
and the results are described below,
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Since the availability of steam in the reactor cavity is limited, the actual
steam-steel reaction may not follow Equation (3). As Baker et al. (1982) have
pointed out, the core melt-steam reaction under thermodynamic equilibrium pro-
ceeds in the following stages.

First, all the available zirconium is oxidized in accordance with Equa-
tion (1), Next, if steam is still available, the chromium and iron in (cain-
less steel react with steam as fol)ows:

2Cr 4 Fe + 4H 0 » FeO+Crp0y + 4H, (6)

Considering the mass ratio of chromium to iron in the melt, as given in Table
1041, this implies that only 6,32% of the iron inventory will be oxidized to
FeO during this stage. The remaining iron i{n the core melt can be oxidized to
FeO only 1f the ratio of partial pressure of steam to partial pressure of
hydrogen is greater than or equal to 0.5, In other words,

Fe + Hy0 = e PO + H, (7

Pu,0
— ) 0.5
P“’ =

where Py o is the partial pressure of steam and Py, is the partial pressure of
hydrogen“in the gas phase, The oxidation of ntci‘l and further oxidation of
FeO to Fe, 0, is subject to the following reetrictions:

IFe0 + H,O e e——— '.‘Oh + H’ (8)

a0
s> 100

P“’

"0

'ﬂ,

The partial pressure |imitations for the reactions represented by Equations
(7) through (%) are teaperature dependent, and the reader is advised to refer
to the paper by Baker et al, (1982), The values given here are the ones that
we have used for the calculations that follow.

10.141.3 Upper Bound on Hydrogen Produced in the Reactor Cavity

Let us first find the maximum amount of hydrogen that could bhe generated
in the reactor cavity as a function of the primary system pressure, F,, at the
instant of the vessel failure. This upper bound on hydrogen producticn 1. the
cavity is given by assuming complete wmixing of all the core melt and the
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where pg 1s the steam density, is the steam velocity in the reactor cavity,
and X {8 a parameter which will varied to study the effect of debris dis-
persal rate, Assuming choked flow of steam at the vessel hole during the
blowdown process, it can be shown that

LEL a2 1, # o Apxl)
b+ T @) R e ey T a6

where A, 1s the ross-sectional ares of the vessel hole (wwd%/4), A, 1s the
cross~sectional area of the reactor cavity, T, {a the steam temperature in the

reactor cavity (assumed to be equal to the melt temperature for the calcula-
tions presented here), and P, 18 the pressure in the reactor cavity (assumed
to be equal to the coantainment pressure),

Now we are ln a position to calculate the (nstantaneous mass flow rate of
hy rogen, ‘h' leaving the cavity., To do t\'.lil. we assume the quas'-s.eady mod-
el shown in Flgyre 10,2, At any instaat, m amount of steam (given by Equa-
tion (10)) and o, amount of core melt (giveR by Equation (U)I are ausumed to
mix, react, tu?h equilibrium (according to Equatious (1), and (6) through
(9)) and exit the cavity, The instantaneous mass flow rate of hydrogen is
then Integrated for the entire blowdown process to yield the total amount of
hydrogen produced, Equation (5) is then used to calculate the hydrogen pro-
duction efficiency.

@ ———
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Figure 10,2 A Quasi-Steady Melt-Steam Mixing Model for Hydrogen
Production Calculations in the Reactor Cavity
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Table 10.2 Dependence of P, and Debris Dispersal Times
on the Parameter K

K Values of P, and debris dispersal times'
at which n has a peak
(sem) Py (MPa) t (seconds) 10,9 (seconds)
0,109 10.2 8,41 10,19
0.219 7.17 17 .84 9.65
0.438 5.0 17.57 9.50

e corresponds to the time at which all of the melt has been
ejected from the cavity, This i{s also the steam discharge
time from the primary system. v 9 is the time by which 90%
of the melt {s out of the cavity.

10.1414% Concluding Remarks

We have performed two sets of calculations to evaluate the possibie
exteat of hydrogen genevation in the Zion reactor cavity during & high-
pressure melt ejection accident scenario, The first set gives us an upper
bound on the hydrogen production efficiency, and the second set of calcula~
tions shows the effect of the transient nature of melt dispersal and stean
blowlown on the hydrogen generation in the reactor cavity,

The results show that although significant quantities of hydrogen can be
produced in the cavity region, the melt exiting the cavity ‘s likely to
retain a significant fraction of the stored chemical energy. For example, if
the primary system pressure at vessel fallure equals 7 MPa, the bounding cal-
culatfon shows that the hydrogen production efficlency In the cavity region
equals 0,48, Although we do not know the true value of the debris dispersal
parameter K, the results clearly indicate that the effect of variable debris
dispersal rate i{s only to lower the hvdrogen productior efficiency., Thus {t
appears that both the cavity and the es-cavity (interm:d.ate subcompartments
and upper dome) phenomena weed to be studied in detail to evaluate the extent
of direct corrainment heating, It is eaphasized here, oonce again. that these
bounding and parametri. calculations have as*umed that the melt-steam reaction
times are smaller than the transit time through the cavity.
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11, Protective Action Decisjonmaking
(W, T. Pratt and A, G. Tingle)

1141 Background

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

In practice drills, decisions on protective action recommendations bave
proven to be difftcult, NUREG-0654 states that {f containment failure is
{mminent, sheltering (s recommended for areas that cannot be evacuated befole
the plume arrives, but evacuation is recommended for other areas. The assump-
tion in NUREG-0654 {s that there would be a greater dose savings if the popu~
lation were sheltered during plume paisage rather than evacuated, but this
assunmption has not been proven, Furthermore, the recommended protective
actions must be based on estimated containment failure times, which are diffi~
cult to determine,

Alternativaly, other NRC publications suggest that the appropriate
response would de early evacuation of everyone within a distance of about 2 or
3 siles for all events that could lead to a major release even i{f containment
fatlure is fmminent or a release 1s underway. Those at greater distances
should take sheltsr, Further, 1f a release occurs, the appropriate action
would be for monitoring teams to find "hot spots” (radiation dose rate exceed-
ing adout | R/hr) and for people to evacuate these "hot spots,”

11,2 Project Objectives

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

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

(2) escablish sirategies appropriate to these sequences, emphasizing
credible failure modes,

(3) fdentify those factors which would influence the implementation of
these strategles,

(4) determine how these factors should be incorporated into the deci~
sionmaking process, and

(5) develop a guidance veport on the protective actions to be
recommuded for combinations of these factors,



11,3 Technical Approach

The technical approach {s based on an evaluation of the consequences of
nuclear power plant accidents as they relate to protective action decision~-
making. The evaluation includes a careful review of previous work (e.g.,
NUREG/CR=2339, NUREG-0654, NUREG/CR~-2025, NUREG=-0396, and reports and memo~
randa by the NRC staff) and its applicability to protective action decision-
maki g, The approach 1is also based on a consideration of & wide range of
potential accident sequences and on up-to-date assesswints of containuent per~
formance., Thus the technical basis reflects the new flssion product source
term information that was developed (BMI-2104) by the NUC/RES Accident Source
Term Program Office (ASTPO), In addition, BNL st.fi participated in the
activitiss of the SARP Containment Loads Working Group (MUREG=1079) and in the
Containment Performance Working Group (NUREG-1037), Tha results of these
various activitlies were described in NUREG-0956, which was published in draft
forn (for commeny) during July 1985, This information is being integrated
into our development of protective action strategies. In addition, the Ameri-
can Physical Soclety's review of the new source term methodology and the
results of the review are being factored into our evaluation, Finally, the
new source term aethodology 1is being applied to five representative reactor
designs, as part of an updating of nuclear accident risk and risk-reduction
perspective by RES/DRAO, This effort will be repored in NUREG-115) and it s
bein; closely followed by BNL staff an' the results are being integrated into
our development of protective action strategies,

The evaluation will also be based in large part on results obtained from
the MACCS (MELTOR Accident Consequence Code System) and CRAC2 (Consequence of
Reactor Accident Code, version 2) computer codes. The output from these codes
18 being analyzed for a variety of release characterizations, weather
sequences, and protective action strategies,

In accordance with the above, the following five facilities v re selected
to represent a range of reactoi and contalnment designs:

Ziont PWE with a large dry containment

Surry: PR with a subatmospheric containment
Sequoyah: PWK with an ice condenser containment
Peach Bottom: BWR with a Mark I containment
Grand Gulf: BWR with a Mark I1l containment

1.4 !!Q'!S‘ "'_‘_!_..

Following review of the draft BNL report by the NRC, 1t was agreed that
the effectiveness of protective actions would be presented as bar charts
fnstead of numerical tabulations, It wes also agreed that vhe evacuations he
shown only for a 10 mph evacuation speed and for starting times at release and
one hour after releasv. In addition, all calculations were rerun with version
1.3 of the MACCE® code using new penetration (shielding) factors, a relocation
time of four hours and an evacuation distance of ten miles,



After completion of the calculations, BNL was intoreed by Sandia Labs
that version 1.3 contained several errors that made the results invalid, The
calculations were redone using the corrected code version 1.4

Source turms used in the calculations were reviewed and in some cases
{mproved by NRC and BNL staff. New consequence calculations were performed
for the new source terms and appropriate revisions wer: mada to the text of
the BNL report,

BNL staff codified a constant weather atmospheric transport and acute
health effects model to assess the accuracy of thea MACCS code predictions.
The model contains decay, wet and dry deposition, and multipuff capability.
The solution procedure involves direct analytic integration of air concentra-
tion equations over time and position as opposed to the differential approach
used (r CRAC2 and MACCS, The code will also be used to rapidly carry out
sensitivity and uncertainty analyses, A tentative outline {or a report on
this model was prepared.

Since the CDC 7600 machine was decommissioned at BNL, the CRAC2 code was
made operational on the new [BM computer.
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Following a careful analysis of the results, control volume pressures, flow
areas and velocities were recalculated and ferm loss coefficients were also
recalculated to give the desired press re drop distribution. With these
changes, oscillations were reduced to a ocare minimum, and timestep sizes
stayed at about 0.1 second. but, fuel was predicted to start melting in the
hottest cell, 1In order to properly refin: the primary system input data, an
{nterim deck was created, where the secondary system was replaced by a
constant heat loss in the steam generators equal to the energy generated in
the core. The very high fuel temperat: res in t.ue hottest cell were traced to
incorrect specification of radial rower fractions in the core. Power
fractions were recalculated, and trarsient vresults were dramatically
improved. At thirty seconds intr the null-transient, all primary system
parameters were approaching ¢ stesdy state. Pressures and flows were less
than ) perceat off from inpu. vilues and oscillations were minimal. Fuel
temperature in the hottest cell was 1686K and rising very slowly. Timestep
waAs, on average, 0.1 second,

Following installation of MELCOR version 1.7.0 on the VAX cluster, BNL
staff began to convert the ZION input deck to the version 1.7.0 format.

12,3 MELCOR Verification (I.K. Madni, W. Bornstein)

In April 1987, the installation of MELCOR Version 1.6,0 on the BNL
[EM=3080 was comnleted, In May the sample problem was successfully executed.
Some discrepancies were noticed when the IBM results were compared to the
results obtained from the SNL VAX-R650 and CRAY calculations obtained with
version 1.6.0,

Version 1.7.,0 of MELCOR was received from SNL in July. By August, ft was
installed on the BNL VAX cluster, and the sample problem was successfully run
and the SNL VAX results were vaproduced. Some additional updates to MELCOR
1.7.0, which increased ths size of the real variable array and allowed the
user to change the sizes of the main data base arrays, were received and
implemented into the code during Aug.it, These updates were needed to enable
the code to hand.e the PWR Input model.






A+ MARCH}

The MARCH} code was modified to be capable of modeling a "leak" before
“break" of the containment, The threshold pressure for each containment
failure mode is an input variable in the LHS calculation. For the case that
containment leakage occurs prior to a massive rupture, the leak area {is a
linear function of containment pressure. The proportionality constant
between leak area and containment pressure is also considered for variation
during the QUASAR calculations.

B. TRAPMELT3

Unusually large aerosol injection rates for some of the QUASAR cases
combined with the new nucleation model have resulted in initial conditions
for the aerosol agglomeration equations that are significantly differenc
from the equilibrium solution., The equations have become very stiff under
these conaitions. TRAPMELT computation times became unacceptable using the
Runge Kutta integration VERK from the ISML library. The use of a GEAR
integrator was found to reduce the computation times by an order of
magnitude demonstrating that the stiffness was mostly due to extraneous
transients. TRAPMELT has been modified to use the GEAR integrator for the
core volume. The GEAR integrator i{s also an ISML program,

C+ VANESA

In the STCP/MOD! version of the VANESA code. the mass generation rate
of gas calculated by CORCON is converted to a volumetric gas flow rate using
the ideal gas law., 1In the calculations, VANESA assumes that the amblent
pressure is always at i atmosphere. This assumption is only valid for cases
with early containment failure. For cases with lace containment failure,
MCCI can occur under pressurized condition. Based on the experience gained
during the STCP analysis of a BWR with Mark II containment, the containment
pressure was found to have a large impact on the prediction of ex-vessel
releases, The impact on the ex-vessel release can change the prediction of
environmental release of fission products. The version of VANESA code used
in the LHS calculation was modified to include the capability to consider
the containment pressure when calculating the volumetric ga- flow rate,

D. NAUA

Multiple NAUA caleulations/iterations are required for a Peach Bottom
TB sequence. The calculational scheme is summarized in Table 13.2. The
steps 3 through 5 in Table 2 are repeated until a predetermined convergence
critevion is satisfied. The NAUA code has been modified to accept a file
containing decontamination factors assoclated with each of the two leak
tapes into the compartment., To adopt the calculational scheme shown in
Table 13.2, this modification is necessary.



'3.4 lInterface Progrems (M. Lee, Y. Liu)
A. TITLE

Based on user's specification, the program TITLE picks a vector out of
the 100 vectors on the LHS data file and then moves the elements of the
vector to the corresponding input files of the STCP code component.

B. PRETHC

The program PRETHC processes a data file (Tape 60) written by MARCH) to
generate input data for THCCA, the interface program between MARCH3, NAUA,
and SPARC. Three files are generated by PRETHC for different THCCA runs,
one for SPARC in-vessel, one for SPARC ex-vessel, and one for NAUA. Tape 60
of the MARCH3 code contains the time step number and time for major events,
e.8+, core uncovery, start of melt, core slump, core collapse, bottom head
failure, containment break, and hydrogen burn (start and end).

C. CONV

For a Peach Bottom TB sequence, multiple NAUA calculations and itera-
tions are necessary. Steps 3 through 5 in Table 13,2 are repeated until the
convergence 1is achieved. The program CONV checks the convergence of the
multiple NAUA calculations., The converge criterion is satisfied when the
difference between the transport fraction for each compartment between two
successive iteration cycles i{s less than 1%, The transport fraction from

drywell to reactor building Tpr(t)i{ is defined as:

M. (t)
T 1% 2t

[\ R nw(:)‘ + M,m(:)1 + S,(:T‘ (el

where:

Mpr(t)y is the accumulated mass leaked from drywel) to reactor building
for species 1

Myp(t)y is the accumulated mass leaked from wetwell to drywell for
species 1

Map(t)y 1s the accumulated mass leaked from reactor building to drywell
for species {, and

Sp(t)y 1is the accumulated ex-vessel release from MCCI for species 1.

The transport fraction of ocher containment flow paths can be defined in a
similar manner, The transport fractions checked by CONV are those from
wetwell to drywell, drywell to reactor ouilding, and reactor building to

environment.
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The data needed to calculate transport fractions are saved on tape 8 of
NAUA.

D. NAUTRAS

The program NAUTRAS summarizes the data on NAUA tape 8 from drywell,
wetwell and reactor building calculations on a print output file and a data
file for further data analyses. To improve the overall mass balance of the

multiple NAUA calculations, the program NAUTRAS also interfaces the NAUA
calculations based on the following mass conservation equation for each

containment flow path:

M\m(t)1 - Tw(t)‘ (m‘ + m) (13.2)

Mp(t)y = T () (Sp(e) + Mop(e), & Mpp(e),) (13.3)
Mpp(t) g = Toa(t) (Sp(e), & Mo (), + Mep(t)y) (13.4)
H“(t)1 - T“(t)1 “Da(t)t (13.5)

!lm(t)1 = Tuu(‘)t le(t)i (13.6)

where:
$,(t)4 is the accumulative in-vessel release up to time t for species i,
$,(t)4 1is the accumulative ex-vessel up to time t for species 1,

DF,(t)y 1s the accumulative decontamination factor during in-vessel phase
up to time t for species i,

DF,(t)y 1is the accumulative decontamination factor during ex-vessel phase
up to time t for specles 1,

Tyy(t)y 1is the transport fraction from compartment X to compartment Y
for species 1

Mxy(t)y 1s the accumulative mass leaked from compartment X to compart=
ment Y up to time t for species 1

and D: drywel.
W: wetwell
¢ reactor building
E: environment.
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In the above equations, S,(t); and S,(t); are determined by TRAPMELT}
and VANESA code, respectively. DF,(t)y, DF,(t)y are calculated by SPARC
and Tyy(t)y) are determined by UAUA calculations. Therefore, the above
five oquationo can be solved for the five unknowns, Myy(t)y. Through
this calculation, the overall mass balance of each fission product species
is guaranteed. The data needed to formulate the above equations are saved
on tape 8 of each NAUA run.

13.5 Results of the Test Runs (M. Lee)

The input values of the 43 variables varied in the LHS calculation for
the test runs are given in Tabdle 3. In the test runs, the containment
fatlure threshold pressures were not varied. It _is assumed that the con=-
tai ment fails at 132 psia with an opening of 7 ft*,

Table 4 summarizes the accumulated environmeéntal release predicted in
the test runs. In the test runs, the fission products retains in the
drywell, wetwell, suppression pool, re.ctor ouilding is alsc saved. The
time dependent results are also available for data analysis.

The results of the test runs are reasonable and the trends can be
explained qualitatively by the input data., 1t seerms that the variation of
the predicted environmental release is dominated by the activity coefficient
of VANESA code and the multiplier of the CORSOR release coefficient.

13.6 Modeli of Fission Product Revaporization
Following RPV Failure (J.W. Yang)

The revaporization of the volatile fission products in the reactor
coolant system after reactor vessel failure i{s not modeled in the currant
version of STCP. In order to estimate the effects of revaporization on
source term to the containment, a computer subroutine REVAP {s being
developed. The subroutine uses the basic models of TRAPMELT, namely, the
ADHOC subroutine to compute the vaporization and condensation of volatile
fission products (Csl, CsOH and Te), and the FISPQ subroutine to compute the
Beta and Gamma heating of structures and gases. Using the TRAPMELT computed
results prior to vessel fallure as the initial conditions, REVAP determines
the revaporization of the volatile fission products and the densi:y and
pressure of the RCS. The density and pressure are compared with that in the
cavity compartment provided by the MARCH code. The comparison determines
whether a density-driven flow or pressure-driven flow would occ'r between
the RCS and cavity compartment. The release of the volatile fission
products is accomnanied with an outward flow in the reactor coolant system.
Testing of the model is currently in progress.
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Table 13,1  ™Most Semsitive Input Parame®~rs for STCP Tog~her With Their Respective
Rarges asd Probebility Deastty Fuactions (Urcertataty Distridutions)

Range (Percestile) L]
H Min. Sth 95tn Mau. 2asis
MARCH  [DrAET (m) Detiris particle size {in-vessel) 10-3 -2 0.2 0.2 Log-Uniform
FHLAD Fraction of bottos head CC1 [ 0.0 1.0 1.0 ind form
FoROp Core slump criterion 0 o.m 0.7% 0.75 Unitorm
(1)
s, () Volumetric latent heat of fyel 410 410 2420 | 220 iform
PUGCH (MI/m?%h) [Volumelric Meat capacity of fuel 2.9 2.9 . 14 Yoiform
TELT (%) Fuel melting tempersture 2120 2200 2980 30 Unifore
W10 (ag) Mass of grid plate Laa10%  [5.4.00% | .8:00° | 3.2410° |Unifora
PylPa) Cantainment Jeabage pressure threshold Lowio®  Je axte® | 1.4:00 | 1.5420° |Omiform
P.(Pa) Conta nment rupture pressure threshold .5a10% 19.9230% | 1.6:10 | 2.510° [initorm
Proportionality constant between 70077 [, 751077 | 6001077 6.0x10°7 [Un torm
(2 (am? ) Drywell leabage ares and drywell pressure
consom-mics, 1, Tel3)  |mitiglier for the pre-exponential factor | 1077 10-2 2 19 5(0.—&-"“
Sa, Srid) . . o " 1w0-? e 1 162 <0g-Unitorn
#u, Bn, pgld) " - - - 10-? ) 1w i©c? Log-tniform
e, Crld) . - - - 10-? 10-2 0 107 Log-tniform
TRAPMEL T | armea Colliston shape factor 1.9 1.2 10 15 Uniform
VIL (wm/sec) le aeposition welocity 0 0.1 90 100 Uniform
PUEN (bg/m’) Aeraso] Demsity 1000 1000 eu00 | 8000 Unitorm
SPARC  |LIAM [mm) [Mean tubble diameter 3 E) 12 20 Uniform
%!Mll) Subble asp~-t ratio 1 1.2% 1.% ) Uniform
ViWAE® (m/sec) [Bubble se.ra ise velocity 0.2 0.2% 1.0 1.2 Uniform
CORCON (o (m) Cortum spread !radius of corium pool) 3 3 6.5 6.5 Unyfarm
T0C (*n) Concrete decomposition lemperature 1200 16%0 1875 1950 Uniform
VAP Weight T of concrete evaporable water 2.3 3.9 7.8 8.0 Uniform
(2] “etal phase ewissivily c.2 0.5 1.0 1.0 Unitorm
s frmdssivity of Sure wndings 0.1 o1 1.0 1.0 Uniform
SANESA  |LI1GMA Aerosel size distridbution parameter 3.8 1.5 3.2 3.2 Intform
s Nunber concentration of condensed aerosel 10’ 197 10° 1 Log-Uniform
"o, Te, Csl Activity coefficient 10 1w-? ] 10 Log-tini form
#a ., Se0l2) - ' 1w 10-? 1 10 Log-Unt fore
fra,0,, Ceo,(2) - - et 1wt 1 10 Log-Uniform
NAUR AR Collision shape factor 1.0 1.0 10 i Uniform
ol Uynamic shape factor 1.0 1.0 5.0 0 iform

(1] With » correlation coefficient of 0.9 with TMELT

(2} AC{r»

i L

{3) with & correlation ceefficient of 0.9



Table 13.2 Calculational Scheme of NAUA and SPARC

Aerosol D.F. of
Information Suppression Pool
SPARC (In-vessel) TRAPMELT3 -
Step | NAUA, wetwell (in-vessel release) TRAPMELT3 In=-vessel
Step 2 NAUA, drywell NAUA (step 1) None
VANESA None
Step 3  NAUA, reactor building NAUA (step 2) None
Step 4  NAUA, drywell NAUA (step 1) None
NAUA (step 3) None
SPARC (Ex-vessel) NAUA (step 4) ~e
Step 5 NAUA, wetwell TRAPMELT] In-vessel
NAUA (step 4) Ex-vessel
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Table 13.3 Input of Test Runs

Variables Case B Case L Case M Case U
DPART (ft) 1.042x10"2 3.3x10~? 4.7x10"% 0466
FHEAD 040 0.1 0455 1.0
FDROP 0.02 0.01 0,39 0,75
Mg (BTU/ft?) 6.08x10" 1olx10" 3.8x10" 6.5%10"
RHOCU (B1U/£t?,°F) 60.81 44,12 55,15 66418
TMELT (°F) 4130.,0 3500.0 42044 4900 ,0
WGRIDX (1b) 1.06x10° 7.5x10" 9.05x10" 1.06x10%
Cs 1.0 1.0x10~2 0.139 2.0

1 1.0 1,0x10"2 04139 2.0
Te 1.0 1.0x102 0.139 2.0

Ba 1.0 1,0x10"2 0.316 1040
Sr 1.0 1.0x10-2 0.316 10,0
kKu 1.0 1.0 10.0 100 .0
Rb 1.0 1.0 10,0 100.0
Pd 1.0 1.0 10,0 1000
M 1.0 1.0x10=2 0.316 10,0
cr 1.0 1,0x10"2 0.316 10,0
GAMMA 1.0 142 5472 10,0
Vte 1.0 0401 4.53 9.0
RHO 3.0 1.0 4.5 8.0
DIAM 0.7% 4.0 8.18 12.0
RATIO 1,0 1.25 1443 1.5
VSWARM (cm/sec) 116.0 25.0 62.9 1000
RAD (.) 5.0 5.0 $.7 6.5
™e (°k) 175147 1690,0 1772,0 1875.0
EVAP 1.0 1.0 145 2.0
EMM 0,53 045 0.74) 1.0
ESUR 0.9 041 0455 1.0
FRAC 1.0 0. 0.5 1.0
AMD 1.0 1073 0.0316 1.0
ABaO 1.0 10=? 0.0316 1.0
ASTO 1.0 10~} 0,0316 1.0
ALa,0,4 140 10-? 040316 1.0
AC.S, 140 10~? 0,0316 1.0
ACs1 1.0 10~? 0.0316 1.0
ATe 1.0 10~} 0.0316 1.0

NC 108 10? 10® 0%

[ 2-0 1-, 2035 ’02

Y 1.0 1,0 $% 10.0

X 1.0 1.0 3.13 5.0
TUNTL - - - -
TUNTB (psi) 131.7 13147 1317 131.7
AUBRK - - - -




Table 13.4 Environmental Release

Releace (l;)

Species Case B Case L Case M Case U
Csl 0,23 0438 4,25 1.97x10°2
CeOH 1442 129.6 42,9 0414
™ 6,85 1.29x10~2 0.30 0,93
sr 15.0 1.97x10~2 0,72 17,0
Ru 5,17x10=" 1.38x10~% 1.87x10-% 8.95x10""
Ce B.16 1el4x19™2 2.88 7.32
Ba 17,9 1.74x10=2 0.82 5.08
NG 388.5 391.1 399.6 186,7

96~



The STCP simulation of PBF SFD scoping and l=1 tests were performei and
comparisons with the test data and SCDAP (Version 18) code results were
made. The scoping test was the first large scale severe fuel damage experi-
ment and 1s the only test to simulate rapid steam/water cooling of degraced
core materials, The I~] test was desianed to simulate the heating and
resulcing fuel damage in the upper half of a 3000-MW(t) PWR core approxi=
mately 2 to 3 hours after initiat.on of a small break accident.

The STCP simulation {involved detailed studies of: (a) the overall
thermal response of the core and associated structures, (b) the rate of
hydrogen generation from the interaction of coolant with cladding and struc-
tures, (c) the release of fission products, and (d) the coolability of the
damaged fuel under reflood. Some boundary and initial conditions, such as
the inlet flow rate, fuel axial power distribution and shroud heat loss
caused uncertainties in the MARCHI simulation, However, the overall predic-
tions of the STCP code are considered satisfactory, The following conclu-
slons were made based on this study:

1) The local fuel temperature distribution exhibits some discre=-
pancy with the test data, but the overall core average tempera-
ture response 1is comparable to the test results as shown in
Figures 14,1 and 14.2.

2) The local oxidation and transient hydrogen generation rate exhi-
bit some discrepancy with the test data, but the integral hydro-
gen production agree reasonably well with the test results as
shown in Figures 14.3 & 14.4.,

3) The MARCH code cannot predict the complexity of fuel liquefac-
tion, 2r0, dissolution, material relocation and formation of
local blockage. The rapid occurrence of these processes
observed in the tests introduced a large uncertainty related to
hydrogen _eneration and fission product release during the final
stage of transient. The MARCHM core meltdown and slumping
models, which for the most part are non-mechanistic, cannot be
tested using the SFD ST and 1=1 experiments,

&) The tes.s indicated no reductior or termination of hydrogen gen=
eration upon material relocation. Hence the model assumption of
a Zr/steam cut-off temperature in the MARCH .ode cannot be jus~
tified based on these test results,

5) Tae lack of corrections on fuel axial power distribution during

the transient caused a large uncertainty in the MARCH result.
The effect could be important for the analysis of ATWS events.
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6)

The fraction of gap release built into the CORSOR model and the
release rate coefficient of the empirical correlations are not
suitable for the trace-irradiated fuel rods employed in the SFD
scoping and 1-1 tests. The MARCH-CORSOR-M codes overpredicted
fission product release when compared with the test data as
irdicated in Figure 14,5 for nobel gases.
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15, Risk end Riek Reduction foy Zion

(We Ts Pratt)

15.1 w (W. T+ Pratt, S. D. Unwin)

A draft report of the BNL Zion risk rebaselining analysis was published
in February 1987 (NUREG/CR-4551, Vol., 5). As part of the NUREG=1150 effort,
this analysis comprised input to the draft USNRC Reactor Risk Reference Docu=
ment ,

The preliminary Zion analysis differed in variocus respects from the
remaining NUREG=1150 reference plant studies, In particular, the systems
analvsis was confined to consideration of the frequoncy-dominant sequences
fdentified in the Sandia review (NUREG/CR=3300, Vol, 1) of the Zion Probabil-
istic Safety Study. Further, the containment and source term analyses were
based upon adeptation of the NUREG-1150 analysis of Surry, performed at SNL.
These methodological limitations have served to restrict interpretation of the
results generated by the BNL study, In tue ongoing analysis of Zion, certain
of these limitations are being addressed through refinement of the nodels
utilized and through the generation of Zion-related phenomenclogical data,
The result of this effort will be greater parity between the BNL Zion study
and the remaining NUREG-1150 reference plant analyses.

15.2 Information Dissemination (S. D. Unwin)

A primary objective of the draft Zion analysis publi ion {s that of
eliciting comments from industry, the public, and the nuclear safety community
regarding the methodology, the models, and the results of the preliminary
analysis, Such comments will provide a basis for mod (cation of the study.
Publication of the document has bdeen complemented by a ..ries of BNL presenta-
tions intended to clarify the content of the report with respect to various
methodoslogical and technical areas. Aszongst such presentations were those to
the Kouts' Review Committee, the Kastenberg Review Committee, and te the Com
monwealth Edison Company of Chigago. Mditionally, BNL participated in a
driefing of the Tennessee Valley Aathority regarding NUREG-1150 methodology.

15,3 Mork Performed During Period (8. D. Unwin)

BNL has participated in a series of NUREG~1150 technical meetings
addressing possible improvements in analysis methodology. The NUREG~11%0
project sanagement meetings were also attended by BNL representatives,

Modification of the Zion analysis has deen ongolng throughout the current
period. The following tasks have recelved particular priority:

s Reclassification of the Zion sccident sequences into modified danage
state categories,

¢« Restructuring and requantification of the Zion containment event tree.
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Preparation for Zion-specific containment loading calculations with
use of the CONTAIN code.

Preparation of Zion uncertainty issue papers for presentation to the
NUREG=1150 expert review groups.
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6.1 interfactel Neat snd Mess Traosfer Processes (G. A Gresns and T. F.
1" “. '.

The purpose of this task is to study the mechanisas of bubble induced
heat and mass transfer at a ligquid-liquid interface and their effects upon the
ex~vessel attack of molten core debris on concrete, This effort is in support
of the CORCON and VANESA development program at Sandia National Laboratories,

16,141 MHeat Transfer Between Stratified lmmiscidle Liquid Layers Driven by
Gas Bubbling Across the Interface

The analysis of fission product release and the quantification of public
risk due to severe core damage accidents in ligat water reactors require
detailed analyses of the thermal interactions of rolten core debris with
structural concrete, as well as analyses of wechanical and vaporization
sources of aerosols., These interactions comprise what is referred to as the
ex-vessel source term, Ar integrated computer code package has bdeen developed
with which to make these calculations: this is called the Source Term Code
Package (Gleseke 1986), The specific computer models which calculate the
ex-vessel source term are the CORCON code (Cole et al,, 1984) for the analysis
of molten core-concrete interactions . .4 the VANESA code (Powers et al,, 1988)
for the analysis of mechanical and vaporigation aerosol formation and
decontamination,

The: CORCON code treats the core debris as molten and segregated into
overlying immiscible layers of core oxides, core metals, and melted concrete
slag in a vertical, cylindrical geometry. When the core oxide layer becomes
diluted by concrete decomposition products to the extent that it becomes less
dense than the motallic layer, these two layers physically invert and the two
oxide layers combine into one layer, These layers are continuously sparged by
concrete decomposition gases from below which keep the individual layers well
mixed and isothermal, It is this gas flu: which drives the heat and mass
transfer processes between the overlying laynrs, Separate analyses and exper~
imental evidence have revealed that under a vide range of conditions, bubble~-
{nduced entrainment may dominate the interlayer transport processes (Greene et
al,, 1982a, Greene et al,, 1988), MHowever, under conditions in which the ris-
ing bubbles are unable to support entrainment, transport processes between
layers are controlled by bubble agitation at the liguid-liquid interface,
This is currently the strategy of layer modeling in CORCON and VANESA, In the
stratified state, fission products and thelr decay heat would be concentrated
fa the oxide layer while chemically reactive metals, priocipally zirconium,
and their hests of reaction would be concentrated in the wmetallic layer,
Interfacial reat transfer between layers will deteraine not only the vempera~
ture of eact layer, but also the upward-to~downward heat transfer split, This
in turn controls che downvard conmcrete erosinn ve, upward radiative or boiling
heat flux,

The earliest interlayer heat transfer wodel that was developed for
CORCON was @& versi~n of the Kon,etov model (1966) for heast transfer to & sur-
face with bubble agitation, wodified by Blottner (1979) to include two ef-
fects: (1) & lower asymptotic limit for natural coemvecticn in the absence of
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bubbling and, (2) an arbitrary increase in the coefficient of the void frac-
tion tesm from 0.4 to 50,0 to shift the model into better agreement with some
itmited experimcntal data, Blottner's interfacial relationship, applicable
for either fluid, v as follows,

h, = kirr g/vD) '3 00274801 ¢ s062)V/? ()

i

This relationship can be non-dimensionalized as follows,

3 )
vhere Gr) is the Grashof number based upon the thermal buoyancy and Gry is the
Grashof number based upon vold fraction-induced buoyancy, Gr, is not unlike
that derived by Greene, et al, (1980) except that the void fraction dependence
is arbitrarily quadratic ifostead of linear., In nearly all causes, the tern
fovolving Gr, is much less than the term {(nvelving Gry, and 1t may be
neglected,

Woe (0,00274 Gry + 30 Geg'’? pe

Another mndal for heat treansfer across liquid-liquid interfaces agitated
by bubbles was develcped by Szekely (196)) based upon surface renewal princi-
ples, Assuming periodic destruction of temperature gradients at the ligquid-
l1iquid interfaces by the arrival of bubbles, he developed the following rela-
tionship for the heat transfer coefficient for either fluid,

1/2
ock)
e v L9 (—;J) N (3
b
Tris relationship can be non~dimensionalized as foliows,
12 1n
Nu o 1,69 B~ Pr (&)

where Re 1s the Reynolds nuaber Yased on the superficial gas velocity and the
voluse equivalent bubble radius,

Both of these models were subsequently compared to early experimental data of
Werle (1982) and Greene (1982a, 1982b) and fourd to underpredict not only the
sagnitude, but also the trend of the heat travsfer coefficient with Incressing
superficial gas velocity (Greene et al,, 1982a), As & result of this compari=
son, the experimental investigation to be described was initiated,
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16,142 2 ra

An experimental apparatus with which to favestigate heat transfer b tween
immiscible liquid layers sith gas agitation was constructed, The uppavatus
was 4 Pyrex glass cylinder, 10 cm in diameter and | meter deep. The spparatus
was insulated to minimize radial heat losses by a two-inch thick cylindrical
blanket of Fiorefrax insulation, A porous stainless steel frit vas mounted in
the base to provide a spatially uniform gas flux from bel w, Internal heating
of the lower fluild layer (mercury) was accomplished by a cartridge heating
assembly which penetrated the side of the cylindrical test vesrel into the
fluid chamber, Power was measured by a precision watt meter, The flow
through the porous frit was weasured by ¢ bank of alr rotameters, Bubble size
was characteriszed photographically as a fTunction of the pressure and flow
rate. Over the range of pressure and flow rate covered by (hese experiments,
the volume equivalent bubble radius was correlated to the superficial gas
velocity as,

y (em) = 0,233 + 0,109 j‘ (cm/s). (%)

A vertical traversable thermocouple assembly was installed along the center-
line axis of the pool for determination of the temperature distribution in
each layer and the temperature difference across layers, Ten thermocouples
were aligned at a nominal separation of one iach, Fluid pairs chosen for
these non=entrainment {nterlayer heat Ctransfer tests were mercury-water and
mercury~-silicone oil, Mercury was chosen as the lower fluld to suppress
entrainment and to have a minimal resictance to heat transfer, In this
fashion, the overall heat transfer coefficlient would be approximately equal to
the heat transfer coefficient on the oil or water sid~ of the liquid-liguid
interface, Fluid density and viscosity were measured in the laboratory,
Specific heat and thermal conductivity values were taken from the literature
or from vendor-supplied data., Fluid properties are listed in Table 16,1, The
apparatus was charged with the test flulds and power supplied via the immersed
cartridge heating asseably, The temperature distribution i(n the liquids was
monitored until steady-stat. conditions were achieved at a prescribed heat
flux, ™e overall heat tranefer coefficient was calculated as the net power
input divided by the interfacial temperature difference and the cross-section~
al aresa, The superficial gas velocity was caleculated as the volumetric gao
flux divided by the cross~sectional area, Each data point to be presented
represents an average value of from five to as many as Lhirteen tests, with
the individual data variations being in most cases less than 6%,

16,1.% Experimental Results

The experiments were performed in three series as listed in Table 16,2,
The superficial gas velocity covered the range of 0,30 = 8,35 ca/s and the
measured heat transfer coefficlen varied from 2986 to 50216 w/nlk, The
dinensional experimental dats for the three fluld pairs are shown ic Figure
16,1, The experimental data greatly exceed the data of Werle (1982) for the
same fluids by as much as a factor of tem, With one exception, the data
exceed the model predictions of Blottner (1979) and Seekely (1963) by as much
as a factor of 7-14 at the highest superficial gas velocities ‘nvestigated,
The only exception is the comparison of the water/mercury heat transfer data
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Table 16,1

Properties of Working Flulds

T v C, k v Pr
Loy (kg/wh)  (kI/kg K) (/) (w?/e x 10%) (<)
| WATER
1 994 4178 621 0.76 $.07
35 994 4172 25 0.74 4.81
36 993 4,173 627 0.72 4.71
¥ ¥93 4,174 528 0.71 4.60
38 993 4175 630 0.70 4.5
9 993 4,175 631 0.69 4,41
&0 992 4.176 613 0.67 4.2
4l 992 4,178 634 0.68 4,23
48 990 4:175% +640 0.62 4,00
10 cs SILICONE OIL
56 906 1.715 34 6.85 79.4
63 901 1.715 A34 6.30 2.6
1 890 17158 134 4.63 52.8
82 Ba’ 1.715 J34 3.96 44,9
100 ce  SILICONE OIL
| 5 946 1,718 J154 51.3 540,
6l 941 171% 54 47.8 S01.
; 12 932 1.715 154 44,0 457,
| 78 928 1.71% <154 43.1 TN
|
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Listing of Experimental Data

fable 16,2

Run  h(W/atK)  Jg(a/exi0?) T(E) M ve pr
Water/mercury 1 8823 0.30 3 7.9 1.4 4.60
2 14424 0.59 45 67.6 28,5 4,00
3 14309 0.88 40 T4.6 3.2 N
- 15842 1.7 3 90.8 59.5 4,860
b} 20831 1447 39 128,7 8.6 CPEY
6 27907 2.0% 38 3.8 1347 48
7 31039 2,65 4l 254,68 208,8 4,23
L] 27766 3,23 39 259.6 217.8 dobl
] 32438 4,38 36 37,5 43409 [ 3
10 V8158 5.63 » 516,5 675.9 4.60
i 38946 6.28 36 571.% BOR, 1 471
12 42805 7.21 35 698.6 993.8 4.81
13 50216 7.75 i3 873.3 1101.3 $.07
10 es Oil/mercury
14 $177 0.30 56 104.3 1.18 79.4
15 5796 0.60 56 129.8 2.6) 79.4
16 7196 0,90 56 177.2 434 79.4
17 8146 1.22 63 2249 7.7 72.6
18 9609 152 63 86,8 9.65 712.6
19 10784 2.13 63 3782 15.9 2.6
20 14395 2.8) n 380,1 12.8 52.8
22 16870 4.64 n 931.6 74,2 52.8
23 20674 6,06 82 1373.0 136,2 449
24 24980 6.4 82 1808,0 165.1 T
25 31604 7.74 82 2547,0 21141 TN
26 29105 8.3% n 2476,0 205.6 52.8
100 es O1l/mercury
PY 2986 0.3 6l 52.4 0,19 $501.0
28 3150 0.6] 56 3.1 0.3%  540.0
29 4338 0,91 6l 93,0 0,863 5040
30 4924 1,21 56 115:1 0,85 50,0
i 6052 1.52 L} 157.2 1,27 $501.0
n M7y 2.1) 6l 215.9 2,08 $S01.0
3 7885 2.80 78 276.5% 3.51 445,00
34 3482 3.43 12 718 4,76 4570
3 109%0 4,63 12 52542 1.79 4870
3% 14082 6.0} 8 Bl3.8 12,5 4450
L) 18328 §.70 78 1142,0 14,9 45,0
8 20568 .7 8 1429,0 19.! 445,0
19 YA N 8.34 12 1831,0 21.8 457,0
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to that of Blottner (1979), which lies within & factor of two below the dsta, This
dehavior is shown in Figures 16,2-16.,4 ¢or the three fluid patra {uvestigated, The
heat transfer coefficlent was cast as a Nusselt nuber and the superiicial gas
velocity as a Reynolds nuaber based upon the volume equivalent bubble radius and
the properties of the water or oil layer, The Prandtl number was similarly chosen
as that of the water or ofl layer, The correlation that was developed to predict
interlayer heat transfer between overlying immiscible liquid layers agitated by
rising bubbles is shown in Figure 16,5, The form of the correlation is,

Moo 1,95 ne'’? pet? (6)

and is the relationship recommended for CORCON-MOD2 for interlayer heat transfer,
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16,2.,2 Preparations to Make Final Measurements to Obtain Baseline Film
Boiling Heat Transfer

With the previous failure of the boiling chamber of tihe .est apparatus, a
new chamber was proposed, designed and constructed, The chamber incorporated
the feature of minimizing its mass near the heat transfer plate by transfer-
ring the hold down ring (which secures the chamber to the heat transfer plate)
from the base of the chamber to its cop., This new chamber has a thinner wall
than the original and allows a more effective control of the heat transfer
across the vertical wall than just simply adding insulation (e.g., the appli-
cation of active cooling directly to the outside of the chamber). Also, the
thinner wa'l allowed for better visual observations of the film boiling during
experimentation,

A complete set of measurements was made using the new boiling chamber to
compare with the previous heat transfer data, The results were similar to
those previously reported, but the new boiling chamber stood up better during
the thermal cycling caused by experimentation, To eliminate the nucleate
boiling on the vertical wall of the boiling chamber, which was now quite visi-
ble through the new chamber, two modifications were made:

l. The base of the boiling chamber would be sufficiently subcooled to
just eliminate the boiling on the vertical wall,

2. The vertical wall of the chamber would have its thermal resistance
increased such that the heat flow from the heat transfer plate would not be
diverted up the wall of the chamber to support nucleate boiling.

16.2.3 Modifications to the Boiling Chamber

Three major modifications were made to the chamber to obtain verifiable
baseline film boiling data: 1) a constant test fluid level device was incor-
porated, 2) the passive thermal heat resistance was increased around the lower
inside periphery of the boiling chamber and, 3) a cooling coil was placed
around the outside base of the boiling chamber.

Some uncertainties in the heat transfer measurements came from the chang-
ing test fluid level during experimentation, To minimize those uncertainties
a constant level device was designed and constructed such that the test fluid
could be delivered to the boiling chamber at a preset flow rate while main-
taining tae incoming fluid at its saturation temperature. Several tests were
taken to assure that a proper fluid level and temperature could be maintained
during experimentation,

A thin (several mils) layer of a polyimide substance was applied to the
lower inside periphery of the boiling chamber, This substance is made to
withstand temperatures up to 400°C over long periods of time while maintaining
a low thermal conductivity, The addition of the polyimide substrate increased
the thermal resistance of the vertical chamber wall to impede the heat flow
from the heat transfer plate to wall surface, thus suppressing the nucleate
boiling, Several tests were made to detesmine the polyimide suitability and
durability during experimentation,
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A flattened tube was formed to fit around the lower outside base of the
boiling chamber as an active means of cooling the wall section where nucleate
boiling was occurring. Between the tube and the outside chamber wall a high
thermal conductivity paste was applied to assure good heat transfer. This
cooling coil system included a constant temperature fluid reservoir, peristal=-
tic pump, flow meter and several temperature probes so that thermal conditions
could be set up to just eliminate the nucleate boiling from the vertical wall
of the chamber while, at the same time, not subcooling the test fluid pool.
Several test runs were made with and without active cooling to the coil. The
best results were obtained by using the cooling coil without active cooling,
f.e., the copper coil itself, open to the atmosphere, acted as a source of
cooling that sufficiently suppressed the nucleate boiling to obtain accurate
film boiling data to superheats above 500K.

16.2,4 Final Testing and Results of Baseline Data

A complete set of runs was made to obtain the baseline measurements for
the non-condensable gas flow experiments. That is, those results represent
film boiling over a flat plate when no non-condensable gas traverses the film
boundary layer., These results should correspond to previous film boiling heat
transfer measurements done by other researchers. Measurements were made for
surface superheats of water from 115K to 600K at atmospheric pressure. For
superheats less than 550K, active cooling of the cooling coil was not neces-
sary, {.e.,

a) the relative difference between Berenson's film boiling model! and the
heat transfer as determined by the condensate mass balance was $£20%,

b) the relative difference between Berenson's model and the heat trans-
fer as determined by the heat conduction through the heat transfer plate was
+10%,

For surface superheats above 550K, active cooling was necessary to elimi-
nate nucleate boiling from the vertical wall, To maintain this superheat, the
heating coil was at 80X of {ts full potential. This superheat, 550K, will be
the maximum temperature used in subsequent experimentation with non-condens~
able gas flow.

Before preparing the test apparatus for the next phase of experimentation
(effects of a non-condensable gas flow through the film boiling boundary
layer) a photographic study of the film boiling mechanism will be performed in
the next quarter.
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17. Containment Performance Design Objective

(C. Park)

17.1 Background

The initial objectives of this project were to develop a containment per-
formance objective (CPO) for light water reactor (LWR) containment buildings
and implementation guidance for possible incorporation into the Nuclear Regu-
latory Commission's Safety Goal Policy Statement. This work was completed
during 1986 and reported in NUREG/CR=-2331, Volume 6, Number 3,

17.2 Objectives

During the current reporting period the project was redirected to provid-
ing NRC staff with technical support to help define what might constitute "a
large release'" of radioactive materials during a severe accident in a LWR.

17.3 Project Status

In order to asses. the feasibility of various possible definitions of a
"large release" it was decided to use data developed as part of the Zion risk
rebaselining study. This study was reported in the "Reactor Risk Reference
Document ," draft NUREG-1150. Based on the Zion release data and consequence
calculations a regressed model was developed. The wodel was extensively used
to test possible definitions of a "large release" in terms of either health
effects or total adioact!vity released., The results of the calcuiations were
transmitted to the NRC staff,
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18. Review of the Core-Melt Evaluation for the
Westinghouse Standard Plant (SP-90)
(M. Khatib=-Ral.bar)

18.1 Background (M. Khatib-Rahbar)

Consideration of severe accidents beyond the traditional design basis,
including full core melt accidents, 1is an important part of NRC's overall
safety assessment of nuclear facilities. It 1is therefore becoming an
important ingredient in specific licensing actions and in generic rulemaking
proceedings., Also the consideration of features to mitigate the
consequences of core melt accidents for nuclear facilities continues to be a
major specific licensing activity. The NRC now requires that new standard
plant designs provide a probabilistic risk assessment (PRA) as part of the
preliminary design approval application, This project will provide support
to the NRC staff review of those aspects of the PRA for the Westinghouse
Standard Plant (SP/90) related to tie core meltdown evaluation. A separate
project (reported in Chaptrr 21 of his Zocument) 1is addressing the SP/90
accident sequence evaluation.

18,2 Objectives (M. Khatib-Rahbar)
The objectives of this project consist of:

1. To better understand the progression of core melt sequences up
to and inciuding associated core melt related phenomenology and
the implementation of these processes (and their uncertainties)
into an overall assessment of containment loading and failure
modes for SP/90. The impact of mitigation strategles on
containment loading and failure modes will also be factored into
the assessment.

24 To determine the radiological source term suspended in the
containment, the effects on engineered safety features (E.S.Fs)
and mitigation features of this source term, and finally, the
release characteristics of this source term following
coutainment failure for SP/90.

3. To develop an overall capability to assess the radiological
consequences as a function of the assumptions regarding accident
sequences, phenomenology and mitigation hardware. These
radiological consequences will be further analyzed 1in the
context of the SP/90 review with a full appreciation of 1its
regulatory implications.

18.3 Containment Loading Studies (K. Araj)

SP/90 Plant specific containment loading studies were performed for a
number of significant accident sequences using the STCP and the CONTAIN
codes. CONTAIN 1is a state-of=-the~art conta‘nment analysis tool that
provides an integrated treatment of containment thermohydraulics, core
debris-concrete interactions, and fission product aerosol transport
phenomena,
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The transient event in the complete loss of coolant injection was
simulated using CONTAIN Version 1.06. This class of accident (named a TE
sequence) was found to be a major contributor to the SP/90 core melt
frequency.

The containment calculations showed that the pressure predictions using
MARCH, MAAP and CONTAIN lie within a 10 psia band. However, there are
differences in the code predictions most noticably during the long-term
pressure behavior MAXKCH and MAAP, after cavity dryout time, predicted an
increasing pressure while a steady pressure level was predicted by CONTAIN.
The reason for this difference is under evaluation and CONTAIN calculations
will be extended beyond 34 hours to ascertain the nature of this difference.

The dominant accident scenarios in the SP/90 plant belong to a class of
accidents in which the reactor coolant system remains at elevated pressure
following core melt., 1If the RCS boundary remains intact, melt-through of
the vessel lower head might be followed by high pressure melt ejection,
Theoretical and experimental evidence suggests that under these
circumstances large fractions of the molten corium could be finely dispersed
info the containment with rapid heat transfer to rhe atmosphere leading to
rapid pressurization. This phenomena has been called direct containment
heating (DCH).

A number of calculations, employing complex computer models such as
MELPROG/TRAC and SCDAP/RELAP, have underscored the possibility of the
development, during the course of core degradation, of natural convection
currents which may result in overheating and failure of the RCS pressure
boundary. Thus the RCS could be depressurized prior to core debris
breaching the reactor vessel bottom head. If this phenomena occurs then the
possibility of DCH i{s eliminated. However, given the state-of-the-art
computer predictions of natural ecirculation effects, {t is premature to
totally dismiss the class of accidents in which pressure-driven melt
expulsion might occur. A simple adiabatic, one=volume, DCH load calculation
for the SF/90, involving 10C% dispersal of the corium, with attendant
zirconium oxidation indicated peak pressure of the order 144 psi and gas
temperature of 3000 K.

In view of the importance of the DCH scenario to the risk profile of
SP/90 and the large uncertainties imbedded in a simplified adiabatic
one~volume representation of the containment, a more realistic calculation
has been started using CONTAIN-IDHM (a preliminary version of CONTAIN
Interim Direct Heating Model), developed at Sandia National Laboratories
(SNL) .

In the IDHM, those DCH phenomena which are reasonably well understood
are treated with mechanistic models. Poorly understood phenomena are, on
the other hand, treated parametrically. The models for DCH are integrated
with other models for containment thermal=hydraulics, and aerosol phenomena
which have been implemented in the standard versions ot CONTAIN.
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The core debris may undergo chemical reaction and exchange heat with
the atmosphere; radiation heat transfer from the debris to the structures is
also modelled. The debris 1is modelled as a single "field" of drops, of a
user specified size, with all drops in a given cell being characterized by a
single drop size, composition and temperature.

The interaction of the debris with structures is simulated in the IDHM
by “trapping”. The effect of "trapping™ 1is to remove the debris from the
atmosphere at a rate, Ayp, specified by the user.

18.4 Containment Event Tree Analysis (T. Ishigami, K. Araj, S. Kim,

The input preparation for the Containment Event Tree (CET) analysis
continues. It is anticipated that two sets of CET analyses will be
performed, namely with DCH included and without DCH in order to determine
the impact of DCH on the $SP/90 risk profile.
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19. Review of Containment Response Analyses in the Shoreham
Probabilistic Risk Assessment

(X. R, Perkins, J. W, Yang, ! Pires and W, T. Pratt)

19.1 Background

As part of the review of the Containment Response Analysis in Shoreham
PRA, two unique tasks were identified for independent analytical evaluation:

(1) the structural capability of the Shoreham primary containment and the
likely failure locations if failure occurs, and

(2) the potential for ex-vessel steam explosions, which might occur after a
severe accident has progressed to the point at which the core melts
through the reactor pressure vessel,

19.2 Project Objective

The primary objective of this project 1is to provide an independent
asscssment of specific features of the Shoreham containment response analysis
submitted by the applicant in support of the Shoreham Probabilistic Risk
Assessment (PRA).

19.3 Project Status

During chis reporting period two draft evaluation report- were completed
and submitted to the NRC for review. The (irst evaluation report provided a
finite element analysis of the Shoreham containment structure., The results
indicate that the Shoreham containment will fail at the intersection of the
basemat and the wetwell wall at about 135 psig.

The second draft report addresses the question of the possible pressure
rise due to fuel~coonlant {nteraction after core debris flows into the down-
comers in the pedestal reglon, The report concludes that under the limiting
assumpt fons postulated by Corradini et al., the magnitude of a steam explosion
appears to be sufficient to reach the failure threshold of the pedestal wall,
There are a number of mechanisms identified in the Shoreham PRA which would
tend to limit the fuel mass finvolved in a steam explosion. Specifically,
freezing of the molten corfum on the drywell floor (for a gradval melt re-
lease) or freezing on the downcomer walls and countercurrent steam production
will tend to restrict the rate of corifum flow into the wetwell., 1In spite of
the above arguments, it does not appear that the possibility of a significant
steam explosion in the Shoreham wetwell has been precluded., (It should be
noted that the fuel mass postulated by Corradini corresponds to about a one
foot long slug of fuel in each of the four downcomers.)

Even {f a steam explosion occurs which exceeds the failure limit of the
pedestal wall, {t 1s likely that such failures will result in localized crack-
ing of the concrete, which may not preveut the pedestal from continuing to
support the reactor vessel, A detailed structural analysis would have to be
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performed for the Shoreham pedestal befc : its failure threshold with regard
to load bearing capacity could be accurately characterized.
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20, Fission Product Releases and Radiological Consequences

of Degraded Core Accidents
(M.Khatib-Rahbar and H. Nourbakhsh)

20.1 Background (H. Nourbakhsh)

The source term to contaioment is defined as the quaatity, ti{aming, and
chemical form of the fission product species released to the reactor
containment building atmosphere during core damage accidents.

The traditional s urce term assumption used in the licensing process in
the United States ha: been based on data that was obtained by burning
irradiated uranium metal in air. This data formed the basis for the
TID=14844 document published in 1962.

The current U.S. Nuclear Regulatory Commission (USNRC) regulatoty
framework treats design basis events in a nonmechanistic manner with respect
to radiological source terms. Significant research activity in the area of
severe accidents has been undertaken following the accident at Three Mile
Island Unit 2. Updated fission product sourcs term methods have been
developed and published in NUREG=0956.

20,2 Fission Product Release Characteristics Into Containment Uuder Design
Busis and Severe Accident Conditions (H. Nourbakhsh, M. Khatib-Rahbar,
'QE. D‘Vfﬂ)

In order to formulate a consistent and simplified approach for the
estimation of radiological releases to contalument for accidents involving
significant fuel damage the available 1light water reactor source term
information was reviewed. The phenomenological aspects of degraded core
accide.its were assessed and key factors affecting fission product release
characteristics into containment were ide rified.

A simplified formalism for source tiorm releases to containment was
proposed. Two basic assumptions govern the validity of the proposed
formalism; firstly, the fission product spreies are grouped according to
their respective chemical form and release characteristics and, secondly,
the accident conditions must be categorized into appropriate severe accident
attributes which govern the release. These include: (1) Reactor type (BWR
ve. PWR), (2) RCS, preissure prior to vessel breach (high vs. low), (3)
concrete aggregate (limestone vs. basaltic), and cavity/pedestal conditiun
(dry vs. flooded). Appropriate decontamination factors (DFs), depending on
the path of release, were also applied.

The relevant parameters, including the timing of release, were based
upon the results of the recent Source Term Code Package calculations
performed in support of NUREG=0956 and draft NUREG=1150 studies.

GGeneric fission product releases from reactor coolant svstem (FRCS) and
from the melt during core/concrete interaction (FCC1) are tabulated in
Tables 20.1 and 20.2. The release fraction for each radionuclide group
which 19 assigned to an accident rcategory generally is taken as the highest
STCP calculated fraction from all of those accident sequences 1into the
release category.
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The duration of these releases to containmen. have also been selected
through an assessment of the existing STCP calculations. In-vessel releases
generally occur within 40 minutes for pressurized water reactors (PWRs) and
1.5 hours for boiling water reactors (BWRs). These releases are assumed to
be initiated with the gap release following initial .ore melt. The major
in-vessel releas=es are then assuv *o start after an additional 10 minutes
into the accident. Altbough the . .ease from cor:s/concrate interaction is
predicted to extend manv hours beyond initiation of molten corium/concrete
interaction (MCCI) initiation, generally 90% of the radionuciide releases
(except Te) occur within 2 hours for PWRs and 3 hours for BWRs. However,
for tellurium an ex-vessel release durations of five hours for PWRs and 6
hours for BWRs was assumed.

DF values of 10, 3 and | were assigned when very deep, deep, or shallow
water (or dry) pools respectively are overlying the corium during MCCI.

In the simplified formalism for appearance rate into the containment,
thie fission product releases are treated as being proportional to time.
Figure 20.1 shows typical comparisons of the proposed simplified appearance
rates for the various radionuclides to an STCP calculation.



a)

b)
¢)

a)

b)
¢)

Table 20,1 Simplified PWR Fission Product Releases to
Containment for Severe A_cident Conditions
po-— ——
Groups FRCSA FCCI
H,I L Basaltic Limestone
Concrete Concrete
NG 1.0P 1.0 0 0
Cs, 1 0.35 0.9 0 0
Te 0.3 0.65 0.15 0.35
S+, Ba 2x10°%  0.01 0.15 0.4
Ru, Ce, La Ix10"%  3x10~% 6x10~? 0,02
Releasge Duration 40 mins. 2 hrs.©

H, T and L refer to high, intermediate or low RCS pressure, respec-

tively.

All entries are fractions of the initial core inventory.

Except for Te where the duration of ax-vessel release 1s extended to

5 hours.
Table 20.2 Simplified BWR Fission Product Relesses to
Containm -t for Severe Accident Conditions
Groups FRCs @ FCCI
H,I L Basaltic Limestone
Concrete Concrete
NG 1.0b 1.0 0 0
Cs, 1 0.7 0.8 0.15 0.15
Te 0.1 0.15% 0-12 045
Sr, Ba 6x10=?  px10"? 042 047
Ru, Ce, La x10~%  3x10=® 6x10=? 0.06
Release Duration 145 hrs. 3 hrs.© J

Hy T and L refer to high, intermediate or low RCS pressure, respec~-

tively.

All entries are fractions of the initial core inventory.

Except for Te where the duration of ex-vessel ralease 1s extended to

6 hours.
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Review of the Accident Sequence Evaluation for the Westinghouse Standard
Plant (SP/90)

(C. Cuey, L. Arrietta, R. Youngblood, C., Park, R, Fitzpatrick, T=L. Chu)

21,

21.1 ucur(uﬂd

Part of the Commission's Severe Accident Policy requires that new stan-
dard plant designs provide a probubilistic risk assessment (PRA) as par* of
the Preliminary Design Approval (PDA) application. This program cupport the
NRC staffs evaluation of the PDA application for the Westinghouse SP/90 stan-
dard plant design. This project addresses the accident sequence evaluation in
the SP/90 PRA. A separate project (reported in Chapter 18 of this document)
is addressing the SP/90 PRA core meltdown evaluation,

21.2 Program Objectives

BNL will perform a comprehensivc -.view and evaluation of the SP/90 PRA
to determine whether the accident -.quence frequercies reflec. appropriate use
of probabilistic risk assessmer methods, specific design features, and relia~
bility data, BNL will evaluate the defensibility of the PRA's accident se=
Guence frequency estimates and the uncertainty in core damage frequency in=-
duced by uncertaint) in failure probabilities with respect to (1) use of
state-of-the~art risk assessment methods, (2) thoroughness and comprehensive=
ness of analysis, (3) avallability and appropriate use of data, and (4) model~
ling assumptions., BNL will include various aspects of the study up to the
point of the calculation of core damage frequency, inclvding methodology, as-
sumptions, data, Information sources, models, plant design, completeness of
the analysis, and any other area where inconsiste.cies may arise which could
have a appreciable impact on results., BNL will perform an evaluation of the
FRA interfacing assumptions regarding the balance of plant (BOP) design, BNL
will make a livited assessment of the impacts of possible alternative assump-
tions identified in the review. To the extent feasible, BNL will consider
spatial information {n evaluating systems interactions and dapendencies.

21.3 Technical Approach

BNL conducted a preliminary accident sequence evaluation of the SP/90 PRA
including requantification, The preliminary results obtained from the rejuan=
tification were documented in a draft report dated September 1986, The draft
report has undergone both NRC and Westinghouse review and BNL (s currently
evaluating and responding to the comments as appropriate.

The BNL plant model (s being modified where necossary to develop the fi~
nal results and insights.

21.4 Project Status

At the end of the period, effort was underway to complete an updated
draft report based upon new input from Wesiinghouse, Current results have not
been presented because they are of a preliminary pradecisional nature.
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state simulations and to restricted quasi-steady transients within the range
of normal operating conditions.

A special-purpose, high-speed peripheral processor had been selected for
the plant analyzer, which is specifically designed for efficient systems simu-
lations at real-time or faster computing speeds. The processor is the AD1O
from Apolied Dynamics International (ADI) of Ann Arbor, Michigan. A PDP-11/34
Minicomputer serves as the host computer to program and control the AD1O
peripheral procissor. Both the host computer and the peripheral processor
have been operating at BNL since March 15, 1982,

A four-equation model for nonequilibrium, nonhomogeneous, two-phase flow
in a typical BWR/4 had been ‘mplemented on the ADIO processor. It {8 called
HIPA-BWR/4 for High-Speed Interactive Plant Analysis of a BWR/4 power plant.
The implementation of HIPA-BWR/4 had been carried out in the high=leve)
syst s simulation language MPS10 of the AD1O,

It had been demonstrated during the last quarter of 1982 that the ADLO
speclal-purpose peripheral processor can produce accurate simulations of a BWR
design base transient at computing speeds up to 10 times faster than real-time
and 110 times faster than the CDC=7600 mainframe couwnuter carrying out the
sane simulation. Only the BNL Plant Analyzer has achieved this gain in com
puting speed relative to the CDC-7600 computer. The plant analyzer interacts
on=line with the user, with instrumentation and with controls, by processing
both analog and digital {nput and output data. All calculations are digital.

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

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

Models have been developed and {mplemented for the feedwater controller,
the pressure regulator and the recirculation flow controller., Twenty-eight
parameters for initlating control systems and valve failures and for selecting
set points can be changed on-line from a 32«channel control panel. Sixteen
dedicated analog output lines are provided for the simultaneous display of 15
selocted parameters in ladbeled diagrams versus time., All {nput=output chan=
nels are addressed approximately 200 times per second. A silent movie has
been produced to ahow how the plant analyzer {r operated and how 1t responds
to on~line analog signals,

During the first reporting period of 1984, we presented the comparison of
plant analyzer results with published resulte from GE for 10 different ATWS
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events as x part of developmental assessment. The assessment showed that the
plant ana.yzer 1s capable of simulating ATWS. The plant analyzer has been
generalized to simulate any BWR-4 power plant {in response to {input data
changes from the keyboard.

During the second reporting period of 1984, we continued the develop~
mental assessment of the plant analyzer by comparisons against GE, TRAC~BDI,
RELAP-5, and RAMONA-3B code results. The results showed that the plant
analyzer is capaule of realistically simulating a large class of plant tran-
sients efficlently and at very low cost.

During the third reporting periou of 1984, we implemented the capability
of simulating flow reversal, and demonstrated succesafully the simulation of
boron injection and the subsequent cessation of fission power. Several tran-
sients were simulated to demonstrate the plant response to manual depressur=
fzation and HPCI flow reduction during an ATWS event (Cheng et al., 1986).
These simulations were carried out to assess the efficacy of proposed emer~
gency procedure guidelines. The results indicate that the fis<lon power can
be reduced without boron injection and core uncovery, by lowering the pressure

and by lowering the coolant level in the downcomer and thereby reducing the
core flow rate.

A detailed final report documenting the BWR plant analyzer [Wulff, Cheng,
Lekach and Mallen, 1984) has been printed and distributed.

During the fourth repovting period of 1984, we demonstrated that with the
plant analyzer one can simulate, evaluate and document with hard-copy prints,
in less than four days, thirty-seven different transients, {induced by both
s'ngle and multiple failures or events. Wz achieved the ability to operate
the plant analyzer remotely at BNL from an IBM Personal Computer, equipped
with 256 K byte memory, an RS-232 gerial port, a 1200 baud modem, a Plantron=
fce PC+ Colorplus color graphics adapter card and a standard R-G-B ~olor
monftor,

During the first reporting pericd {n 1985, we have demonstrated that the
8NL Plant Analyzer can now be accessed and opevated remotely from anywhere in
the United States. There were seven demonstrations given in Washington, DC,
two in California, one in Idaho and one for a utility in New York. Work has
started for on-line support of personnel drills {n the NRC Emergency Opera-
tions Center. The Tektronix 4115B graphics terminal has been received and
installed to generate animated mimicse of flow and contriol diagrams.

During the second reporting period in 1985, we have developed the models
for drywell and wetwell responses to discharge from pipe leaks and from the
safety and relief valvea. We began to expand tabulations of thermophysical
properties and related functions toward low pressures in the vessel, and we
completed the lovel tracking simulation i{n the downcomer.

During the same reporting pericd we hsave demonstrated for the firat time
the remo*e access and simulation capabilities of the plant analyzer from
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Europe across the Atlantic. We have demonstrated that the plant anal:zer
maintains steady-state conditions without drift for over 20 hours (having .our
and fourteei decimal place precision for general arithmetic and for
integrations, respectively).

During the third reporting period in 1985, we have simulated the first
four-hvur-long transient in support of a drill at the NRC Emergency Operations
Center. We have continued to develop and implement models for simulat.ng
processes in the containment building. Graphics capaoilities have been dive!-
oped for continuous data display duiing indefinitely long transieits. Data
can be displayed in either S.I. or British units., A log in procedure has Lesr
implemented for off-site ~ustomers for the RNL T snc Anilye~r, The f°
operation assessment tests have been performed with the new Versiou 4 of
H’S"IO.

During the last reporting period in 1985, we have continued with tne
model {mplementations for long-term power plant simulations in .u,.wert of
emergency drills. The BNL Plant Analyzer was shown to be the first simulation
facility which accomplished the on-line, remote-access simulat.on of four
different transients during a 25-minute-long presentation at the 13th Water
Reactor Safety Information Meeting. A one-mo~th-long lecture series was
sturted {n December at the National Tsing Hua University (NT4U) under the
provisions of the USA-ROC Technical Exchange Program. The lectures covered
the modeling principles, the computing methods and the computer architecture
employed In the plant analyzer.

During the first reporting period in 1986, we completed the scaling of
all containment response models and began the program coding. Five different
critical quality and critical heat flux correlations have been compared under
three different reactor conditions, and a suitahle correlation has been s~~
lected for {mplementation {n the HIPA code. The lecture serles at the
National Tsing Hua University has been completed. As a result of these
lectures and of presentations at Taiwan Power Company (Talpower) and at the
Institute of Nu-clear Energy Kesearch (INER), Talpower expressed its {ntent to
participate in the development of a plant analyzer {n Talwan, in cooperation
with BNL (USA), NTHU and INER (Taiwan).

During the second reporting period in 1986, we have completed the imple-
mentation of the contalmment simulation and started its validation. The simu-
lation capability has been expanded to 1'v reactor vessel pressures, dowr to 2
bar. The previously selected model for computing the minimum critical power
ratio has been implemented and successfully tested.

The Plant Analyzer served for the second time to simulite a four~hour=
long transient, this time causea by an off-site power loss at the Fermi-2
power plant, This sisulation was the basis for an emergency drill at the NRC
Emergency Operationa Center,

As the first facility ever, the BNL Plant Analyzer was able to produce
simulation results within one day. The transfent, caused by a feedwsrter nump






Work was continued on the CSN (Spain) project. The control systems and
the recirculation flow dynamics for the Cofrentes BWR/6 plant of Hydroelectri~
cal Espanola SA, Spain, have heen developed and programmed. Independent veri-
fleation of the control system response has also been performed.

BNL has continued to promote the establishment of international coopera-
tive programs for PWR power plant simulations.

Procedures for Evaluating Technical Specifications (PETS)

Duriag this reporting period, the project stressed activity in response
to Generic Issues B~56 and B~61., The PETS program has developed methodologies
and demonstrated through application the effectiveness of adaptive testing and
cumulative downtime strategies. F..' effective surveililance test intervals
were analyzed for diesel generators, an PC-based software was developed for
implementation nf such spproaches.

The approaches can be applied not only to diesels, but to any component
with suitable data. Incorporation nf the approaches in personal computer (PC)
software which can provide tools for the regulator or plant personnel for
determining acceptable diesel test intervais for any plant specific or genoric
application is discussed. The FRANTIC 11l computer code was run to validate
the approaches and to elevate specific {ssues associated with determining
rigk-effective test Intervals for diesels.

Operational Safety Reliability Research

Work during this reporting period largely focussed on (1) extending the
raliability program process I(dentified in FY 1986, to 1include defensive
strateglies agalnst common-cause fallures and (2) soliciting cooperation with
an operating utility and evaluating through a trial application the effec-
tiveness of a reliability program applied to a normally-operating system. In
addition, select members of the project team were engaged in documenting for
the NRC guidance for evaluating reliability programs for diesel generators
that would be submitted by licensees In response to Unresolved Safety lIssue
(USI) B=56,

Risk-Based Performance Indicators

During this reporting period, the project was largely engaged in (1) re-
finina methods to relate currently used performance indicators more closely to
risk and (2) developing methods for risk-based performance indicators applied
to monitor the unavailability of selected safety systems. In both of these
areas, BNL provided a description of the risk-based method, a procedure guide
for taplementing the method, and where appropriate PC-compatidle software for
subsequent use by the NRC,
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Methods for incorporating additional risk considerations with the current
set of performance indicators identified by NRC's interoffice task group, con-
centrated on risk-weighting scrame, safety system actuations, significant
events, and safety system failures. The procedure employed did not rely on
whether the plant had a PRA associated with {t. As such, simple, albeit con-
servative rules were developed to quantify the risk {mpact of operational
events. A draft report was prepared that provides a methodology for quanti-
fying the risk associated with operational events. This draft report also
documents the risk models employed, the spreadsheet developed and the process
for incorporating the approach to any plant, To date, the method has been
applied to three plants, viz, Surry, Limerick, and Beaver Valley.

Study uf Beyoad Deiign Basis Accidents in Spent Fuel Pools (Generic Issue 82)

This project addresses NRC/RES concerns tegarding the significance of
possible fission product releases that may result from loss of integrity
accidents 1in spent fuel pool stucies Including a review and evaluation of
assumed propagation mechanisms. The objective cf this work is to obtain
estimates of the likelihood of spent fuel pool accidents and the concomitant
risk. An additional objective is to {dentify the predominant mechanism for
fuel pool failure and fission product release.

Development of Technical Basis for Severe Accident Guidelines and Procedural
Criteria for Existing BWR Plants

This project is intended to provide assistance to the NRC in formulating
an approach for individual plant examinations (IPEs) to determine whether
particular accident vulnerabilities are present. Specifically, the objectives
of this effort are: (1) to assist the RES/DRPS staff in the review of NUREG~
1150 and the IDCOR analyses for two boiling water reactor (BWR) reference
plants, namely, Peach Bottom (a BWR with a Mark I containment) and Grand Gulf
(a BWR with a Mark II1 containment), (2) to help develop the accident preven~
tion and accident mitigation guidelines for these two plant types as well as
for BWRs with Mark Il containments, and (3) to assist in the review of the
IDCOR IPE methodology.

Jevelopment of Technical Basis for Severe Accident Guidelines and General
Criteria for Existing PWR Plants

This project {s intended to provide assistance to the NRC i(n developing
an approach for the Individual Plant Examination (IPE) Program. Specifically,
the objectives of this efforc are: (1) to assist the RES/DRPS staff in review
of NUREG=115%0 and the IDCOR analyses for two pressurized water reactor (PWR)
reference plants, namely, Sequoyah (a PWR with an {ce-condenser containment)
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and Zion (a PWR with a large-dry containment), (2) to hwlp develop the acci-
dent prevention and accident mitigetion juidelines for these two plant types
and (3) to assist in the review of the IDCOR IPE methodology.

Interfacing Systems LOCA at LWRs

In this program, BNL staff are conducting a study to provide a technical
basis for the resolution of Generic Issue 105. This generic issue deals with
potential accidents that involve the fallure of lsolation valves between the
high pressure primary system of the nuclear reactur and the low presrure aux-
filary systems. Such accldents are usually called interfacing systems loss~
of-coolant accidents (LOCAs). This study deals with both pressurized water
reactors (PWRs) and boiling water reactors (BWRs). The study focuses on six
representative reactors (three PWRa and three BWRs) and where possible identi~
fles the generic applicability of the plant-specific findings. In addition, a
generic analysis Is performed to {nvestigate thy cost-benefit asnrects of f{o
posing a testing program thac would require some min.mum level of leak testing
of the pressure {solation valves on plants that presently have no such
requivements.

Improved Reliability of Residual Heat Removal Capabliity in PWRs as Related to
Resolution of Generic Tssue 99

In this program, BNL staff are performing a study to ‘lop a technical
basis for NRC resolution of Generic Issue 99, Generic Issue focuses on the
risk assoclated with loss of residual heat removal events at pressurized water
reactors (PWRs) during shutdown. Numerous loss of residual heat removal
events have occurred at PWRs in the USA, which were terminated prior to damag-
ing the reactor core. This study estimates the risk frowm loss of residual
heat removal events and investigates ways of lowering this risk.

Support for Containment Loading Studies

In this program BNL (s performing analyses of containment loads for se~
lected LWR configurations in conjunction with cooperative efforts under way
with the NRC staff and various expert groups within the Committee on the
Safety of Nuclear Installations (CSNI). Specifically, the project 1is
providing support to an international effort being undertakon by the task
group on ex-vessel severe accident thermal-hydraulics, which i{s sponsored by
CSNI's Principal Working Croup (PWG #2),
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Support for TRAC-Prl/MOD]l Uncertainty Analysis

The USNRC is developing the Code Scaling, Applicability and Uncertainty
(CSAU) Methodology for estimating quantitatively the uncertainty in code pre-
dictions of Importance reactor safety parameters, such as the Peak Clad Tem
perature (PCT) in a Large Break Loss of Coolant Accident (LBLOCA). The CSAU
Methodology is being applied first to the TRAC-PF1/MODl computer code, simu-
lating an LBLOCA, to demonstrate the feasibility of the Methodology.

BNL analyzed three primary uncertainties arising from uncertainties in
modeling fuel stored energy and thermal response, in modeling critical break
flow and in modeling pump performance degradation under two-phase flow
conditions.

The steady-state temperature distribution and the stored energy (n
nuclear fuel elements were computed by analytical methods and used to rank, in
the order of importance, the effects on stored energy from statistical uncer-
tainties in modeling parameters, i{n boundary and in operating conditions. An
{ntegral technique was used to calculate the transient fuel temperature and to
estimate the uncertainties in predicting the fuel thermal response and the
peak clad temperature during a large-break loss of coolant accident.

1t was shown that the blowdown peak is dominated by fuel stored energy
alone or, equivalently, by linear heating rate. Gap conductance, peaking fac~
tors and fuel thermal conductivity are the three most important fuel modeling
parameters affecting peak clad temperature uncertainty.

The blas {n TRAC modeling of critical break flow was determined as the
ratio Cp of measured to predicted ciitical mass flow rates. Twelve Marviken
blowdown tests were used to find the Cp. Modeling uncertainty in TRAC break
flow calculations was obtained as the standard deviation of Cp.

The bias in TRAC pump modeling is determined from scale extrapolation of
pump degradation data, taken from 1/20, 1/5, and 1/3 scale pumps. It is shown
that pump degradation {s the smaller, the larger the pump is.
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22, Code Maintenance (RAMONA-3B' (U.S. Rohatgi)

This project consists of improvement and maintenance of the BWR plant
transient code RAMONA-3B. The code employs three-dimensional neutron kinetics
coupled with parallel hydraulic core channels and is complete with jet pump,
recirculation pump, steam separator, steam line with all necessary valves,
safety injection system and limited plant control and protection system.
Under user option, the code can also be used with one-dimensional (axial)
neutron kinetics. The code (s most suitable for analyzing the BWR core and
systems transients where the coupling between neutron kinetics and thermal
hydraulics is {mportant (e.g., ATWS, CRDA, etc.):. The RAMONA-3B code along
with the FRAM and BLEND coles can be modified to produce 1-D cross sect ons
for any other code with one-dimensional neutron kinetics model, such as TRAC-
BFl. The code {s available to any U.S. organization, on a royalty=free basis,
for the analysis of U.,8, reactors.

The major activities performed during two quarters (April to September)
are as follows:

22.1. RAMONA-3B H!.f Manual (L.Y. Neymotin)

The manual preparation has continued during this period, The first five
chapters are currently being typed. At present, three chapters and three
appendices remain to be completed.

22,2, RAMONA-3B Conversion (S. Heller, L.Y. Neymwotin)

Since the CDC-7600 computer at BNL is being phased out with a deadline of
the end of September 1987, work has been initlated on the code conversion to
the newly installed mainframe zomputer IBM=3090, At the same time the code (s
being converted into the FORTRAN-77 standard version. The conversion is es~
sentially complete and the code can now run on CDC, CRAY, or IBM mainframes
with minor modifications,




23, Assessment and Application of TRAC-BFl Code (U.S. Rohatgi)

This project includes the independent assessment of the latest released
version of the LWR safety codes such as TRAC, RELAP5 and RAMONA-3B, and the
application of these codes to the simulation of plant accidents and/or tran-
sients. The other activities in this project are participation in ICAP, meet~-
ing connected with scaling and uncertainty analysis, and any curreat issues .n
which our expertise can contribute towards their resolution,

Major activities performea during two quarters (April to September) are
as follows:

23.1 echnical Support for Uninrtatntz Analysis for TRAC-PF1/MOD1
EU.S. Rohatg'! and W. Wu

Dr. U.S. Rohatgi attended a two-day meeting on code uncertainty evalua-
tion methodology development on April 7-8, 1987, Two reports, one describing
BNL assessment of TRAC-PFl with separate effects tests and their relevance for
TRAC-PF1/MOD1, and another describing the differences between constitutive
relationships {n TRAC-PFl and TRAC-PF1/MOD| were prepared. A QA documeat for
TRAC=PF1/MOD]l was received and reviewed., The comments were sent to NRC,
Dr. We Wulff and Dr. U.S. Rohatgi attended a senicr management meeting to dis-
cuss the uncertainty evaluation methodology and QA document on April 27-28,
1987 in ldaho Falls.

A procedure was developed %o implement USNRC methodology for evaluating
the uncertainty in the prediction of peak clad temperature (PCT) in the blow-
down phase by the TRAC-PFI/MOD] code. This procedure was presented to the
USNRC in Washington, D.C. by Dr, Wulff, The meeting was also attended by
Dr. U.8, Rohatgi. The tasks to be performed by Brookhaven National Laboratory
in support of this uncertainty analysis were finalized and the work was
started,

BNL will assess the uncertairnty of the blowdown peak clad temperature
caused by uncert-inty in fuel stored energy and fuel thermal response and the
yncertainties - ecirculastion pump performance and of critical flow through
the break.

23,2 TRAC~-BF| Assessment

A USNRC account has heen set up at INEL to run the TRAC-BFl code there.
Varfous steps to famillarize with INEL computing facility has been taken, The
assessment of TRAC~BF| will begin with the approval of the USNRC,




24, Plant Analyzer Development for BWR/2 and BWR/6
and Maintenance for BWR/4 (W, Wulff)

24,1 Introduction

This program is being conducted to develop and operate an engineering
plant analyzer, capable of performing accurate, real-time and faster than
real-time simulations of plant transients and Small-Break Loss of Coolant Ac-
cidents (SBLOCAs) in LWR power plants. The engineering plant analyzer has
been developed by utilizing a modern, interactive, high-speed, special-purpose
peripheral processor, which is designed for time-critical systems simula-
tions. The engineering plant analyzer currently supports safety analyses and
NRC staff training, but it can also serve as the basis of technology develop~-
ment for nuclear power plant monitoring, for on-line accident diagnosis and

mitigation, and for upgrading operator training programs and existing training
simulators.

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

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

The assessment in 1981 of then current simulator capabilities consisted
of evaluating qualitatively the thermohydraulic modeling assumptions in the
«raining simulator and comparing quantitatively the predictions from the simu=~
lator 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 the reviewed training simulators were limited to the simulation of
steady-state conditions and quasi-steady transients within the paraseter range
of normal operations.

The comparison between PWR simulator and corresponding KETRAN results,
carried out for a reactor scram from full power, showed significant discrepan~
cles for primary and secondaiy system pressures and for mean coolant tempera~
tures of the primary side. GCood 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).

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

The ADIO had been selected earlier as the special-purpose peripheral pro-
cessor for high-speed, {interactive systems simulation through integrating
large systems of norlinear ordinary differential equations. A brief descrip-
tion of the processor has been published in a previous Quarterly Progress Re=
port (Wulff, [981b), A PDP=1]1/34 DEC computer serves as the host computer.
An IBM Personal Computer is used for graphics displays and for remote access
via commercial telephone line and standard modenm,

Two ADIO units, coupled directly to each other by a bus<to=bus interface
and equipped with a total of 14 task-specific processors and one megaword of




memory, have been installed with the PDP-11/34 nost computer, two b7 megabyte
disc drives, a tape drive and a line printer, On-line access is facilitated
by a model 4012 Tektronix storage oscilloscope terminal and a 28=-channel sig-
nal generator, The system is accessed remotely via one DEC Wiiter terminal
and up to four ADDS CRT terminals, two of which are also equipped with line
printers, The IBM Personal Computer is used as a terminal and also to access
the PDP=11/34 host computer remotely via commercial telephone lines and to
generate labeled, multicolored graphs from ADIO results, A Tektronix 41158
multicolor graphics terminal had been installed for direct on-line display of
system parameters generated by the ADIO at real-time or faster computing
speeds, in the form of animated flow and control diagrams.

24,4 Model Implementation on ADIO Processor

and Developmental Assessment

At first, a four-equation slip flov model for nonhomogeneous, noneq . lib=
rium two-phase flow had been formulated and supplemented by constitutive rela-
tions from an existing BWR reference code, then scaled and adapted to the ADIC
processor to simulate the Peach Bottom=2 BWR power plant (Walff, 1982a). The
resulting High-Speed Interactive Flant Analyzer code (HIPA-PB2) has been pro=
grammed in the high-level language MPS10 (Modul  Programming System) of the
ADIO, After implementing the thermohydraulics of HIPA-PBZ on the ADIO, we
compared the computed results and the computing speed of the ADID with those
of the CDC=7600 mainframe computer, We achieved engineering accuracy at simu-
lation speeds one hundred times larger than that of the CDC~-. 600 with the low=
cost AD1O minicomputer {(Wulff, 1982b).

It has been demonstrated (Wulff, 1982b) that (i) the hith-level, state
equation-oriented systems simulation language MPS10 is superior to FORTRAN and
it comprussed 9,950 active FORTRAN statements fnto 1,555 ¢calling sctatements to
MPS10 modules, (14) the hydraulics simulation occupies one-fourth of available
program memory, (1ii) the diffecr2nce between 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 ADIO simulates the BWR hydraulics
transients up to 10 times faster than real-time process speed, It has been
demonstrated that even after the inclusion of models for neutron kinetics,
thermal conduction in fuel, balance of plant dyoamics and controls, the ADIO
still achieves 9 times real-time simulation speed for all transients reported
earlier (Wulff, 1983c). The progras includes now more than 4,500 calling
statements to MPS10 modules (subroutines).

After the feasibility demonstration, we converted the original slip flow
model to the drift flux model and expanded the simulation capabilities, The
expanded version 18 called WIPA=BWR/4 and simulates all BWR/4 reactor plants
with Mark 1 containments, The simulation iicludes neutron kinetics (point
kinetics), thermal conduction in fuel elements, reactor hydraulics, acoustical
affecta in the steam lines and the safety and relief valve logilec (Wulff,
1982¢; 198% and Wulff et al., 1984), and further, the bLalance of plant cow
ponents, such as the turblnes, condensers, feedwater trains, contaloment and
suppression pool, as well as the control and plant protection systems .s shown
tn Flgure 24,1 (Wulff, 1984), The schematic in Figure 24,2 shows the control
systens which are simulated in HIPA-BWR/4, Also included (n the simulation is
the boron tracking capability (Wulff, 1983d; 1984a) and the prediction of the
minimum critical power ratio (Wulff, 1986a).
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Figure 24,1 Overall Flow Schematic for Plant Analyzer Simulations of BWR/4
Plants with Mark 1 Containments
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Extensive developmental assessment has been carried out for HIPA-BWR/4.
Thirty-seven transients have been documented (Wulff, 1984a; 1984h and Wulff et
al., 1984) comprising the comparisons of plant analyzer results with calcula-
tions from GE, TRAC-BDl, RELAPS and RAMONA-3B, The comparisons have shown
that the plant analyzer can simulate a large number of severe abnormal tran-
sients and that it produces the sawe results as TRAC, RELAP5 and RAMONA-3B for
a large class of transients, but at a considerably lower cost and in a much
shorter time: 37 transients have been simulated, checked for consistency and
documented with ‘ard-copy graphs, using the plant analyzer, in less than four
days by two stafr members.

The graphics capabilities allow the on-line display of two parameter var-
fations versus (indefinitely long) time on the four-color monitor of the 1BM
PC. The parameters are arbitrarily selected and displayed in separate colors
on labeled diagrams., The graphics capabilities permit the storage of either
15 selected parameters in IBM PC memory or of 150 parameters on disc, while a
simulation 1is being performel, respectively, at the simulation speed nine
times or four times greater than real-time process speed.

NRC staff has maintained, however, that the two-parameter display by the
IBM PC is inadequate to convey a complete picture on the overall conditions of
the plant, A higher graphics resolution on a larger monitor screen is needed
to display dynamically animated flow and control diagrams, showing coolant
levels, valve alignments and automatic trip conditions for pumps, valves and
control systems. To display such sigrals generated by the ADIO systea, a
Tektronix 41158 terminal had been authorized and installed late in 1985 and
was being programmed, Unfortuuately, however, the NRC decided in March 1986
to request the transfer of BNL's Tektronix 41158 terminal to Sclentech in
1daho Falls, The graphics development work on the Tektronix 41158 teraminal
is, therefore, terminated, The terminal has been transferred to Scientech,

Finally, we developed the software for remote access of the plant analyz-
er via commercial telephone lines, using the 1BM personal computer, The nec~
essary accessories and a condensed user guide for remote access were reported
earlier (Wulff, 1984d)., We demonstrated in the previous reporting period that
the plant analyzer is fully operational from the keyboard of the IBM., Two
arbitrarily selected parameters are displayed as functions of time during the
calculation, while 150 additisnal parameters are stored on disk in the host
computer for later replay. All operator actions and malfunctions can be
entered on-line without f{nterrupting the simulation, The plant response to
fnput changes is instantly displayed. Up to 15 successive time plots of the
same two paraseters ca> now be stored in the IBM PC and combined into one
plot, One can also page back during a simulation to any previously displayed
plot, without interrupting the simulation,

The remote access and simulating capabilities of the plant analyzer have
been demonstrated successfully at several locations in the U.S., in Europe and
in East Asia, Even though the ~‘ant analyzer has only 16-bit precision
(#0,00003) for all arithmetic operations except integration (48~bit preci=-
sion), it has been shown to maintain steady-state conditions free of drift for
20 hours,

Specific activities during the curreat reporting period are described
below in Sections 24,5, 6, 7, 8, and 9,
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24,5 Documcntation (H. S. Cheng)

The basic description of the BNL Plant Analyzer can be found in the BWR
Plant Analyzer report [Wulff, Cheng, Lekach and Mallen, 1984, This report
describes the mathematical models for neutron kinetics, thermal conduction in
fuel and structures, thermohydraulics of two-phase flow coolant dynamics in
the pressure vessel, the steam line dynamics, turbines, condenser, feedwater
preheater, feedwater pumps, valves, motor-generator sets for recirculation,
recirculation pumps, control systems, protection systems and boron transport,
The report also contains a des:ription of the special-purpose computer, the
AD1O, and its direct access operation, Since the publication of this report,
all thermophysical property relations as given in Section 3,3.10.5 have been
replaced by the full relations of the standard ASME Steam Tables [Meyer,
MeClintock, Silvestri and Spencer, 1977].

Extensions to the level tracking model [Wulff, 1985a) and models for com=
puting Minimum Critical Power Ratio (MCPR) |[Wulff, 1986a] and for critical
flow through breaks for liquid water, two-phase mixture and pure vapor |Wulff,
1986b] have been published earlier,

Important containment modeling aspects are also presented in previous
quarterly progress reports [Wulff, 1985c, 1986b]. Remote access capabilities
of the Plant Analyszer are found in [Wulff, 1985b, 1985d).

A computer-based input data dircctory is now available which contains 412
input parameters, describing component geometry, operating parameters, compon=
ent characteristics, processes (kinetics parameters), control parameters,
specifying trip set points and safety systems parameters, and, finally, defin-
ing run specification parame<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>