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FOREWORD
F

The Advanced and Water Keactor Safety Ruearch Programs Quarterly
,

Progress Reports have been combined and are included in this report entitled, '

,

"Sa fe t y Research Programs iiponsored by the Office of Nuclear Regulatory
Research - Progress Report." This progress raoort will describe current
activities and technical progress in the prog'tas at Brookhaven National
Laboratory sponsored by the Division of Regulatory Applications, Division of
Engineering, Division of Re' actor Accident A':alysis, and Division of Reactor
and Plant Systems of the U. S. Nuclear Regulatory Commission, Office of
Nuclear Regulatory Research following the reorganization in February 1987.
The projects reported are the following:

'
Division of Regulatory Applications -

Advanced Reactor Review /LMRs of HIGRs
>

I Division of Engineering -

Standard Problems for Structural Computer Codes, Fire [
Protection Research, Characterization and Detection of L
Age-Related Failures of Selected Components and Systems
With Consideration for Aging / Seismic Interactions, Fail-

; ure Analysis and Nuclear Industry Practice, Evaluation
' of the Adequacy of Current Reactor Coolant Pump Seal

Instrumentation .and Operator Responses to Possible
Reactor Coolant Pump Seal Failures, Adequacy of Current-

Valve In-Service Testing Methods, and Regulatory Guide
for Reactor Dosimetry

Division of Reactor Accident Analysis -

Thermal-Hydraulic Reactor Safety Experirnents, Protective
Action Decisiontaaking, MELCOR Verification and Bench-
marking, Uncertainty Analysis of the Source Te rms
(QUASAR), Source Term Code Package Verification and
Benchmarking, Risk and Risk Reduction for Zion, Thermo-.

dynamic Core-Concrete Interactions Experiments and
Analysis, Containment Performance Design Objective,
Review of the Core-Melt Evaluation for the Westinghouse

i Standard Plant (SP-90), Review of Containment Response
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 !

(SP-90)
.
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Division of Reactor and P1 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 Basis Accidents in
Spent Fuel Pools (Generic Issue 82), Development of
Techcical Basis tor Severe Accident Guidelines a nd
Procedural Criteria for Existing BW2 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 Loading
Studies, and Support for TRAC-PF1/ MOD 1 Uncertainty
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 adsanced
reactors. In April 1987, as a result of an NRC reorganization, the Accident
Analysis and Safety Review of Liquio Metal and High Temperature Gas deactors
(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, ef forts are
underway to improve (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 important than for oxide fuel cores, largely
due to the much smaller Doppler contribution in the metal cores. Appropriate
reactivity feedbacks have recently been implemented into SSC, and results com-
pare l'avorably 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 MTGRs, 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
fair margin, the MHTGR can survive heatup transients with and without RCCS
functioning. On the LMR side, three significant findings were made: (1)
breaking a primary pipe in PRISM of SAFR app;ars to have lit:1e 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 GX and RI claim.

.t.
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1. Advanced Reactor Review /2. LHRs & HTCRs (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 transferred f rom
Regulation to Reser.rch. 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 in the following areas is provided (1) review, adapta-
tion, and implementation of analytical 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 00E reports on safety issues. (5) re-
view of those aspects of DOE's base technical program related to the areas
deceribed in (1) through (4), and (6) assistance in assessing PRAs submitted
for review.

1.1 Advanced Reactor Review Efforts t

1.1.1 LMR Reactivity Modeling (H. S. 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 the small
temperature rise across (radial direction) the fuel pins act to significantly
reduce the importance of Dopple r feedback. The sodium density feedback is
positive (undesirable), but is of only moderate importance until boiling is
reached. Expansion of the coro and the control rod drive lines is very impor-
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 SSC
(Guppy, 1983), including metal fuel Doppler, sodium density feedbacks (was in
place already), axial fuel expansion, and radial expansion at the load pads
and the grid plats. Expansion of the control rods is currently being added.
Bowing, which is expected to be a negative feedback (and therefore helpful),
will be neglected in order to be conservative regarding this very complex re-
sponse. The SSC reactivity feedbacks have been tested against results gen- 1

erated by GE for a postulated 35 insertion (see later section), and the feed- 1

backs in the SSC run appear consistent.

i 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.)

1.1.2 HTGR Ingress Modeling (G. J. 7an Tuyle, A. Aronson, J. W. Yang) l

Problems with the numerical behavior of our initial water ingress model

-2- I

Ia

,1
'

1



for MINET forced 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.

1.1.3 COMMIX (C. J. Van Tuyle, B. C. Chan)

Our concerns regarding the gap between the reactor and containment ves-
sels in SAFR, which would have required C0KMIX [ANL, 1985) analysis of some
important transients, have been answered by RI. They have reduced the gap to
seven inches, which in small enough so the IHX will remain covered in the case
of a reactor vessel leak. Thus, our need for COHMIX runs is no longer imme-
diste.

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

Our preliminary review of the DOE LMR Metal Fuels Behavior Research Plan
has now been completed, and our findings are being documented. As the re-
search program is still very much in process, there is considerable un:ertain-
ty regarding the me t al fuel /HT9 cladding currently envisioned for PRISM and !

SAFR.

One area of interest is the response of LHR fuel to overpower tran-
sients. Prior thinking about fission gas release led to speculation that gas

I release during a transient would lead to axial fuel expansion and a rapid ne-
gative feedback effect. Recent interpretation of TREAT M-Serica 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.

| 1.1.5 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 is doing quite well with their
codes, the other efforts, e.g., SASSYS, are just beginning to benchmark their

i codes against EBR-II data. An effort to benchmark our codes against the
EBR-II data is planned for next year.

1.2 Accident Analysis and Safety keview

1.2.1 Modular HIGR (P. G. Kroeger)'

1.2.1.1 PSID Review (P. G. Kroeger)

A review of Chapter 5 of the Preliminary Safety Information Document
(PSID) and the <:orresponding sections of the Technology Development Plan was
performed. At the pursuant review meeting, a list of questions was discussed

| and submitted to RF.S.
.

|

'
3

j
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Chapters 6, 9, 10 and 11 of the PSID were reviewed. Tne 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, seversi minor items were clarified in phone conver- !,

sations with GA. Censidering this information, a re-evaluation of RCCS per-'

formance was made, confirming that the computations by GA for the PSID ware r

indeed reasonsble. Modifying our RCCS model in THATCH (Kroeger, 1986) corres-
,

i pondingly we obtained reactor vessel temperatures and RCCS panel temperatures
I sufficiently close to those given in the PSID. ;

i

Based on the information submitted by GA regarding tha RCCS design, our !

depressurized core heatup accident models were revised, including internal fin :
I' perf ormance evaluation in the PASC01, code computations of the RCCS.
I

I . !

]
The resulting more detailed computations show that the RCCS performance r

9 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).
1 i

{ Chapter 15 of the PSID was reviewed. The resulting questions were dis- [
4 cussed with RES and passed on to DOE, where appropriate, during the review 5

meeting. Initial water ingress evaluations during depressurized core heatup _;

j (SRDC-6) indicate, that depending on how tightly the main loop shut-off valve ,

! closes, the bypass flow through the steam generator, though small (a few kg/ l

| hr), can be larger than the in-core recirculation flow. In such cases, the !
total H O inventory could increase over previous predictions, but would still i2

-

f remain relatively small.

t
kThe PRA report f or the Modular HTGR was reviewed. The resulting ques-

tions were discussed with PES and passed on to DOE, where apper'riate, during |

| the review meeting.

) 1.2.1.2 Depressurized Core Heatup Accident Scenarios in Advanced Modular I
! High Temperature Gas-Cooled Reactors (P. G. Kroeger) i

1 t

The reactor vessel (Figure 1.1) is not thermally insulated, resulting in -

:

! a permanent heat loss to the RCCS of about 0.8 MW during normal full power (
j 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
circulation is lost, and the primary loop is depressurized. Thereafter, decay !

heat removs1 is from the core predominantly by conduction and radiation to the i

f reactor vessa and from there to the RCCS.
l
j This an11ysis considers the core heatup ud cooldown transients teniting
( from the s.bove accident scenario, with the peak fuel temperatures and also the |

| peak vessel tenperature being the items of most concern. Excessive fuel ten- [

t peratures leading to fuel failures can result in increased fission product re- |

| 1 eases, Excessive vessel temperatures can affeet vessel integrity and compro- |

| mise restart capability after an accident transient. |

|
t The analysis pas perforced with the THATCH (Kroeger, 1986) code, ana- ;

j lyzing transient condustion and radiation in the reactor vessel, couplad with j
->

|

! ;

j; ...

i !
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the PASCOL code, which analyzes quasi-static RCCS flow and heat transfer con-
ditions.

The THATCH [Kroeger,1986) code is e generel purpose reactor code, which
was apolied here to the MHTGR reactor vessel geome t ry. It solves the
conduction equation for all major solid capacitances, as nodalised by the
user, applying an ADI numerical method, using prescribed temperature dependent
property functicns for all reactor components.

*

Heat transfet across internal gaps can be modeled as conduction, convec-
tion, and one-dimensional radiation, or any combination of these, as specified
by the user. For larger internal volumes, multi-dimensional radiation can bo
prescribed, and is used here in the upper and lower plena.

Heat from the reactor vessel to the RCCS panel side facing the reactor is
removed via natural convection and radiation. Heat transfer within the kCCS
up-flow channel is by conduction and radiation to its internal fins and the
back panel, and by convection f rom all metal surf aces to the opflowing air.
The PASCOL code can, at each elevat' n, either model this combined conduction /
cor. vection / radiation heat transfer & ietail, or use a prescribed fin effec-
tiveness coefficient, computing local eat transfer f rom the panels to the
coolant based on local panel tempe tres. Sample applications have shown
that detailed local fin conduction an. radiation solutions are not warranted,
since for a given design the fin effectiveness does not vary significantly in

|
space or time during a transient. Constant user supplied fin effectiveness
data, developed in a aeparate parametric study, were therefore appliid here.
Coupled with the axially nodalized heat transfer analysis, the PASCOL code
also solves a one-dimensional quasi-steady momentum equation for the RCCS air
flow, including ducting losses aad stack affects.

Applying these codos, using best estimate input data, the results of Fig-
ures 1.2 to 1.5 were obtained. Core and fuel temperatures rise initially
reaching a peak fuel temperature of about 1370*C around 60 hr, with a gradual
cooldown thereafter. Figure 1.3 shows that initially the decay heat exceeds
the heat removal, with excess energy being stored in the core and reflector
solid capacitances. Around 70 he, the heat absorbed by the KCCS begins to ex-
ceed the decay heat resulting in a net cooldown of the reactor.

Peak fuel temperatures of 1400'C and vessel temperatures of 420'C pose no
challenge to either component and are no reason for any concern. However, the
above evaluation was a best estimate transient and an important safety ques-
tion still remains, i.e., whether within the uncertainty bands for some of the
input parameters, sigr.ificantly dif ferent results could be expected.

Therefore, a parametric study was conducted to identify those parameters
that do affect performance significantly, and to establish the safety margins
available in these parameters. Some of these variations are summarized in
Table 1.1, showing the ef fects of to-core gaps between fuel elements, reflec-
tor irradiation, graphite annealing, as well as ambient air inlet temperature
and vessel and RCCS panel the rmal emissivity. Variation of none of these
para me te rs had any significant effect on the transient, except that Case 6
(i.e., reduced thermal emissivity), showed the importance of maintaining a

-6-
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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 a 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 ef fective thermal conductivity. Both of
these can significantly affect the peak fuel temperatures. Current fuel fail-
ure data indicate that there is virtually no fission product release due to
core heatup up to 1600'C peak fuel temperature, with very little increase in
the range of 1600 to 1800*C. At about 2200'C, massive fuel f ailures 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 110% increase would be required to reach peak fuel temper-
atures of 2200'C. Similarly, by arbitrarily varying the core thermal conduc-
tivities, it was found that a redaction to 63% of best estimate values raised
peak f uel temperatures to 1600'C, and a reduction to 30% resulted in 2200'C
peak fuel temperatures.

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 in decay heat was required to reach the peak vessel .

temperature to 480*C, a value beyond which restart capability might be co m- I

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
1 thermal conductivities, before emperature levels of concern are being reach-

ed. However, the evaluations a. so indicate the necessity to establish a high
i degree of confidence in the best estimate decay heat and thermal conductivity

data.

1.2.1.3 Severe Acciden* Core Heatup Transients in Kodular High Temperature
Cas-Cooled Reactors without Operating Reactor Cavity Cooling Systems
(P. G. Kroeger)

In this hypothetical severe accident, all forced cooling is lost, the i

primary loop is scraemed and depressurized, and, in addition, the completely :
t

1 passive RCCS is also lost.

. The RCCS, with two separate stacks and four independent, but cross con- !
j nected inlet and outlet ducts incorporates a significant amount of redundan- |

; cy. Partial failures of the ducting or coolir.g panels have been shown to re-
sult in minor decreases of performance only. Thus, a complete failure of all i

air flow is an extremely unlikely event. .no sven a 90% loss of air flow
scenario would be an accident of signiff.antly lower severity than the one to4

be considered I re. [
,

To protect the reactor cavity cencrete under normal operating conditions,
thermal insulation is provided in the reactor cavity on the back side of the |1

RCCS panels, as well as in the ceiling and floor regions of the cavity. In i

I
,

!

I
<
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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 is 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

soil 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 beyond the design basis, neither the concrete'

structure nor the surrounding soil are currently planned to be controlled dur-
ing design and construction of the plant. Therefore, the Base Case for the
current ace' dent evaluations makes rather pessimistic property selections for
both cc..a ute and soil. Concrete properties can vary widely and a set of
prope ties which had been used in previous gas-cooled reactor safety studies
was adopted from (General Atomic, 1978). However, at temperatures between
F 'C and 400*C, concrete typically first looses its physically bound moisture,
e ud then also some of its chemically bound moisture, resultirg in a lower
thermal conduc t ivity. Therefore, our Base Case evaluations use the above

' thermal conductivity only up to 200'C. Beyond 400'C a "dry" ti ermal conduc-
tivity of 0.5 W/mK was applied, with linear transition between ihe two models
httween 200'C and 400*C. For the surrounding soil, a relatively low conducti- ;

vity clay was assumed with k = 1.28 W/mK.

| About 70% 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 concrete walls and soil direct-,

ly. As the code currently cannot model this peripheral non-symmetry, these <
4

; two geometries were modelsd separately. It was found that the differences be-
! tween the two modelt were not very significant, and since some average of the

two configurations would represent the real situation, implementation of a

.

model including this non-symmetry was not justified.
i

In evaluating the resulting Base Case transient the temperature and heat !;

; flow responses of Figure 1.6 and 1.7 were obtained. The peak fuel tempera-
tutes of almost 1400'C were reached at about 80 hr. This value is only about j

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 releases. 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 770 hr to 800 hr (Note that the results of Figures 1.6 and
1.7 cover a time period of 2 months!).

.

I

!
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!Beyond the Base Case, several variations in concrete and ooil properties
and configurations were employed. Se ,e of these are shown in Table 1.2. The
Base Case considered heat rejection to the more typical configuration of 5 f t
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 f actor of two (Case 4) the vessel temperature only rose by an-
other 30'C. Thus, it is seen that pessimistic assumptions on concrete and
soil configuration and properties do not raise the peak vessel temperature
very much, but they do extend the transient significantly in time, delaying
the ultimate 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 top 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 temperatures 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 prssible where some fuel f ailure6 occur at
about 100 hr into the transient and the vessel would subsequently fail, but
only af ter several weeks, at which time core temperatures have already return-
ed to the range of 1200 to 1300'C.

Thus, even in a pra t 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 f ailures sever-

,

al weeks af ter the beginning of the accident are not impossible.

1.2.1.4 Hypothetical 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 structure, egress of combustible gases (CO), and to further :

core heatup and fuel f ailures. As in previous designs, the current modular I

HTGR (KnTGR) design precludes significant air ingress f rom being a credible |
event. It would require the simultaneous failure of the reactor <essel in top
and bottom locations, or a complete louble guillotine break of the short cross

; duct, which is built to vessel specification. While such accident scenarios
are considered to be of extremely low probability, they have been evaluated to'

establish whether any traumatic consequences are to be expected. |'

1

| |
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Table 1.2 Peak Fuel sad Vessel Temperatures for Several Concrete /Seil Configurattoes and Properties During
Depressurtsed Core Beatup Accidents without Operating FCCS

Case
E. Description Peak Fuel Terperature Peak Vessel Temperature

Tessel
Yartetten Tartetten Crees
Free Base Free Same Over hutsun halmum

Yalue At Time Cas, Yalue At Time Case Time * Core Temp. Tessel Temp.
*C hr 'C 'C hr *C hr at 1500 hr at 1500 hr

1 saae Case 1393 78 - 754 425 610 914 710
s

C 2 hat Treswa' r to Enterter Concrete 1393 TS 0 767 1105 e13 1250 966 764
8 Wall ' e Clay Set!

3 Concrete Properties of [Ceneral 1393 78 0 739 310 -15 345 ** **

Ateetc. 1978] withert Asewstag Re-
deced Thermal Ceeductivity with
Dryout

4 As Case 2. but Surrounding Sett 1393 78 0 793 1680 e39 1790 994 792
with 1/2 of Case 2 Thermal
Conductivity

* Time at which heat leaving weasel exceeds Jwcey ' nest, i.e., net coeldown of reacter vessel and laterval begime.

** Case was not run to 1500 kr.

|

|

|
1

|
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1
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To evaluate a massive air 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 it may not be credible to

,

stipulate such an event without considering also destruction of reactor vessel i
,

supports and reactor internal components. However, such an event is 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 recirculation would occur, with part of the inflowing gas being exhaust
gas. Again, non-mechanistically, this recirculation as well as the f act that
the fresh air inventory in the silo cavities is very limited are being disre-
garded, and pure air inflow into thz 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 in 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 is governed predominantly by the chemical reactivity of the
graphite (low temperature region), by the in pore diffusion of gas through
graphite coupled with the chemical reactivity (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 chem-
| ical reaction in the core is carried out in the FLOXI code, which uses a de-

j pressurized core heatup temperature profile computed by the THATCH code. This
quasi-static model neglects the thermal energy release from the exothermal .

I carbon / oxygen reaction, which is always small with respect to decay heat. It |
.

does, however, include the effect of additional gas generation from the chemi- |

cal reaction and its effect on the total flow field. Following [Katscher,
1986} the effects of in pore diffusion and chemical reaction are modeled by a
single semi-empirical Langmuir-Hinshelwood type expression. For mass transfer

3

; in the coolant channels the binary diffusion coefficients of oxygen in nitro- i

1 gen were based on Chapman-Enskog kinette theory. Only the reaction of C and
"

0 to CO was considered here. At the prevailing temperature levels any CO22
formed 4.nitially would typically react to CO in the hotter core regions. For

i the total burn-otf, as well as the amount of combustible gases formed, ne-

i glecting any small CO2 fractions in the exhaust gas is conservative.

Applying the FLOXI code to a typical core heatup transient resulting from [,

j the assumed cross duct failure the core gas flow and graphite oxidation tran- !
sients of Figure 1.8 were obtained. The gas flow process and the amoun; of
graphite oxidized are under all conditf ons 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 flow rates are always extlemely 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- I
tains about 6 vol * of air, but as the core heats up, after a few hours all !

air 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 oxidation2
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 the graphite reactivity and the diffusion
i coef ficients 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 few 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 i
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 f rom the chemical reaction amounted to about 6%
of the decay heat, justifying the assumption of neglecting this effect ,ms well
within the uncertainties of the analysis, in 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 before the 200 hr transient considered ,

'here. Significant loss of strength of the graphite structures could become a
concern only if an unlimited air supply would be available for hundreds of

4 hours. Also, during the initial phases of such an accident, as the available
) air in the reactor cavity is burnt and CO is emitted from the reactor, local

1 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.
;

1.2.1.5 Water Ingress Analysis (J. W. Yang, A. Aronson, G. J. Van Tuyle)
,

'
i

The MINET (Van Tuyle, 1984] representation of the HTGR system has been
i extended to include the reactor structures, secondary side of the steam

generators, and transient boundary conditions. The steady-state calculations
have resulted in system pressures, temperatures, and flows similar to GA's

,

i projected steady-state conditions. |

A MINET analysis of the ever.t involving the loss of HTS and SCS cooling !
;

j 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 the4

transient were eliminated. Preliminary results indicste that the system re- |

sponse is sensitive to the time of main circulator coastdown, isolation of the |i

I steam generator, and the startup of the SCS heat exchanger and circulator. !

Parametric studies are in progress. (
'

)
; t

, i
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1.2.2 LMRs - PRISH and SAFR (G. J. Van Tuyle)

1.222.1 Review of PRISH and SAFR PSIDs (G. J. Van Tuyle, G. C. Slovik, T.
Ginsberg, H. S. Cheng)

1

The LMR PSID Chapter 4 review meeting at NRC was quite fruitful in that
many questions raised 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 coef ficient. This remains a point of concern for a
hypothetical accident involving massive sodium boiling. However, this
is highly unlikely because of very large sodium subcooling in an LMR.

There is a real potential for limited axial fuel expansion due to.

fuel-clad lockup at high burnup (>2 a/o). The modeling of this f eed-
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 prudene to treat the radial bow-
ing reactivity as an input function table with a large uncertainty i
(-50%) assigned to it.

,

The definition of Doppler coef ficient being used f or LMR der,1gns 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 1$ as shutdown margin by PRISM is nonconservative because '.

it is of the same order of magnitude 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 [01denkamp, 1987] were also reviewed. A list of questions was

given to each designei to supply more information about specific issues which
were unclear or net in the PSID. The vendors will include the formal re-
sponses to the questions 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 RI 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 is that GE and RI plan on having the control sys- '(
,

'

tems initiate "power runbacks" in response to many problems starting in the
steam systems. Another interesting development is RI's decision to reduce the i

'gap between the reactor and containment vessels, which should allow continued
f unctioning of the IHX under a worst-case leak f rom the reactor vessel.

!

The PRISM and SAFR Safety Test Plans, covered in PSID Chapter 14 and sup-
porting documents were also reviewed. GE and R1 took very different approach-
es in this area. The GE Test Plan for PRISM focused entirely on testing the

4
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l
,

first module, and contained little regarding supporting work that must be done
by ANL and HEDL. The RI Test 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 RI is consistent with 1) their need to make the first unit a
power producer and therefore licensable, 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 CE/ 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 their overall Safety Test Plan. The RI/SAFR situation is more dif f t-
cult, and there will be several open items before tests are performed on the
first unit, and limits on testing would be undesirable.

; On a similar notel 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 is that ferretic saterial, such as the HT9 clad, that breaks
i loose into the coolant system will tend to accumulate on the surface of the i

,

I SASS magnets. Perhaps a means of electrically heating the sodium flowing past
j the magnets can bo worked out as a means for routine testing.

.

i

. 1.2.2.2 PRISM and SAFR PRA Review (L. Chu, T. Ginsberg, C. J. Van Tuyle)

A review of the advanced LMR PRAs is in process, and clarification is
being sought from CE and RI in many areas. Many of the failure probabilitiest

,

1 assumed in the PRAs seem very optimistic, but the potential impact of substi-
tuting :2 ore conservative estimates is not yet known. !

!
An IBM-PC program that can be used to assemble the results of the event

trees in the PRISM PRA was developed. It can be used to reproduce the risk '
,

estimates of PRISM, and to perform sensitivity calculations.
I.

j 1.2.2.3 SSC Analysis of PRISM and SAFR ATVS Events (G. C. Slovik, '

(R. J. Kennett)t

|

A 35c ramp insertion TOP in PRISM was simulated isnd the results were com- ;

I pared to those provided by GE. As was indicated under modeling activities in
'

i Section 1.1.1, the two obvious d!fferences weret 1) GE's large bowing !
L feedback was not in our SSC [ Cuppy, 1983) analysis, as we have chosen to be

|
; conservative and neglect this complex behavior, and 2) th1 control rod ;

; expansion was not yet incorporated in SSC so it is missing in the BNL run.
[

otherwisw. the SSC and CE runs show similar behavior, i.e., for sodium !
4

density, Doppler, axial expansion, and radial expansion. This work is (
'

summarized in a paper submitted for the Safety of Next Ceneration Power |

| Reactors conference.
'

l.2.2.4 MINET Analysis of Leaks into Containment (B. C. Chan, G. J. Van i
Tuyle) [

(
i A MINET [ Van Tuyle, 1984) model that can be used to simulate primary }j sodium leaks into the containment for the SAFR design has been completed. The '

i

leak location is at the b-ttom of the cold pool. Any leaks from the

i I

'

:

,

,
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cont ainment into 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 primary pump coast down) has been performed. The re-
sulting thermal and hydraulic behavior are consistent with engineering judge-
ment. More testing is in progress.

1.2.2.5 RACS/RVACS Modeling in MINET (B. C. Chan, 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. *

l.2.2.6 Evaluation of Postulated LOT Events in PRISH and SAFR (B. C. Chan,'

G. J. Van Tuyle, C. C. Slovik, A. L. Aronson)

Both PRISM and SAFR are pool-type designs, with all primary components
subme rged in a large volume of sodium in the primary tank. The approximate
cunfiguration of the components within the reactor vessel can be inferred from 1

Figure 1.9, which is a schematic drawing of our current MINET representation
,of both systems (conceptually they are very similar). Primary sodium flows ~

upward inside the core, heats up and enters the hot pool. Hot primary sodium
i transfers heat into the int e rmediat e loop sodium while flowing down through
i the IHXs into the cold pool. The pumps (f our electromagnetic in PRISM and two
l centrifugal in SAFR) draw sodium from the cold pool and drive it through head-

,

ers and eight pipes into the inlet plenuq 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.) ,

'ih e analyses reported here are more refined, at least for the pipe
l breaks, than those in the initial calculations, reported in (Van Tuyle, 1987]
! which used estimates for the variation of pump head versus flow rate. For the
| centrifugal pumps in SAFR, the estimated head curve was simil at to the head
a curve that has since been providad 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 aurging of flow through the pumps reported in (Van Tuyle, 1987) no longer
occurs, making the pipe break a more severe occurrence (although still accept-

,

; able, apparently). '

4

1 In the case of pipe break accident, the diameters of the discharge pipes ,

are s mall compared to the space in the ccid pools, so that the discharged '

fluid is assumed to expand f reely into the pools, and the postulated break oc- ;

curs near the inlet plenum in one of the pump discharge pipes. The break mod-'

,el is the double end guillotine break (DEC) with large separation distance, in '

which the interaction be tween the flow discharge from the two sides of the
break is neglected.

i

t

I

i
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i

The pump seizure events assume the instantaneous loss (without coastdown)
of+one of the pumps in each design. For PRISM, that means one of the cables
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 1.10 and Figure 1.11, respectively. In the calculations, (the pipe break and the pump seizure occur rapidly in 0.1 seconds. Both PRISM
and SAFM would experience 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-

i tial compent;ation, the flows through the seven unaf f ected pipes (labelled 3
and 4 in Figure 1.9) increased somewhat. However, this was limited, as the
head drops off with increasing flow. Thus, f or the pipe breaks, the reactor
flow in PRISM is reduced to 58% full flow, and for SAFR it f alls to 73%. In
the purp seizure event PRISM (one of four pumps seize), the reactor flow is |

reduced to 53% and, for SAFR (one of two pumpa seize), to 35%. PRISM thus '

benefits from having four, rather than two pumpa. In the results of the pump
trip ar.d coastdown, both PRISM and SAFR have similar reduction in core flow.

1 The significance of this study is that the lors of power to the pumps is

l' 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 CE and RI have indicated that the feedbacks do have sufficient time to
i work in the coastdown events, although BNL has not yet performed confirmatory

analyses. Of the pipe break and pump seizure events covered in Figures 1.10
i and 1.11, one stands out as a potential problem; tha: being the pump seizures

in M *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 f eedbacks can act fast enough to make
'

this event benign even without scram.
i i

1.2.2.7 Radial Expansion Reactivity for PRISM and SAFR (H. S. Cheng)
'

Relatively sluple and straightforward calculations have been performed in l

order to independently evaluate the radial expansion reactivity for PRISM and-

SAFR. The feedback model for radial expansion was. developed sometime ago, but
I the lack of precise input data prevented a meaningful quantitative evalua-
! tion. Since sufficient information has been obtained f rom the recent LMR re-
'

view meeting, va 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-i
,

j leakage probability representation of the effective neutro, multiplication i

| factor
.

'

-B M
; k,gg " k,e .

' i

l I

I

I
!
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Under the assumption that the radial expansion has no effect on k. (the effect
is primarily on the atom density which appears in both the numerator and
denominator of k., thus cancels out) and that the material mass 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

1-eAB H ,=o g

where AB M = C *((1+ sat)' - 1) + C *((1+a6T) - 1)g 2

C = w R *C
g

C2 = 5.784R H *C

("'"^)C =

#tr's co

A ={WA
n ;

!

M ={p V = total material mass in the core
n

,

* f "i n,i t ,n
[
<

V = 0.86602*H*b = Volume of a hexagonal assembly

H = Active core height
,

b = Flat-to-flat duct outside of the hexagonal assembly

W = Weight fraction of n" material composition
n

A = Atomic weight of n material co.tposition |

N = Number of assembly type 1 (e.g., driver fuel, internal blanket,
i

etc.

Ip = Density of material n

,

!
:

1.u.
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VF = Volume fraction of material u in assembly type i

N = 0.6023

a,, = Average microscopic transport cross section (barns) in the core

o, = Average microscopic absorp'.lon cross section (barns) in the core

AT = Temperature change relative to the reference

a = Thermal expansion coefficient of structure (HT-9):

= 10-6*(4.286596+0.0209651T-1.0624x10''T )

for 293 K < T < 650 K
- ~

-6= 14.587x10 for T i 650 K

(Notes a is in K' and T in K, and it has been assumed that HT-9
is principally responsible for radial expansion)

o, = Density of core materials. The fellowing densities were usedt

-5 -8 2
o = 7.76*(1.00634834-1.285972x10 T-3.144763x10 T

HT9

+1.06236x10'II 3)T

og,,g = 16.06509 - 8.12202x10 N -1.01005x10 N

-3 -8 -12= 1.0118 - 0.22054x10 T-1.9226x10 T + 5.6371x10 To g,

where s's are in g/cc and T in 'K.

The program RHORX was utilised 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 microscopic cross sections of core materials averaged over the
reactor spectruz were obtained from Ref. [Wirth, 1978], which were used for
both PRISM and SATR. All the assembly types in the core were taken into
account.

The results indicate that the radial expansion reactivity exhibits a
f airly linear behavior. The reactivity vs radial expansion data were least-
square fitted with a straight line using the curve-fitting program CURFIT on a
PDP-il/34 The slopes of these fitted curves are summarised below along with
the reported values by vendors (CE and RI):
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|

PRISM ($/cm)_ SAFR ($/ca)

| This Work -2.368 -1.706
! CE ~2.294

RI ~1.630

|

| The agreement is quite good (+3% for PRISM and +5% for SAFR).
|

1.2.2.8 Analysis of RVACS and RACS (P. C. Kroeger, G. J. Var, Tuyle)

Both PRISM and SAFR include a passive air cooling systes for final decay
heat removal under accident conditions. To be completely passive, these cool- I

ing systems are operative at all times, causing a minor patasitic energy loss

| during normal operation.
|

| In these designs, as schematically shown in Figure 1.12, air is suppliad |
I to the bottom of the guard vessel, flowing upward along the guard vessel due '

| to natural convection and being discharged through a stack providing suf fi- ,

i cient draft to remove the decay heat under accident conditions. -

| In either concep;, the heat t dection f rom the reactor vessel to the air
,

| cooling system is by radiation ant 'onvection across a ges gap between the re-
actor vessel and the guard vessel, and by radiation f rom the guard vessel to
the opposite air cooling system surface (collector surface), and ultimately by
convection f rom both surf aces to the rising air. Additionally, the SAFR con-

| cept includes fins on the collector surface. For this concept the simul.an-

| eous effects of radiation and conduction on the collector surf ace are con-
,

| sidered.
!

| The evaluation of the passive air cooling system was performed with the :
''

PASCOL code, which was originally developed for analysing a similar passive
air cooling system in the modular high temperature gas-cooled reactor pro-

'

i
gram. This code can either be applied as a free standing program, given a

j spatial reactor vessel temperature distribution, or coupled to the relevant j

| code for accident analysis. It solves simultaneously the quasi-steady momen-
| tua and energy equations for the air, coupled with simultaneous radiation, '

| conduction and convection from the reactor vessel via the guard vessel and the

| other air cooling system surfaces to the coolant.

i
' The performance evaluation reported here considers the operation under

accident conditions. For the PRISM reactor the heat transfer surf aces were
not finned. As the vendor specified data did not ir.clude sufficient details
to compute the inlet and exit ducting pressure drops, the system was evaluated

,

I parametrically with inlet and exit loss coef ficients being varied between 1
and 10 The results, shown in Figure 1.13, indicate that the vendor's claimed
performance can readily be obtained, if ducting is such that inlet and exit
losses each amount to about f our velocity heads. The vendon assumed solid
surface emissivities of only 0.7 while values of 0.85 are readily

achievable. Our evaluations showed that an inarease in the heat removal rate
of 16 is possible with such an increase in emissivity.
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For the SAFR air cooling system an evaluation of the simultaneous conduc-
tion and radiation in the collector surf ace had to be made. Defining a per-
formance factor

_,_, total convective heat transfer to air,

convective heat transfer to air from guard vessel

it was iou a a value of 4 1.8 to 2.5 can be expected under accident=

conditfora. ndor's .1 aimed performance can be reached down to a value
of 9 - 1.5. asing the emissivity from the vendor's value of 0.65 to 0.85
resulted la .igher performar.ce.

A comparison of our results and the vendors claimed performance for both
concepts is shown in Table 1.3. As can be seen, both systems can readily
achieve the required decay heat removal race. Further increases in perform-
ance could readily be achieved. However, such performance increases may not
be desi rable, since they would raise the parasitic heat losses under normal
operating conditions.

Table 1.3 Advanced Liquid Metal Poactor Pa&sive Air Cooling System
Perforuance During Decay Heat Removal

PRISM-GE PRISM-BNL SAPR-RI SAFR-BNL

Emissivity 0.7 0.7 0.a5 0.65

Surface ~1.7 1.5*
Effectiveness

K. +K 8.0 10 10
g air,air

W; (Kg/s) 25.9 26.0 39 37.2,

Q (MW) 2.42 2.45 3.90 3.96

60 (C) 92.2 91.7 99.4 102.5
.

0Surface effectiveness is likely much higher than 1.5. At best es t ima te
value of 2.2. Q is estimated to be 4.85 MW.
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II.' DIVIS 0N OF ENGINEERING

SUMMARY

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 perforaed. In 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 Research

This work was initiated to provide additional fire-modeling capability to
those fire-risk tasks ~ associated with NRC's RMIEP. As such, initial effort 3
were directed to investigate, nume rically , 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 c9ntrol 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
ceilin;s.

Due to cutbacks in MRC funding, the Fire Protection Research program was
curtailed in FY 1986 and terminated in FY 1987. Originally, plans hed been to
develop and delive: a fully documented user package incorporating modelling
features developed in FY 1984-1985. Ultimately what was completed in FY 1987
was a final NUREG/CR report regar: the fire environment in the LaSalle
control room.

Characterization and Detection of Age-Related Failures

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

The three volumes of the phase 2 motor study were finalized and were-
r

| sent for publicat. ion (NUREC/CR-4939). While volume 1 provides recon-
! mendations for impecaing motor reliability in nucleac power plants,
| the other two volumes summarize the results obtained f rom tests per-
' formed on a 10-hp and a 400-hp motor.
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Testing on a naturally aged inverter and battery charger was com--

pleted. Presuming normal operation and maintenance, the test results
indicated that aging has not substantially affected equipment opec-
tion. On the other hand, the monitoring techniques employed were
sensitive to , mulnted transients and degradati,n changes in measur-*

able component and equipment parameters indicating the viability of
detecting degradation prior to failure. The phase 2 aging assessment
of battery charges and inverters was completed and a draft report,
NUREG/CR-5051 was issued to NRC for comment.

NUREG/CR-4715, "An Aging Assessmert of Relays and Circuit Breakers and-

System Interactions" was published in June 1987. This phase 1 report
describes the effects of aging on circuit breakers and relays used in
safety-related systems in nuclear power plants and the resulting ef-
fects of circuit breaker and relay deterioration on the function of a
safety-related system.

The phase 1 study on motor control centers was completed. A draf t-

report summarizing the findings was issued to NRC for comments.

The phase 1 study on the component cooling water system in PWR facili--

ties was completed and the draf t report summarizing the results will
be issued shortly for comments.

Failure Analysis and Nuclear Industry Practice

This program was initiated in order to bound the problem of erosion-
corrosion in single phase piping systems at nuclear power plants and to
evaluate the extent of erosion-corrosion in nuclear units.

A literature survey was performed in addition to evaluating specific
instances of erosion-corrosion at nuclear units.

It was concluded that the available literature adequately assesses the
problea but that discrepancies do exist. The primary discrepancies appear in

| the areas of temperature (maximum corrosion rate) and on the amounts and
benefits of oxygen control. The current models of maximum erosion-corrosion'

rates were evaluated and are considered to be of qualitative rather than
quanititative value at presert.

Evaluation of the Adequacy of Current Reactor Coolant Pump Seal Instrumpn-
tation and Operator Responses to Possible Reactor Coolant Pump Seal Failures

The objectives of this program are to (1) evaluate the adequacy of cur-
rent reactor coolant pump seal and seal cooling mystem instrumentation, (2)
evaluate the adequacy of current automatic actions and operator responses to
prevent RCP seal loss of coolant accidents, (3) propose ways to improve cur-
rent RCP seal safety procedure, and (4) develop technical findings for Generic
Issue 23.
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A report entitled "Technical Findings Related to Generic Issue 23: Reac- j
tor Coolant Pump Seal Failures" is being prepared. A draft report on !

"Technical Findings" was forwarded to NRC for review.
;

!

|

I

Adequacy of Current Valve In-Service Testing Methods

A draf t 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 justification to expand the IE Bulletin |

85-03 applicability to all safety related motor operated valves. l

|

Regulato.f 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 draf t Regulatory Guide providing guidance
and a description of acceptable methods and assumptions for determining pres-4

sure vessel damage fluence for input to the 10CFR50.61 RTp73 prescription
has been written and is presently under review.

,

F

P

i
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3. Standard Problems for Structural Computer Codes

(A.J. Philippacopoulos)
.

During this period the efforts under this program were focused on the '

review and evaluation of test data for Category I type concrete structures.
The behavior of such structures is complex because of the complicated
interactions between the reinforcing steel and the concrets. Such
interactions are associated with many uncertainties especially when loadings
close to ultimate capacities are considered. Our work concentrated on the
nature of these uncertainties as well as on the availability of experimental
data which can be used in order to obtain a clearer understanding of the
uncertainties. Hence, one of the final products of this work is the
development of a matrix which correlates a comprehensive set of experimental
programs such as the 1/6 scale containment tests by Sandia National
Laboratory, the shear wall tests by Los Alamos National Laboratory etc. with
various uncertainties such as failure criteria, shear transfer, effects of

cracks etc. In addition, the above matrix identifies needed research and
tests for resolving issues pertinent to Category I reinforced concrete nuclear

'

structures.

The study concentrates on types of structures and loadings which are
associated with safety issues of nuclear power plant facilities. Two types of
Category I structures are considered shell and plate type structures such as
the contair. ment building and shear wall type structures such as the auxiliary
and turbine buildings. The type of uncertainties which are investigated are
those related to ultimate capacities and strength characteristics as well as
structural modeling. Emphasis was placed in identifying uncertainties which
are associated with predictions of structural stiffnesses. These include
cracking induced either be action of loads or microcracking. In a former
case, uncertainties pertaining to shear transfer and tensile hardening were
examined.

During the next reporting period, a repart will be prepared on the review
and evaluation of unceriafnties related to Category I nuclear structures.

This report is expectai c provide a comprehensive correlation of
uncertainties with experimental data as well as recommendations for additional
research needed in this area.

-40-

_ _ _ - _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _



_ _ _ _ _ _ _ _

4. Fire Protection Research
(John L. Boccio)

4.1 Background

NRR research needs in PRA methodology were outlined in a memo from Denton
to Minogue dated November 30, 1982. The recommendations in the area of exter-
net event risks included information to be generated on "equipment performance
in accident environment," "suitable but simple methods to predict varia-...

tions in environmental parameters following an accident, e.g., temperature and
pressure buildup," and "f ragility data relating equipment failure probabili-
ties to environmental changes." Specifically, in the area of fire risk, RES
was urged to give attention to the aspects of "systems interaction between
fire protection features and saf ety systems," "the reliability of fire protte-
tion features" and "the likelihood of qualified equipment to withstand the
ef fects of fire and fire supprescants."

The External Events PRA Working Group, in its recommendations for improv-
ing the capability of PRA for external events observes that "with fire, as
with all the other disciplines, the insufficiency of the data base is a major
problem. In addition, the validity of modeling techniques, the knowledge of
fire accident sequences, and the knowledge of the reliabi'!Ly of the fire pro-
tection systems limits the degree of confidence in PRA results."

-

Both NP.R snd R8S had iniciatives underway to address these needs. The
Chemical Engineering Branch of NRR awarded a contract to the Brnokhaven
National Laboratory to establish a methodology and a data base for probabilis-
tic assessment of fire risks and to develop guidance for NRR evaluation of
PRAs by others.

The Division of Risk Analysis and Operations of RES was engaged in the
Risk Methods Integration and Evaluation Program ( RM1EP) . The program had as
its objective the development of an improved PRA rathod and demonstration of
the method. The Fire Risk Analysis part of the R!llEP proposed to reduce the
uncertainties in the PRA models for ignition, fire growth, detection and sup-
pression, and component fragility. The program described here complemented
the RES/DRA0 program by generatirq deterrinistic information, both by experi-
mentat!on and by analysis. The two programs (those of DET and DRA0 of RES)
were coordinated so that the La Salle fire PRA when completed would have input
from an improved data base.

Future applications of PRA methods are foreseen in the assessment of fire
risks arising from secondary independent initiating events such as earth-
quakes. The data base on equipment fragility and the analys!.s methodology for
fire saf ety margins proposed to be developed in this program would be useful
for that eventual application. I

In the control room two major concerns exist. The first is equipment
survivability and operability; the second concern, as expressed by the ACRS on j
several occasions, is that existing requirements to protect control room occu- 1

pants in accident situations may not be adequate. One of the recommendations j
i
|

(
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of a June 1984 staft report was that "limiting environmental conditions fo
operation in the control room should be established and should consider human
performance as well as equipment operation as the basia for selection of
appropriate limits."

This program purpcrted to address the issue by determining the fire-gen-
erated environment and the purge effectiveness of existing equipment.

Jae Office of Inspection and Enforcement described in Information Notice
83-41, which was addressed to all holders of operating licenr.es and construc-
tion permits, several ins t at.ce s of automatic fire suppression system actua-
tions resulting in inoperability of safety-related equipment. Furthermore,
concerns have been expressed (Michelson to Denton, dated July 28, 1982) about
the degradation in tne performance of equipment, including solid ctate de-
vices, due to the cooling effect of spuriously released CO2 fire suppressant.
Current regula'tions for equipment qualification require that only equipment
which would be exposed to high-energy steam line breaks classified as DBAs
must be qualified f or steam and humidity. The need exists to determine the
effecta of fire suppression agents, in addition to the effects of fire, on the
operability and failure thresholds of safety shutdown aquipment.

4.2 Obj ec t ive

The goal of the Fire Protection Research Program was to generate test
data and incorporate existing analytical capabilities to support the evalua-
tJon of:

1. the contribution of fires t' the risk from nuclear power plants,
2. the effects of fires on control room equipment and operations, and

3. the effects of actuation of fire suppression systems on safety equip-
ment.

These three goals were to be reached by implementing a common threefold
research approach:

Define Fire Sources: A iinte of fire sources would be characterized with re-
spect to their energy and mass evolution, including smoke, corrosion products,
and electrically conductive products of combustion. The combustible content
and configurations of the sources determine the energy and mass release rate
charactetistics of the fires.

Define Environments: Existing analytical methods for determining the environ .
ment resulting from fire would be adapted for nuclear power plant enclosure
fires. This approath will account for the source characteristics, the sup-
prassion action following detection of the fire, and certain parameters speci-
fic to the plant enclosure in which the fire originates, such as the geometry
of the enclosure and the ventilation rate. The developing local environment
in the vicinity of saf ety-related equipment would be expressed in terms of
temperacures, temperature rise rates, heat fluxes, and moisture and certain
species content.
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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 impairment 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 fo rmula ting 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 iemonstrate further the capability of
the selected analytical model/ numerical aode. This largely entailed compari-
sons with cable fire / enclosure tests conducted for the Electric Power Research
Institute (EPRI) and for the NRC. Comparison with both test programs were
promising to the 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 burning 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 f rom 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 in 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. Ultimately what
was completed in FY 1987 was final report regarding the fire environment in
the LaSalle control room. This work is summarized as folicws.

4.4.1 Computetional Model Parameters
,

The control room contains control and instrumentation cabinets and cables
for LaSalle NPP Unite 1 and 2. The enclosure (Fig. 1) is 120 ft x 60 ft x

*

,

j -43-
[

(

j

. ___ . _ _ _ _ _ _ __ __ __ __ _____ _ ____ _ _ _ _ _ __ -_. . _



_____ _ _ _ _ _ _ _ _ _ _ _

if. 5 f t high with concrete walls generally two feet thick or more at the room
boundary. Cabinets and control consoles are shown in Fig. 1. There are a

number of desks and tables located around the control room which are not de-
picted in Fig. 1, but which are accounted for in the computational configura-
tion. The exhaust configuration in the control room is unique in our experi-
ence: two L-shaped exhaust plena (Fig. 2), 40 ft. long x 10 ft. wide, are
delineated by f ronts of cabinets and consoles and further by steel valances
extending to the enclosure ceiling as shown in Fig. 3. One exhaust vent is
located in each of these plena, and there are no ventilation sources in either
plenum. Air flow from the room proceeds into the exhaust plena through grat-
ings in the bottoms of the cabinets forming the L-shaped boundary. In addi-

tion to the high cable loadings in the cabinets and consoles, horizr.ntal cable
trays, shown in Fig. 3, are located above the cabinets throughout the plenum
areas. Tne cabinets a re open both in the back and on top to the general
plenum orea. The unique exhaust plenum configuration resulted in the simula-
tion of two basic fire types: one outside the plena in the control room work-
ing area and one inside an exhaust plenum behind the cabinets. The locations
of these source fires are indicated by "X" on Figs. I and 2.

Observation of the geometrical details outlined above together with the
locations of the ventilation sources and the locations of internal flow obsta-
cles, guided the set-up of the three-dimensional (x,y,z) computational grid to
be analyzad.
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Fig. 1. 1.aSalle control room - plan view
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).gure 3. LaSalle control room - exhaust plenum - elevation

At the present state of evolution the model requires the heat release
rate of tho source fire as input to the code. The design strengths of each
ventilation source are also input to the code. Total flow into the control
room is distributed throughout the inlet system as per design specifications.
Design leakage through the control room doors is 1500 cfm; the remaining 22520
cfm exhausts through the vents located in each exhaust plenum ceiling.

4.4.2 Simulation Results

Two separate simulations involving source fires were performed as stated
aboves one source fire located in the control room working area and one lo-
cated in the Unit 2 exhaust plenum as shown in Figs. I and 2. Peak fire
strength was 600 kW, while fire duration was 18 minutes. The 600 kW heat re-
lease rate was distributed in and above the cabinet in question to a flame
height calculated from well-known flame-height correlations.

-45-
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The first case to be exanined was that of a fire in the main control roor.
area. Fig. 4 shows the temporal variation of gas temperature at a height
roughly equivalent to the tops of the cabinets (-8 ft) both at the fire lo-
cation and near the center of the control room. The temperature near room
center is also representative of the gas temperature at various other loca-
tions throughout the control room. Gas temperature rose linearly in six min-
utes to 150'C in the control room center at the 8 ft height. Gas temperature
above the fire plume near the ceiling rose to 240'C in 6 minutes. There was
no appreciabla gas temperature increase in the exhaust plena due to this fire.
Fig. 5 shows an example of perhaps the most valuable output from the simu-
intions: an isothermal perspective of the control room. The 150*C isotherm is
shown at 2, 4 and 6 minutes after fire ignition. The fire plume is clearly
visible in the top view. The spread of the isotherm around the exhaust plena
can be seen in the remaining two views. Notice that the 150*C isotherm only

descends to the top of the cabinets at the 6 minute mark,

The second case to be investigated produces an entirely dif ferent set of
results. For this case a source fire of the same strength is located within
the e-haust plenum of Unit 2 as indicated on Fig. 2. Recall that the backs
and the tops of these consoles / cabinets are open. In the case of a fire in-
nide the exhaust plenum, temperature rise near the cabinet tops was more pro-
nounced than in the previous case. Gas temperaturo rose to 200*C near cabinet
level in about two minutes, as shown in Fig, 6. The three positions at which

temperature is determined are indicated on Fig. 2.

un-
Pkrneo

* 200 -,
o
N co-

wo-
! H Room Center
| %-

o c'o do do 210 300 360 do

Trne - seconds
Fig. 4. Gas temperature at cabinet level - fire case 1

Note that the gas temperature at position B at the plenum end is the cost
sensitive to the source fire. Mention must be made here that the gas tempera-
ture is a measure of the convective heat flux only; no radiation ef f ects were
included in the model. Fig. 7 shows the temporal evolution of the 150*C iso-
therm. The fire plume is clearly visible as is the dead-end effect generated
by the plenum boundary and swirling flow pattern.
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4.4.3 Conclusions

Conclusions were reached regarding the two separate fire simulation exam-
pies, inside and outside the exhaust plenum. The fire in the control room
working area did not produce temperatures higher than 150'C in the area of the
control cabinets / consoles over the time f rams considered. These temperatures
are probably not sufficient to cruse equipment damage in the time scales
noted. There is, however, concern in the area of habitability due to the fact
that the tem iture in the control room working area at cabinet level rose

above 50'C i .5 minutes. Smoke may well descend in a manner analogous to
the 50'C iso w driven by the ef fects of room filling and the location of
the exhaust gr. tin.:s at the bottoms of the cabinets. The control room may be-
come uninhabitable in this time frame. In the case of a fire in one of the
exhaust plena, different conclusions are reached. Temperatures rose above
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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 ef fects 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 ef f ects would exacerbate equipment / cable damage
potential.
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5. Characterization and Detection of Age-Related Failures of
Selected Components and Systems with Consideration

for Aging / Seismic Interactions

(J. H. Taylor)

Under the auspices of the NRC Nuclear Plant Aging Research (NPAR) Pro-
gram, BNL is currently performing aging assessments of nuclear components such
as electric motors, battery chargers and inverters, relays and circuit break-
ers, and Motor Centrol Centers (MCCs). The system studies include a Component
Cooling Water System for PWR plants, and a Residual Heat Removal System for
BVR plants. The goals of this program are to resolve issues related to the
aging and service wear of equipment and systems at operating reactor faci-
lities and to assess their possible impact on plant safety. The progress
achieved during the reporting period April 1 to September 30, 1987 is describ-
ed below.

5.1 _El_ectric Motors (M. Subudhi and R. Lofaro)

A 10-hp industrial motor with 12 years of service in a commercial nuclear
power platt and a 400-hp f ailed motor with over 20 years of service life in a
nuclear research reactor facility were tested. The 10-hp motor was subjected
to plug reverse cycling to induce accelerated aging while various insulation
and bearing test parameters were monitored. Stator coils from the 400-hp
motor were tested to diagnose age-related deterioration of insulation dielec-
tric properties. The test objectives were to identify the motor testing
methods or fanctional indicators which ar cost-effective and provide adequate
feedback to detect degradation in motor ( ,mponents. It was found that moni-
toring and testing methods are available to detect degradation at an incipient
stage. Therefore, implementing such methods in conjunction with plant mainte-
nance activities should reduce catastrophic motor failures caused by aging ar.d
service wear in nuclear facilities.

'NUREG/CR-4939, comprised of three volumes, contains the abeve test
results, as well as recommendations for improving the current maintenance '

practices in nuclear power plants. The reports are expected to be published
during the next quarter.

5.2 Battery Chargers and Inverters (W. Gunther and M. Subudhi)

5.2.1 Testing of Naturally Aged Equipeont

Naturally aged inverters and battery chargers obtained from the Shipping-
port f acility were tested as part of the Nuclear Plant Aging Research (NPAR)
Program. The objectives of this testing were to evaluate the naturally aged
equipment state, determine the effectiveness of condition monitoring recommen-
dations, and to obtain insight into the practicality of preventive maintenance
and monitoring methods. /

)
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( The two primary monitoring techniques employed were temperature measure- '

ments and electrical waveform observation. Internal panel temperature as well
as 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 surf aces 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 is
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 filter capacitance change) waveform
characteristic changes were evident. This indicates the usefulness of circuit
monitoring to detect impending failure in the incipient stage.

Testing indicates that individual fusing of filter capacitors be consi-
,

dered in order to preclude a capacitor f ailure in the shott circuit mode from
rendering the inverter inoperable. Also, equipment acce7tance testing should
be modified to obtain the most limiting design operaling conditions for all
major subcomponents. It was observed that the accep:ance test was conducted
under a high input voltage condition only, while the testing revealed that the
highest input choke winding temperatures were obtaine t when a low input volt-
age was applied.

5.2.2 Phase 2 Report

The phase 2 aging assessment of battery chargers and inverters was com- '

pleted and a draft report, NUREG/CR-5051, "Detecting and Mitigating Battery
Chargers and Inverter Aging," was issued to the NRC for comment. Consisting
of a two-phased approach, t h '. s report achieved the second phase of the NPAR
goals which are to: (1) identify inspection, surveillance, or monitoring
methods which vill 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 the conclu- '

stons reached in the phase 1 report (NUREC/CR-4564) regarding the operational
and safety importance of battery chargers and inverters. In addition to the
57 scrams resulting f rom an inverter f ailure in tne last three 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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Current uninterruptible power systems (ups) designs found outside of the
nuclear industry incorporate inverter and battery charger design arrangements,
which, when coupled with component level technological advances and increased
electrical transient suppression and monitoring capabilities, can minimize the
effects of aging and improve vital power availability in nuclear power plants.
For instance, electrical transients are one of the direct causes of inverter
and battery charger failure in a nuclear power plant. They can also indirect-
ly result in prenature equipment failures because of the stresses applied to
sensitive electronic components. Electrical transient suppression techniques
in large data processing centers include using line regulation / isolation
transformers. These transformers have the basic capability to eliminate a
large percentage of the transients experienced in a power plant environment.
Determining the type and source of electrical transients existing at a speci-
fic site can be accomplished by using currently available nonitoring instru-
mentation.

Improving reliability through redundancy or increased maintenance inter-
vals is feasible. Fault trees were constructed for the battery charger and
inverter to illustrate dominant failure modes. A sample reliability improve-
ment calculation for the installation of an automatic transfer switch, which
is a specific form of redundancy, reveals a sevenfold increase in vital bus
availability.

The ability of the battery charger and the inverter to perform their
intended functions under normal and emergency conditions can be enhanced
through the implementation of a cost effective maintenance and surveillance
program. This prcgram should incorporte inspection, monitoring, teating, and
repair activities as described in this report.

To mitigate inverter and battery charger aging effects, maintenance must
be performed periodically to refurbish and/or replace those subcomponents
which exhibit aging. In addition to discrete subcomponents such as capaci-
rors, transformers, and semiconductors, the integrity of other entities such
as cable connectors, wiring, and structural fasteners must also be maintained
to assure proper equipment operation under normal operating and postulated
accidant conditions.

Relying on periodic componen: replacement as a means of naintaining the
performance standards of inverters and chargers is not an optimum technique.
Testing and nonitoring methods which are utilized on a limited basis for
inverters at most plants, offer the greatest potential for enhancing a preven-
tive maintenance program and reducing or eliminating perio lic component
changeout.

In developing recomrendations for a long-term program to maintain a high
reliability for inverters and battery chargers, utilities should seek and
evaluate manufacturer input. The manaf acturer's literature of ten reflects
"generic" natntenance requirenents. Sirce reactor safety and availability are
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at stake, more detailed, site-specific recommendations for optimum performance
should bo solicited from the manufacturers and incorporated into the
maintenance program. ,

Corrective maintenance practices for inverters and chargers should be
defined. For example, 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 other stressed 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 inside the panel
of fers 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

Iresistance, may be reflected by an increase in case temperature. In addition,
tronsformer and inductor winding temperatures are responsive to internal
degradation such as turn to turn shorts.

The monitoring of circuit waveforms to assess equipment condit!on 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 vo1 rage, the SCR gating current,
and the commutating capacitor voltuge 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 failure modes;.

. an assessment of the LER, NPRDS, and IPRDS data bases;

molded-cage and metal-clad circuit bretker operations are deacribed.

and related to specific failure modes experienced at nuclear power
plants, including reactor trip breaker problems;

the aging interaction relating to circuit breaker, and relays in.

( safety injection system is described in detail. Consideration of sys-
tem operation under varying external influences, including seismic and
LOCA conditions, is also presented. The study concludes that failure
of a safety inlection train is possible from circuit breaker and relay
failure if adequate maintenance and testing are not performed;
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recommendations are given for development of monitoring methods to.

evalusta the susceptibility of continuously energized relays and
diagnostic techniques for evaluating the conditioa 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 1 aging assessment of motor control 4 i

centers (HCCs) has been completed and submitted for NRC staff comments.
This report follows the established NPAR strategy and investigates the opera-
tional performance, the design and manufacturing methods, and the current
maintenance, surveillance and monitoring techniques associated with MCCs. A
significant result described in this report concerns the identification of
important MCC failure modes, causes, and mechanisms from plant operational
experience. Failure frequencies determined for the various MCC subco1ponents
are also described. in addition, recommendations on f unctior:a1 indicators
that could be useful in monitoring MCC performance prior to failure 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 important 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 fai&ure cause
that was identified was the sticking of electrical contacts due to the accumu-
lation of foreign substances. The subcomponents that were identified as con-
tributing to MCC failures are shown in Figure 1. Figure 2 summarizes the
failure causes that were identified. 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 staniby
system that operates on demand, this result indictes that the MCC was found in
a failed condition when the maintenance or surveillance was initiated.

.

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 in another NPAR program related to circuit breakers
and relays. Other reported results include:

A survey of the dominant f ailure nodes;.

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

A summary of the plant operating status at che time of failure iden-.

tification:

1

|
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A review of the physical process or mechanism causing the particular.

;4CC fail'2res.

An interim review of current industry standards, manufacturers recom-

| mendations, and regulatory guides and information bulletins was completed to
| provide a basis for the Phase 2 work. In addition, the results of this Phase

| 1 work are summarized in a preliminary recommendation of functional indicators
of MCC performance. The purpose of these proposed functional indicators is to
provide an indication of age-related deterioration of MCC subcomponents prior
to failure. Phase 2 of this program will provide a verifiction or elimination !

' of the various functional indicators through testing of naturally aged MCCs
that have been obtained from the Shippingport facility,
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5.5 Component Cooling Water Systen (R. Lof aro and M. Subudhi)

The CCW system is cornon to all pressurized water reactors although it
may oe known by different names. Its function is to remove heat fron various
plant loads and transfer it to an open loop cooling system, such as the ser-
vice water system. The CCW system also acts as a barrier between the radio-
active loads it services and the open loop cooling systems. Typical loads
serviced by the CCW systen include reactor coolant pump seals, shutdown heat
exchangers, residual heat removal heat exchangers, saf ety injection pumps and
others.

The most common CCW systen design includes several pumps, heat exchangers
and a surge tank. Pipird, instrumentation, and numerous valves ate also sig-
nificant components in the CCW system which enable it to perform its many
diverse functions. In some plants several systems may be used to perform the
CCW function, while at other plants one systen may be shared by two units.

Typical operating conditions for the CCW systen include a pressure of
approximately 100 psig and a temperature ranging from 75'F to 150'F. The pro-
cess fluid is deminearlized water with corrosion inhibitors. A significant
characteristic of CCW systens is that they are normally operating even when
the reactor is down. This increases component operating tine and exposure to

aging mechanisns.

As part of the deteretnistic work cerformed. CCW systen failure data from
various national data baces were reviewed and analyzed. Results showed that
over 70% of the failures reported wers aging related. The dominant failure
cause was "normal service" while the najor failure mechanism was "wear."
These findings show that aging is a significant factor in CCW systen failures.

-54-
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The f ailure data also showed that "leakage" was the most (ammon f ailure
| code. 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 failures included external seal
Isakage as well as bearing failures. Instrumentation / controls and heat
exchangers were also found to have a significant number of failures.

i

of the failures reviewed, 50% resulted in degraded CCW system performance
while S& esult+ in a loss of redundancy. The remainder either had no
effee. . ystem operation or its effect was unknown. Complete loss of CCW
systen ts: tion was only found once, and the f ailure was not aging related.
This snows 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 failures. 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
i data from Indian Point 2 was obtained and reviewed. Results showed a large

: percentage of age related f ailures (80% to 100%). Pumps and valves were found
to provide the predominant number of failures, which is 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-

4 ure rates f rom commonly used sources, but were higher than failure 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 a 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 oystem. Time dependent failure rates were input to the
program, and system unavailability and component ic;ortance were calculated

; for various ages. The Indian Point 2 CCW system was modeled for this study
since it is representative of other plant designs cond an existing PRA was
availab.e for it. |

The PRA calculations showed that if interaction oetween various plant
systems is considered, CCW unavailability is dominated by loss of the service
water system. Looking at the CCW system, valves in critical locations domi- ,

nate system unavailability followed by pumps. These results are expected to f

be typical for most CCW systems, however, individual deatgn variations must be
,

considered.

1

1
,
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When the effects of aging from the data analysis were included in the PRA
calculations, two significant results were observed: 1) CCW system
unavailability increased with age, and 2) component importances changed with
time. Using the time dependent failure rates calculated from the data, pumps
were found to become more important than valves after the first 20 years of
plant life. This is due to pump failure rate increasing more rapidly with age
than valve failure rate. From these results it is seen that improvements to
current maintenance and/or monitoring met ds may be required to prevent
system unavailability from reaching an un..septable level during the later
years of plant life. It also indicates that more attention may need to be
focussed on pumps as they age.

Sensitivity studies were performed to examine the effect of the
uncertainties in the time dependent failure rates on the PRA results. In

general, it was found that the results were not particularly sensitive to
variations in the data. It was observed, however, that heat exchangers and
piping have the potential to become very important to system unavailability
during later years of plant life. This should be considered in assessing
present monitoring / maintenance practices and in evaluating plant life
extension concerns.

This work has shown that aging is a concern for CCW systems and can
adversely affect system performance and reliability. Good functional indica-
tors are, therefore, required to detect and mitigate aging degradation at an
incipient stage. Proposed functioaal indictors for the major CCW components
are presented. System level functional indicators are also discussed.

Results from this work have also provided a technical basis for evaluat-
ing current inspection, surveillance and monitoring methods and verifying that
they properly address aging effects. From the failure characteristics observ-
ed it is seen that monitoring methods must be diverse to detect the various
aging mechanisms present in CCW systems. As plants age, che importance placed
on certain components nay need to be re-evaluated due to increasing f ailure
rates.

A draft report was prepared summarizing all the above findings and the
report wil* be sont for comment during the next quarter.
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6. Failure Analysis and Nuclear Industry Practice
(C. J. Czajkovski)

After the Surry Unit 2 (Virginia Electric Power Co.-VEPCO) catastrophic
failure of a pipe in the "A" feedwater suction line, the U. S. Nuclear Regu-
latory Commission (USNRC) initiated a program to:

1. Evaluate Surry failure results and identify generic applicability;

2. Identify extent of erosion-corrosion problem in nuclear plants;

3. Evaluate data supplied by Office of Inspection and Enforcement and
identify any trends or correlations; and

4. Identify problem areas that may need additional research to bound
the problem.

,

A review of the controlling variableo in the erosion-corrosion pheno:r-
c,on was prepared as a background information for further research. This
effort was completed on November 1987 r'ising out this task.

6.1 Erosion-Corrosion Definition

Erosion-corrosion is usually defined as the acceleration or increcse in i
t he rate of corrosion caused by the relative movement between a corrosive |
fluid and the metal surface. In principle, it should be distinguished from
the effort of fluid flow that accelerates general corrosion by increasing the
rate of mass transport of reactive species (i.e., a cathodic reactant, such
as oxygen) to the metal surface, or the rate of removal of corrosion products
from the metal surface. As illustrated schematically in Figure 1, at a given
critical flow rate, a rather abrupt increase in th. corrosion rate occurs
within the turbulent flow regime. The critical fluid velocity, V , some-e
timca called erosional or breakaway velocity, depends on hydrodynamic paran-
eters and the corrosion characteristics of the alloy / environment system.
Below the critical fluid velocity the corrosion rate increases less abruptly
due to an increase in the rate of mass transport of electroactive spc cies.
Witnin this regime the corrosion rate is governed by electrochemical and
hydrodynamic phenomena under conditions varying from lamina; to turbulent
flow (Figures 2( a 's and (b)). It should be noted, however, that for many
alloy / environment systems the boundary between what is called flow-assisted
corrosion and erosion-corrosion is not so well defined as suggested in Figure
1. This is precisely the case of carbon steel in high temperature deoxygen-
atei water, as discussed in detail below.

Erosion-corrosion can also be diutinguished f rom forms of erosion such
as cavitation and impingement damage. Impingement damage involves the impact
of liquid dropicts present in a gaseous fluid through forces generally per-
pendicular to the metal aurface, whereas cavitation arises from the collapse
of gas bubbles contained in a fast flowing liquid phase, also through
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perpendicular pulsive forces. Wear of last-stage turbine blades by water
droplets aad cavitation damage of pumps by steam bubbles are typical examples
of these phenomena. Together with erosion by solid particles, they are
essentially mechanical forms of metal deterioration, because the contribution
of corrosion usually is thought to be almost negligible. In these three phe-
nomena, direct damage of the metal occurs when the forces involved in the
impact are higher than the material strength.

6.2 Conclusions from the Investigation

From the available literatu?9, which has been almost completely covered
in this review, it csn be concluJed that a qualitative assessuant of the
major infiuential f actors in erosion-corrosion of carbon t. teel in high tem-
perature flowing water is now complete. However, there are many discrep-
ancies in the experimental results when studies conducted by different !

authors are compared. Furthermore, as the recent observations of Tomlinson
and Ashmore(1,2) show, erosion-corrosion could be extremely severe even at
temperatures above 250'C. Several years ago Berge and Kahn(3) noted that

'

the commonly accepted statement that erosion-cccrosion does not occur beyond
200'C should be considered cautiously. In this regard it seems that differ-
ences between re=ults of dif ferent authors could be assigned to the presente
of residual elements that are not properly identified. In most of he
studies on erosion-corrosion it is uncommon to have e full description of the
chemical composition of the steel. As discussed L? fore, residual amounts of
elements such as chromium may have a strong beneficial ef fect.

For these reasons, the most offective countermcarure against erosion-
corrosion is the choice of sufficiently resistaat materials. In most of the
applications under single phase conditions, low alloy sesels containing 2% Cr
seem to be a cost offective solution if modifications in design to reduce
flow rates and local turbulencen are difficult to impleaec.t. Under two phase
flow (wet steam) more highly alloyod materials are needei.

Under particular conditions, modifications in the water chemistry by
rising the pH or by adding oxygen to the feedwater may be extremely effective
to inhibit erosion-corrosion damage, as suggested by the experience in the
U.K. and West Ge r ma ny . In this case again, those types of countern alures
are more successful under single phase conditions.

Regarding the modeling erforts, it can be concluded that the prediction
of accurate erosion-corrosion rates on the basis of laboratory ilta is still
very limited. These models are capable of metal loss predictior.; withia the
range of data on which they are based, it should be noted, however, that
snail variations in the environmental conditions (dissolved oxygen concentra-
tions varying in the range of f ew ppb, or presence of acidic impuritiee) may
lead to unsuspectedly high rates of erosion-corrosion under certain
circumstances. Th ese variables, plus significant variations in the rate of
mass transfer at specific locations may be the source if very large differ-
ences in erosion-corrosion rates from plant to plant, from corponent to com-,

ponent and in particular for different locations in the scme component, even
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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 Coolant Pump Seal
Instrumentation and Operator Responses to Possible Reactor Coolant
Pump Seal Failures

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

As part of resolving Generic Issue 23 entitled, "Reactor Coolant Pump Seal
Failure" the objectives of thi project are to (1) evaluate the adequacy of cur-
rent reactor coolant pump (RCP) seal and seal cooling system instrumentation to
detect RCP seal d* gradation and failures, (2) evaluate the adeq 2acy of current'

automatic actions and operator responses to prevent RCP seal icos of coolant ac-
cidento (LOCAs) or other unacceptable events, and (3) propose possible instru-
mentation, automatic actions or manual operator response changes which could im- i

prove the current RCP seal safety procedures. An additional objective is to (4)
develop technical findings for Generic Issue 23.

In achieving the first enree objectives, namely those associated with the
RCP seal instrumentation and operator response, BNL publiwbed NUREC/CR-4544 in
December 1986. This document is entitled, "Reactor Coolar.t Pump Seal Instrument-
ation and Operator Responses: An Evaluation of Adequacy to Anticipate Seal
Failures."

The fourth objective is being addressed by the ongoing development of a re- ,

port to be entitled "Technical Findings Related to Generic Issue 23: Reactor
'

Coolant Pump Seal Failures." When published, the report is intended to document
,

the findings of the appropriate technical studies developed as part of the effort '

to resolve Generic Issue (GI) i3. The report is structured to address the
findings as they apply to each suhtask of the GI 23 Task Action Plan.

During the third and fourth quarters of FY 1987, a preliminary draf t of the
"Teunnical Findings" report was developed based on the relevant seal failure re-
search documentation available. The draft was forwarded to the NRC and other'

*

appropriate reviewers for comment.

,
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8. Adequacy of Current Valve In-Service Testing Methods

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

The objectiva of this project is 'o perform studies and rotated services to.

systematically evaluate current requirements for in-situ testing in nuclear power
'

plants. The evaluation will be to deterr,ine if the valve testing methods, as
currently invoked, are sufficient to assure valve performance under design basis
accident conditions. Emphasis f or the project is in the area of value-impact
analyses for expanding 1E 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 methodology was
developed for the riview 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 1E Bulletin 85-03 applicabil-
ity to all safety related MOVs.
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9. Regulatory Cuide for Reactor Dosimetry
(J.F. Carew M. Todosov)

; A draft Regulatory Guide for performing pressure vessel damage fluence
i calculations has been wcitten. This guide provides acceptable methods and'

,

assumptions for use in determining pressure vessel damage (>1-MeV) fluence for
input to the RTPTS prescription given in 10 CFR 50.61. Detailed procedures
for determining few group neutrop cross sections, constructing an exposure-

,

averaged core neutron source and carrying out the required neutron transport I
calculations are presented. Acceptable methods for qualifying calculational
techniques and a quantitative acceptance criteria are also presented.4

t

I
'

,

!

!

l

!

4

1 t

4

.

n

,

,

t
i

i

i

l

.

| -e5-

i

.

-

..~> . .. _ . _ _ . - . ..- _ _ . _ _ . _ _ . . _ . .- _ ._ . . /



. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

III. DIVISION OF RT/.CIOR ACCIDENT ANALYSIS

SUMMARY

Thermal-llydraulic Reactor Safety Experiments

Boundary and parametric calculations to evaluate the possible extent of
hydrogen generation in the Zion reactor cavity during a high pressure melt
ejection accident scenario have been performed. The results show that
although significant quantities of hydrogen can be produced in the cavity
region, the melt exiting the cavity is likely to retain a significant fraction
of the stored chemical energy.

Qotective Action Decisionmaking

In this program, BNL staff are developing a technical basis for NRC
guidance on protective action decisionmaking based on an evaluation of the
consequences of nuclear power plant accidents. Potential actions under con-
sideration include sheltering, evacuation, and relocation. In the past
specific recornendations have been proven to be dif ficult to justify because
of uncertainties in potential accident sequences. Consequently, BNL will
establish strategies appropriate to those sequences for which emergency olan- !
ning is necessary, emphasis ing credible failure modes, links to emergency )action levels based on in plant observables and containment status, and other
factors such as weather. ;

1

MELCOR Verification and Benchmarking |

In this project, BNL staff will evaluate the potential for the MELCOR
computer code to be used as a source term code. HELCOR is currently being
developed for NRC by Sandia N1tional Laboratories (SNL) to be used in proba-
bilistic risk assessment (PRA) studies. In addition, the project will also
benchmark MELCOR against more mechanistic codes and the available severe
accident hta.

Uncertainty Analysis of the Source Terms (QUASAR)

The first estimate of the potential release of radioactive fission pro-
ducts from Light Water Reactor (LWR) power plants was made in 1957 (AEC report
WASH-740). Other estimates followed, including TID-14844 which gave source
ters magnitudes to the containment in 1962. The Reactor Safety Study
(RSS/ WASH-1400) published in 1575 provided estimotes of the radiological
source terus that might result f rom hypothetical severe core-damage accidents
using limited phenomenological models and conservative o- r-estimates of the
radionuclide releases. In addition, an updated basis for estimating fission
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product behavior was published in NUREG-0772 in 1981. The latter study did
not actually estimate the cource term, but provided a review of the state of
knowledge at that time. It also led to the current NRC and Industry (IDCOR)
initiatives on re-estimating the source term as embodied in the BMI-2104 docu-
mentation and the final IDCOR document.

Since publication of the RSS, .nd subsequently, 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
1 product release and transport have been made. These developments and advances
'

indicated that the source term estimates conceived previously might be highly
conservative aad often uncertain.,

As part of the continuing source term reassessment, the United States |
Nuclear Regulatory L,amission (USNRC) is sponsoring a demonstration procedure
for mechanistic determination of source terms at Battelle Columbus Laborator-

.

Les (BCL) and Sandia National Laboratories (SNL). The models for the estime.- '

tion of fission product release and behavior are incorporated into computeri

] codes referred to as the Source Term Code Package (STCP), which asthematically
; simulates a severe accident to predict the source terms. In order to better
i establish the estimates of soerce term from these phenomenological models,
l quantification of the uncertainties in the resulting source term is essential.
1

! The objectives of the present program ares (1) to perform an uncertainty
'

i evaluation of the input parameters and phenomenological models used in the

) Source Term Code Package (STCP), (2) to define reasonable, technically defen- |
afble ranges and assumptions for use in the STCP, and (3) to determine the L.

uncertainty in the source term to the environment for selected sequences in
i both Boiling and Pressurized Water Reactors.
i

!

i

| Source Term Code Package Verification and Benchmarking
,

4

During accidents in Light Water Reactors (LWRs) the reactor core could be |
damaged and finsion products may be released to the primary system. If the i
primary system is breached fission products could in turn be released to the,

i containment building. In containment there are a numbor of systems available |

to help prevent the fission products f rom being released to the environment.
!
'

If these systems fall or are compromised, a fraction of the radionuelides may ;

) be released to the atmosphero with corresponding adverse ef fecte on the sur- 5

: rounding enviroeaent. There are potentially a large number of different i

accident sequences that could lead to core damsge and ultimately to core |
| meltdown. Each individual accident sequence could result in several possible i

j paths for fission products to reach the environment. Each path will have a |
unique fission product release characteristic or "source ters". j,

I
In order to define a "source tern", information is needed on the amount |q

i and chemical form of the fission product species released and also on the
'

charactert.stics of the release. The release characteristics are the timing of :

; release, release duration, release height, and release energy. In the Reactor |
i |

| ~1

i
,

1 |

! !

|
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Safety Study (RSS) models of the physical processes associated with particular
accident sequences were developed to assess the magnitudes and timings associ-
ated with the release, transport, 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
source 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) is 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 BRL has received the newest version (STCP/ MOD 1) in
July 1986.

The objectives of this project are (1) to implement, 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 improvements 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 impact of these improvements on cevere accident risk evalua-
tion in Light Water Reactors (LWRs ) , the United States Nuclear Regulatory
Commission (USNRC) is undertaking a complete reassessment of severe accident
risk for five reference plants, to be published in the document NUREG-1150.

,

The identification of important core melt accident sequences for four of
the five reference plants is being undertaken in the Accident Sequence Evalua-
tion Program (ASEP) at Sandia National Laboratories (SNL), Containment event
trees (CETs) for the important accident sequences at the four plants are being
formulated as part of the Severe Accident Risk Reduction ProPram (S ARRP) also
at SNL. New source term calculations using the Source Term Code Package
(STCP) have been performed at Battelle Columbus Division (BCD) for important
failure modes for each of the five plants. Finally, SNL will integrate the
results of the above s tud ie s into a complete risk analysis for four of the
five p1snts as a basto for NUREG-1150. BNL is app 1ving the methods developed
for the above studies to the Zion plant for input to NUREC-1150.

The technical phases of the PNL project include the followings (1) Review
of the Zion accident sequence analysis provided by SNL, and adaptation of its
content to the NUREC-1150 methodological framework, (2) Characterization of
the Zion containment by use of the containmert event tree nethods under devel-
opment at SNL, (3) Incorporation of the BCL Zion source term calculations into ;

the accident progression analysis, (4) Pe rf ormanes of Zion-specific contain-
ment loading calculations, (5) Characterization of systems and phenomenologi-
cal uncertainties through the use of expert opinion etteitation, (a) evalua-
tlan of offsite impacts, conditional upon the radistogical relsases predicted.
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and (7) Integration of the previous phases to provide a characterization of
the severe accident risk posid by operation of Zion Unit 1. In February 1987,
a draft version of the BNL atelysis of Zion was published (NUREG/CR-4551, Vol.
5, Draft). The analysis is currently being revised in the light of public,
utility and peer panel review. BNL is providing on-call assistance to the NRC
on matters relating to this stvdy.

Thermodynamic Core-Concrete Interaction Experiments and Analysis
1

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-
f o rmed . Three sets of experimental data are presented: 10 cs oil / mercury, l

4

100 cs oil / 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 surf aces are described. 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 feca 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 guidance for possible incorporation into the Nuclear Regu-
latory Commission's Safety Coals Policy Statement. This work was completed

during 1986. During the current reporting period the project was redirected
to providing the NRC staf f with technical support to help define what might
constitute "a large release" of radioactive materials during a severe accident

,

iin a LWR.

|

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

This project involves a review of those aspects of the Probabilistic
Safety Assessment (PSA) for the Westinghouse Standard Plant (SP/90) related to ,

the core meltdown evaluation. The SP/90 PS A was performed by the Westinghouse |

Electric Corporation as part of the requirements for applicatica for a prelim-
ina ry design approval (PDA). The BNL effort includes a full review and
requentifica'..on of the risk that could result from accidents involving core
damage.

!
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Review of Centainment Response Analyses in the Shoreham Probabilistic Risk

Assessment

The purpose of this work is to assist the NRC staf f in reviewing the
accuracy and completeness of the Shoreham probabilistic risk assessment (PRA)
with regard tot core melt accident progression including containment loading
and failure modes, radioisotope inventory in containment, possible 'elease
characteristics, and radiological consequences.

Fission Product Releases and Radiological Consequences of Degraded Core
Accidents

To assess the radiological consequences of a degraded core accident at a
nuclear power reactor, an evaluation must be made of the quantities and char-
acteristics of releases of radionuclides (source term) from the fuel to the
envi ronme nt . The NRC staf f has used estimates of fission product releases
that are based upon the WASH-1400 methodology, estimates based upon evolving j

research for one reactor type (CESS AR-II), and source terms based upon TID- |
14844 (1962) methodology. During 7Y 1984, the results of ongoing research for
severe acetdent source term estimations were made available through the Acci-
dent Source Term Program Of fice (ASTPO). The results consist of a number of
computer codes (and guidance in the use thereof) that model the evolution,
t ra ns po r t , and attenuation of radionuclides f rom fuel pins through a reactor
primary system, containment, other buildings, and to the environment.

The application of the maturing Source Term Code Package (STCP) m2thod-
ology will require a review, on a case-by-case basis, of specific regolatory
issues, their technical baste (including relative concervatisms, or non-
conservatisms), the over-all goal of regulatory action, the results of STCP
calculations, and the degree of confidence that can be associated with these
results. This project will provide the NRC staf f with a data base for consid-
ering generic alternative segulatory actions and for considering applicant /
licensee requests for departure from related current staff practice.

The objective of this project is to perform evaluations of degraded core
accident source terms in order to pr' side the NRC staff with the technical
bases necessary for considering changen in technical specifications, Standard
Review Plans and Regulatory Guides, and rulemaking.

Review of the Accident Sequence Evaluation for the Westinghouse Standard Plart

(SP/90)

This project involves a review of those aspects of the Probabilistic
Safety Assessment (PSA) for the Westinghouse Standard Plant (SP/90) related to
the accident sequence evaluation. The SP/90 PSA was performed by the Westing-
house Electric Corporation as ptrt of the requirements for application for a
preliminary design approval (PDA). The BNL effort includes a full review and
requantification of the accident sequences that could lead to core damage.
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10. Thermal-Hydraulic Reactor Safety Experirents

10.1 Direct Heating of Containment Atmosphere by Core Debris (N. K. Tutu and
T. Ginsberg)

This task is concerned with predicting the actual extent of the direct
heating of the containment atmosphere by the molten core debris following a
high-pressure melt ejection accident. The general objective of the experi-

,

mental purt of the program is to underst.*nd the details of the melt-blowdown ;

steam interaction in the reactor keyway and its immediate vicinity, and the j
development of individual phenomenological models to describe this interac- -

tion. This investigation would complement the 1/10-scale surtsey program at
SNL. |

10.1.1 Parametric Calculations of Hyd rogen Generation in the Zion Reactor
Cavity Region

10.1.1.1 Introduction

Since it is the high-speed jet of steau (blowing down from the reactor
pressure vessel) that entratna the melt and transports it out of the cavity,
we have recognized from an early date, the possibility of hydro en generation
lue 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 significant
zirconium-steam reactions to take place within the Zion reactor cavity. More
recently, calculations perf ormed by Williams et al. (1987) using the lumped
parameter CONTAIN code have also demonettated the possibility of signifi.cnnt
hydrogen generation in the reactor cavity during a HPHE accident. This phe-
nomenon is now well recognized by the workers in tnis field. However, it must
be pointed out that so far no realistic calculations to predict the actual
extent of hydrogen generation in the reactor cavity daring a HPME accident
have been pe r f o rmed. 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 site distribution, gas-droplet
interfacial drag, heat transfer, and chemical reaction) and any thermodynamic
limits on the relevant chemical reactions. In the absence of these very com-
plex calculations, hydrogen generation in the cavity region was negleeced 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 improve our understanding of the reactor
cavity phe nome na 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 perf ormad several parametric calcu-
lations to take into ac*.ount the effect of transient melt dispersal rate on
the magnitude of hydrogen generaion in the cavity. The calculation procedure
and the results are described below. ,

,

F

t

-72-

. _ .



-_ _ _ _ _ _ _ - _ - _ _ _ _ _ _ _

q

10.1.1.2 Initial Conditions and Equilibriua Melt-Steen Chemical Reactions

The assumed initial conditions at the instant of vessel failure are based
upon the Zion Standard Problem 1 (Containment Loads Working Croup, 1985) and
are given in Table 10.1. Ist us first find the total amount of hydrogen that

g would be preduced 18 the entire melt inventory were allowed to react with an
infinite supply of steam. The reactions, along with the amount of hydrogen
produced, are given by:

Zr + 2H O + Zr02 + 2H2 (1)2

(482.35 kg of H )2

2Cr + 3H O + Cr2 3 + 3H2 (2)2 0

(126.93 kg of H )2

3Fe + 4H O + Fe 3 g + 4H2 (3)2 0

(892.92 kg of H )2

Ni + H O + NiO + H2 2 (4)
(37.47 kg of H )2

l
'

Therefore, the entire metallic component of the melt inventory is capable of
producing 1540 kg (or 770 kg-moles) of hydrogen due to metal-steam reactions.
I.et us denote this ainount of hydrogen in kg-moles by No. If n is the number of
kg-moles of hydrogen calculated to be produced in the cavity region, then we 1
define the efficiency n, of hydrogen production in the reactor cavity as

y (5) |n =
o

Table 10.1 Assumed Initial Conditions at the
Instant of Vessel Failure

1.1 x 10" kgMass of Zr =

Mass of Zr02= 1.486 x 10" kg
9x10"kgHass of UO =

2
Mass of Fe 1.87 x 10 kg=

0.22 x 10" kgMass of Cr =

0.11 x 10" kgKiss of h =

Teteperature of corium = 2533 K
3Primary system. rolume = 340 m

Containment pressure at vessel failure = 0.4 KPa
Ratio of partial pressure vf steam to partial
pressure of hydrogen in the primary sy6tes = 3.893

(Hydrogen-steam mixture is assu: sed to be stratified)
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since the availability of steam in the reactor cavity is limited, the actual
secam-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 scain- I
'

less steel react with steam as fol.1.ows:

2Cr + Fe + 4H O + Fe0.Cr2 3 + 4H2 (6) )2 0

Considering the mass ratio of chromium to iron in the melt, as given in Table
10.1, this implies that only 6.32% of the iron inventory will be oxidized to
Fe0 during this stage. The remaining iron in the core melt can be oxidized to
Fe0 only if the ratio of partial pressure of steam to partial pressure of
hydrogen is greater than or. equal to 0.5. In other words,

Fe + H O - - Feo + H2 (7)2

Hg0
> 0.5

'Hg
~

is the partial pressure ofis the partial pressure of steam and Pg, l and further oxidation ofwhere Pg20
hydrogen in the gas phase. The oxidation of nicke
Feo to Fe3 g is subject to the following reetrictions:0

0 (0)- Fe3 , + H23Feo + H O2
HO2

> 100p

Ni +HO - N10 + H2 (9)2

'Hgo

P g

-

The partial pressure limitations for the reactions represented by Equations
(7) through (9) are temperature 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.

10.1.1.3 Upper Bound on Hydrogen Produced in the Reactor Cavity

1.et us first find the maximum amount of hydrogen that could be generated
in the reactor cavity as a function of the primary syatem pressure Po, at the
instant of the vessel failure. This upper bound on hydrogen production la the
cavity is given by ass uming complete mixing of all the core melt and the

i

I
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entire steam inventory in the primary system and evaluating the thermodynamic
equilibrium state. This is indeed the procedure that we have followed for
this calculat:lon. The chemical reactions are assumed to follow Equations (1),
and (6) through (9).

The resu.lta are shown ir. Figure 10.1 as the curve ABCDE. Note that in-
stead of plot';ing the amount of hydrogen produced, we have plotted the hydro-
gen production efficiency as defined by Equation (5). The reason being that
the departure of this ef ficiency (n) f rom unity gives us an indication of the
potential chesitcal energy fraction that is still stored in the melt. When Po
is small. the amount of steam available for hydrogen production is small, and
theref ore n is small. As Po is increased, n increases correcpondingly. At
point B, the reactions given by Equations (1) and (6) are complete. In other
words, all the strconium and chromium inventory, and 6.32 percent of the iron
inventory have been oxidised to produce Zr02 end Fe0.Cr 2 3 As Po is further0
increased, there is no change in n (f rom B to C) because the next reaction,
which is the oxidation of iron as given by Equation (7) cannot proceed since
Pg,o/P , < 0.5. At point C the partial presrure ratio of steam to hydrogen isit
0.5 and as Po is increased further, the iron can begin to be oxidized to Fe 0. 1

The conversion of the entire inventory of iron to Fe0 is complete at point D. I
As Po is increased further (D to E) there is no change in n because the

|

partial pressure ratio of steam to hydrogen is lower than that required (as |
indicated by Equations (8) and (9)) for the oxidation of Fe0 to Fe 3 g and Ni i0
to N10. Thus the maximum hydrogen production ef ficiency in the cavity region |
from D to E is 0.83.

10.1.1.4 Parasetric Calculations to Study the Effect of Transient Melt Dis-
persal and Steam Blowdown Rates on the llydrogen Production Efficiency

The equilibrium bounding calculations discussed in the last section as-
sumed complete mixing of the entire steam inventory in the primary system and
the entire nelt inventory within the reactor cavity. Given infinite reaction
rates, this might be a reasonable assumption if the debris dispersal time was
equal to the steam blowdown time and the instantaneous melt entrainment rate
in the reactor cavity was proportional to the instantaneous mass flow rate of
steam flowing through the cavity. Such, however, is not expected to be the
case because of two reasons. First, the melt dispersal rate is expected to be
proportional to the dynamic pressure (and not the mass flow rate of steam),
and seco ndly the equality of the steam blowdown time and the melt dispersal
time can only happen for one particular value of Po. The purpose of this sec-
tion is to study the effect of these transient processes on the hydrogen pro-
duction efficiency parametrically.

In ordar ;o perform these parametric calculations, we assume the follow-
ing hypothetical idealized melt-steam mixing model in the reactor cavity. Let
og be the instantaneous mass flow rate of steam leaving the pressure vessel.
Then, a model for the, melt entrainment rate is used to calculate the instanta-
neous mass flow rate ed of the nelt. This entrained mass of melt is assumed to
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flow with the steam without slip and .tix with the flowing steam completely. In
other c rJs, the instane neous hydrogen flow rate at the exit of the cavity is
calculated to be given if the equilibrium value obtained from the mixing of m
amount of core meet and m' amount of steam. Integrationofthoinstantaneoud
hydrogen flow rate for the entire duration of the steam blowdown process gives
us the total amount cf hydrogen produced in the cavity. It must be ciphastred
here that this highly idealized model is not intended to protide any estimate
of the actual amount of hydrogen produced in the reactor cavity. That, as was
mentioned in the Introduction, can only be provided by a much more sophisti-
cated and detailed model. Our purpose here is only to illustrate the ef fect
of the transient nature of melt dispersal and steam blowdown on the hydrogen
production officiency.

As indicated in Table 10.1, the gas phase in the primary system consists
of a mixture of steam and hydrogen. Since hydrogen is much lighter than l
steam, we assume that the gas phase in the primary system is stratified. Thus
the gas blowdown Irom the pressure vessel is modeled as the blowdown of pure
steam followed by the blowdown of hydrogen. I.et d be the diameter of holo in ;
the lower head of the pressure vessel at the beginning of the st%m blo.down. '

Then, assuming , choked flow at the veoel hole, the insta .Lineous mass flow
rate of ateam, m , leaving the vessol is given by 1g

|
,

_1_1.1o

5 $"{l & ( Y ~ I} ~T
.1,At} (10)=

g g 2

Y+l
2 Pmi

o.5 [y +2 1)2(y-1);o o (gg), y
g 4 g

o

1 - Pf / P (12)A =

.ip o

where t is the time (t=0 corresponds to the beginning of the gas blowdown), y
is the ratto of specific heats for the steam Mo is the mass of steam in the
priusry systes at t=0, R is the nas constant sf steam, To is the t e npe ra t *. . r e<

of steam ir. the pressure vessel at t=0 (assuaed equal to the saturation tem-
pgrature correspond 1na to P,), P is the primary systes pressure at t=0, and
Pg) is the partial pressure of hydrogen in the primary syste:s at t=0.

We assume that the instantaneous cure ruelt dubris flux, $, leaving thed
cavity is given by
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where pg is the steam density, ut is the uteam velocity in the reactor cavity, j
t

E and .K is a parameter which will be varied to study the ef fect of debris dis- j,

persal rate. Assuming choked flow of steam at the vessel hole during the ; ,

.
' blowdown process, it can be shown that i l

Y+1 2 .o 2(y + 1)4

Y[ 2 ,)y - 1 [h)2 ( ) {l + , At} (14)
2 g I~TAu ,

bg
o = o,

4 .!
:

i
'

|2] where A is the cross-coctions.1 ares of the vessel hole (=vd /4), A is thet
'

cross-sectional area of the reactor cavity, T. is the steam temperature in the g

f reactor cavity (assumed to be equal to the melt temperature for the calcula- !
1 tions presented here), and P. is the pressure in the reactor cavity (asstmed |

! to be equal to the containm nt pressure). !

I

i Now we are in a position to calculate the instantaneous mass flow rate of
, leaving the cavity. To do this, we assume the uasi-s6eady mod- [| hy4rogen,(nFigure10.2.

-j el shown i At any instant, a amount of steam given by Equa-
tion (10)) and 5 amount of core molt (give6 by Equation (13) are assumed to

j mix, react, reab equilibrium (according to Equstlous (1), and (6) through
,

(9)) and exit the cavity. The instantaneous mass flow rate of hydrogen is |
,

4
then integrated for the entire blowdown process to yield the total amount of j
hydrogen produced. Equation (5) is then used to calculate the hydrogen pro- ,

; duction etficiency. j
.i

| ' [
: :
; :

i
'
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The results of those calculations for different values of the initial
vessel pressure and the debris dispersal parameter K are shown in Figure 10.1.
Let us first look at the curve corresponding to K = 0.438. When Po is small,
the amount of debris dispersed (and hence the amount of debris mixing and
reacting with the steam), as well as the total amount of available steam, is
small. Therefore, the hydrogen production ef ficiency n is small. As Po is
increased, both of these quantities increase, and hence n increases. However,
the ef ficiency is lower than the upper bound calculation (curve ABCDS) for tw
reasons. First, as is evident f rom Equation (13), the debris flux leaving the
cavity falls off (with time) much more rapidly than the steam flux, and thero-
f ore the exit conditions tend to be siteam starved during the initial period of
blowdown. Secondly, ior cua11 values of Po, the frsetion of debris dispersed,
and hence allowed to react with steam, is less than unity. For example, for
the case K = 0.438, Po = 4 MPa, only 65.26% of the debris is dispersed from

,

the cavity. The hydrogen production ef ficiengy continueu to increase as Po is
Jiperessed until P, reaches a criti*al value P . Beyond this point (i.e., P >

Po) n decreases (or remains constant) with in8 teasing Po. The reason is as I

f olic.rs . Our calculations show that for the case which corresponde to the i

P$),twothingshappen. First, all of the |peak in the efficiency curvo (Po a

melt is dispersed fro:a the cavity and secondly, the supply of steam and melt
i

is exhausted at the same inntart. In other words, the time required to dis- |

perse the seit completely f rons the cavity (and hence react with steam) is |
eqJa1 to the time required to comple:ely discharge the steam from the pres-
oure vessel. Thus, when Po < P$ *the f raction of taelt disper9ed from the cavity
is less than unity., Fo r Po >_ Po , the fraction of melt dispersed is unity. |

However, for P3> Po. the debris dispersal timo is smaller than the steam
blowdown tir.e. Therefore, the rnelt does not get a chance to mix with all the

staan in the cavity; as a result the hydro;pn production efficiency goes
d o .m . In fact, the discrepancy bet. ween the steam blowdown tima and the debris
dispersal tirse increases rather rapidly as Po is increar,ed beyond P$. Vor ex-
ample, for the esse corresponding to K = 0.210, we haves

Po (MPai Steam !!1owdown Time Debris Dispersal Tine
(s) (s)

_ . - . . -._

7.17(uP$) 17.84 17.8%

8 17.98 7.04

11 18.59 2.46

To put the valuem of the debris dispersal paraneter K into a physical perspec-
tive. Tabin 10.2 giv e the values of P$ ard the correspor. ding debris dispersal
tises for the three values of K thet wu have used for these calculntions.
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e
Table 10.2 Dependence of Po and Debris Dispersal Timesi

on the Parameter K

IK Values of Po and debris dispersal times
at which n has a peak

(s.m) P* (MPa) r (seconds) r .9 (*** "d')0

I
0.109 10.2 18.41 10.19 l

0.219 7.17 17.84 9.65

|0.438 5.0 17.57 9.50

I t corresponds to the time at which all of the melt has been
ejected from the cavity. This is also the steam discharge
time from the primary system. 79,9 is the time by which 90%
of the melt is out of the cavity.

10.1.1.5 Concluding Remarks

We have pe rio rmed two sets of calculations to evaluate the possible
extent of hydrogen generation in the Zion reactor cavity during a high-
pressure melt ej ection accident scenario. The first set gives us an upper'

bound on the hydrogen production ef ficiency, and the second set of calcula-
tions shows the effect of the transient nature of uait dispersal and steam
blowdown on the hydroger, generation in the reactor cavity.

The results show that although significant quantities r.f 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 systen pressure at vessel f ailure equals 7 MPa, the bounding cal-

' culation showw t. hat the hydrogen production ef ficiency 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 i

dispersal rate is only to lower the hydrogen production ef ficiency. Thus it
appears that both the cavity and the ek cavity (intermid; ate subcompartments
and upper done) phenomena need to be studied in detail to evaluate the extent
of direct cor.tainment heating. It is emphasized here, once again, that these
bounding and parametrie calculations have as*umed that the melt-steam tcaction
times are amaller than the transit time through the cavity.'

i

|

|

I,

i
!

|

|

|
c ,
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,

11. Protective Action Decisionmaking'

(W. T. Pratt and A. G. Tingle)

11.1 Background

NRC regulations require that, in the case of a major nuclear power plant
accident, licensees recommend protective actions to reduce radiation dose to
the public. When certain emergency setton Icvels are exceeded, the licensee
recommends protective actions to State an3 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 have
proven to be difficult. NUREG-0654 states that if containment failure is
imminent, sheltering is recommended for areas that cannot be evacuated befote
the plume arrives, but evacuation is recommended for other areas. The assump- |
tion in NUREC-0654 is that there would be a greater dose sayings if the popu- >

1ation were sheltered during plume paJeage rather than evacuated, but this
assumption has not been proven. Furthermore, the recommended protective
actions must be based on estimated containment failure times, which are diffi-
cult to determine.

''
Alternatively, other NRC publications suggest that the appropriate

response would be early evacuation of everyone within a distance of about 2 or
3 miles for all events that could lead to a major release even if containment

; failure is imminent or a release is underway. Those at greater distances

should take sheltar. Further, if a release occurs, the appropriate action
would be f or monitoring teams to find "hot spots" (radiation done rate exceed-
ing about 1 R/hr) and for people to evacuate these "hot spots." ,

!

11.2 Project Objee,tives !
)

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

| (1) characteriza the family of potential accident sequence for which
; emergency planning is necessary, i

! (2) establish strategies appropriate to t.hese sequences, emphasizing i

credible failure modes. |
r

(3) identify those f actors which would influence the implementation of |4

tthese strategies,
{)

I (4) determine how these f actors should be incorporated into the deci-
sionmaking process, and

(5) develop a guidance report on the protective actions to be ;

reconnended for combinations of these factors. r

t

i

1

1 .gg.
; i

t
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11.3 _echnteal ApproachT

The technical approach is based on an evaluation of the consequences of
nuclear power plant accidents as they relate 'to protective action decision-
cuking. 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 staf f) and its appitcability to protective action decision-
raaki ag . The approach is also based on a consideration of a wide range of t

potential accident sequences and on up-to-date assess e nts of containment per-
formance. Thus the technical basis reflects the new . fission product source
term information that was developed (BMI-2104) by the NMC/RES Accident Source
Term Progran office (ASTPO). In addition, BNL staf11 participated in the I

cetivitias of the SARP Containment Loads Working Group (ITREG-1079) and in the '

Cont ainment Performance Working Group (NUREG-1037). Tua results of these i
various activities were described in NUREG-0956, which was published in draf t
form (for comment) during July 1985. This information la being integrated

c

into our development of protective action strategies. In addition, the Ameri-
can Physical Society 's review of the new source term methodology and the
results of the review are being factored into our evaluation. Finally, the ,

Inew source term nethodology is being applied to five representative reactor<

'
designs, as part of an updating of nuclear accident risk and risk-reduction
perspective by RES/DRAO. This ef f ort will be repored in NUREG-1159 and it is
being; closely followed by BNL staf f and the results are being integrated into ,

our develupment of protective action strstegies.

'

The evaluation will also be based in large part on results obtained f rom
| the MACCS (MElr0R Accident Consequence Code System) and CRAC2 (Consequence of

,

Reactor Accident Code, version 2) computer codes. The output fryn these codes"
,

is being analyzed for a variety of release characterizations, weather,

sequences, and protective action strategies.'

In accordance with the above, the following five f acilities ne re selectede

tn represent a range of reactot and containment designs: j
!

Ziont IVR with a large dry containment
, Sorry: PWR with a subateospheric containment
"

Sequoyah PWR with an ice condenser containrent
Peach Bottom: BWR with a Hark I containrtent ,

Grand Gulf BWR with a Mark III containment '

11.4 Project Status

Following review of the draf t BNL report by the NRC, it was agreed that
the effectiveness of protective actions would be presented as bar charts
instead of numerical tabulations. It was also agreed that the evacuations he

; shown only for a 10 mph evseuation speed and for starting timos at release and
one hour after release. In addition, all calculations were rerun with version ;

1.3 of the MACCS code using new penetration (shielding) factors, a relocation ;

time of four haars and an evacuation distance of ten miles. [

{ t
.

.

,

i
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i

Af ter completion of the calculations. BNL was intorsed 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 terms used in the calculations were reviewed and in some cases
improved by NRC and BNL staf f. New consequence calculations were performed
for the new source terms and appropriate revisions were, ude to the text of
the BNL report.

'

j BNL staf f codified a constant weather atmospheric transport and acute
health effects model to assess the accuracy of the MACCS code predictions.

4
'

The model contains decay. wet and dry deposition, and multipuf f capability. .

The solution procedure involves direct analytic integration of air concentra- .

tion equations over tirie and position as opposed to the dif ferential approach
used in CRAC2 and MACCS. The code will also be used to rapidly carry out
sensitivity and uncertainty analyses. A tentative outline for a report on ,

this model was prepared. '
e

Since the CDC 7600 mchine was decommissioned at BNL, the CRAC2 code was
made operational on the new IBM computer.

'
;
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12. ELCOR Verification and Benchmarking
a

(M. Khatib-Rahbar and 1.K. Madnt)

12.1 Packground (1.K. Madni)

The ELCOR code is being developed for the NRC by Sandia National
Laboratories (SNL) to be used in probabilistic risk assessac.nt (FRA) studies.
It is intended to be f ast running, user f riendly and portable. In adfition. |
the code models the entire plant thermal / hydraulic behavior and fission
product release and transport. Therefore, MELCOR has the potential to be a
unified source term /PRA code if its development incorporates up-to-date
inf ormation f rom both technical areas. The objective of this project is to
evaluate MELCOR's potential as a source term code and provide independent
ca ses s ment of its modeling capabilities and limitations. In addition, the
proj ect will also benchaeark ELCOR against more macht istic codes and the
Source Term Code Package.

,

|
12.2 MELCOR PWR Application (1.X. Madni, J. Maly)

|An input deck was prepared f or a MELCOR version 16 simulation of a
covere accident in the Zion plant (a PWR with large dry containment). The I

plant model allows two-loop simulation of a multi-loop plant, with one of the |
loops containing the pressurizer. Each simulated loop includes both primary
and secondary (steam) circuits, with common volumes at the reactor vessel and
turbine-condenser. The plant is nodalized into twenty-six control volumes,
with thirty-four ficw paths and fifty-four heat structures. The reactor
vessel has five control volumes (core, bypass, lower and upper plena, and
annulus), five flow paths, and t ourt een heat structures. The core :ts
nodalized into thirty cslie (five radis t rings including bypass and six axial
levels includha lower core plate). The core barrel surrounding the core is
partitioned axiaMy into several hear structures with elevations to match
those of the core cells.

Geometrie, thermal-hydraulic, structural, and neutronic data were
ottained from an ettensive search of the FSAR and other sources, and
cupplemented by extensive hand calcule. ions to achiave the desired input
specifications for the various code packages. The initial Zion input deck,
consisting of a few thousand executable lines of data, was completed and sent
to SNI, and SCL for reviuw in July 1987.

Following completion, the input model went through a debugging phase.
The intent was to test and debug the code with a steady (null) transient
simulation at full power, before initiating accident calculations.

The first attempt at a null-tranatent run was, af ter a f ew corrections,
successful through both passes of M'.LCEN, but aborted in WLCOR due to errors
in COT and RN! packages. The SNL staf f were very helpful in resolving the
appacent errors which existed in version 1.6. The run was initiated again,
and was allowed to proceed thrmgh 65 timenteps. Rapid f lu c t ua t t or.s were
observed in pressuto and velocity in the prima ry system that restricted the,

t imes t ep size to its user-spe ci fied .al nieu s value of onn millisecond.
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Following a caref ul analysis of the results, control volume pressures, flow
areas and velocities were recalculated and form loss coef ficients were also
recalculated to give the desired prest're drop distribution. With these
changes, oscillations were reduced to a care minimum, and timestep sizes
stayed at about 0.1 second. but, fuel was predicted to start melting in the

j hottest cell. In order to properly refina the primary system input data, an
interim deck was created, where the secondary system was replaced by a ,

constant heat loss in the steam generators equal to the energy generated in j
the core. The very high fuel temperatcres in t.se hottest cell were traced to |

incorrect specification of radial power fractions in the core. Power
fractions were recalculated, and transient results were dramatically

2

improved. At thirty seconds into the null-transient, all primary system
parameters were approaching a steady state. Pressures and flows were less
than 3 percent off from input n lues and oscillations were minimal. Fuel

-,

temperature in the hottest cell was 1686K and rising very slowly. Timestep ,

was, on average. 0.1 second. |
,

Following installation of MELCOR version 1.7.0 on the VAX cluster, BNL
4

staf f tegan to convert the ZION input deck to the version 1.7.0 format.
]
" 12.3 E LCOR Verification (I.K. Madni, W. Bornstein) ',

)
, '

In April 1987, the installation of ELCOR Version 1.6.0 on the BNL
IBM-3090 was completed. In May the sample problem was successfully executed.
S ome discrepancies were noticed when the IBM results were compared to the,

results obtained from the SNL VAX-8650 and CRAY calculations obtained with'

version 1.6.0.;
,

1
,.

'
Version 1.7.0 of E LCOR was received from SNL in July. By August, f.t was [

installed on the RNL VAX cluster, and the sample problem was successfully run
j and the SNL VAX results were r1 produced. Some additional updates to ELCOR
: 1.7 ,0 , which increased th9 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 Augat. These updates were needed to enable
the code to handae the P.!R input model.

j

;
*

i

!4

-

:

!
!

,

!

L

h

-86-

_ _ .



1

1

!

13. Uncertrainty Analysis of_ thi Sourcs Terms (QUAS AR)
(M. Khatib-Rahbar)

13.1 Probability Distributions of Input Parameters (E. Cazzoli)

Through an extended Latin Hypercube Sampling (LHS) sensitivity study of
each code component of the Source Term Code Package (STCP) 43 input para-
meters were identified as important to the prediction of source terms. In
the extended sensitivity study the code components of the STCP were grouped
as: 1) KARCH (In-vessel)/CORSOR/TRAPHELT, 2) CORCON/VANESA, 3) SPARC, and
4) NAUA. The uncertainties associated with these 43 input variables were
characterized using the guidance provided by expert reviewers together with

Imethods based on inf ormation theory . The proposed probability distribution
functions (PDFs) were documented and sent back to the expert reviewers for |
further comments. Few comments were received. Table 13.1 presents a list
of these 43 input variables together with then associated PDFs.

13.2 LHS STCP Calculations f or a Peach Bottom TB Sequence (M. Lee,
E. Schmidt, Y. Liu E. Cazzoli) |

The Source Term Code Package (STCP/MODL.1) LHS calculations for I
'

a Peach Bottom TB sequence have been started. In alg43 variables are
included and 100 E1CP calculations will be made. To make the final data
analyses easier, each individual code component of STCP has been modified to
write data files containing the information needed for detailed analyses.
The STCP has been fully automated externally by incorporating several inter-
face programs. A job deck was set up on the IBM to execute STCP f rom MARCH
to NAUA and save the data files for final analyses and now there is no
manual intervention necessary. Since the NAUA code is a single compartment
code and can only handle one compartment at a time multiple NAUA calcula-j
tions and iterations are necessary when modeling a BWR Mark I containment.
In order to guarantee that the multiple NAUA calculations have reached a
converged result, the job deck has the capability to check for convergence.
The multiple NAUA calculations stop as the convergence criterion is satis-
fled. A processor was written to suciarize the NAUA results f rom drywell,
wetwell, and reactor building calculattuns onto a single data file for
further analyses. The processor can also correct, based on mass conserva-
tion. the NAUA results to achieve a better overall mass balans for each
fission product group.

In order to debug the job dock, besides the base case (case B), 3 test
runs of the STCP were esde. The input values of the 43 variables for the 3s

test runs correspond to the 5th percentile (case L), 95th percentile (case
U), and median (case M) levels associated with the PDF's specified for the
QUAS AR calculations.

13.3 Modification to the Codes (M. Lee, Y. Liu)

The final 43 variables included in the LHs calculations consist of
several embedded constants which have fixed values in the original version
of STCP and cannot be changed through user input. In order to vary these
constants in the LHS calculations, the corresponding codes were modified to
incorporate these constants as new input variables. The modifications made
for this purpose are not discussed here.
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A. MARCH 3

The MARCH 3 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. TRAPHELT3

Unusually large aerosol inj ection rates f or some of the QUAS AR cases ;

combined with the new nucleation model have resulted in initial conditions j
for the aerosol agglomeration equations that are significantly differene
from the equilibrium solution. The equations have become very stif f under
these conditions. 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 computativn times by an order of |

magnitude demonstrating that the stiffness was mostly due to e xt rane ou s
transients. TRAPMELT has been modified to use the GEAR integrator for the
core volume. The GEAR integrator is also an ISML program.

C. VANES A

In the STCP/ MODI version of the VANESA code, the naass generation rate
of gas calculated by CORCON is converted to a volumetric gas flow rate using
the ideal gas law. In the calculations, VANESA assumes that the ambient

. pressure is always at I atmosphere. This assumption is only valid for cases
f 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 calculations / iterations are required f or 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
i criterion is satisfied. The NAUA code has been modified to accept a file

containing decontamination factors associated with each of the two leak 1

i tapes into the compartment. To adopt the calculational scheme shown in |
j Table 13.2, this modification is necersary. 1

!
t

i

1

|
i
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13.4 Interfacs Progrenn (M. Los, 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 3 to
generate input data f or THCCA, the interf ace program between MARCH 3, NAUA,
and SPARC. Three files are generated by PRETHC for dif ferent THCCA runs,
one for SPARC in-vessel, one for SPARC ex-vessel, and one for NAUA. Tape 60
of the MARCH 3 code contains the time step number and time for major events,
e.g., 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 is achieved. The program 00Ns' checks the convergence of the
multiple NAUA calculations. The converge criterion is satisfied when the
difference be tween the transport fraction for each compartment between two
successive iteration cycles is less than 1%. The transport fraction from
drywell to reactor building TDR(t)i is defined ast

M
DR i

DR(t)i "MWD ( )1 * "RD(t)1 + S (t)g
T (13.1)

2

where:

tbR(t)1 is the accumulated mass leaked f rom drywell to reactor building
for species i

Mgp(t)i is the accumulated mass leaked f rom wetwell to drywell for
species i

MRD(t)1 is the accumulated mass leaked f rom reactor building to drywell
for species 1, and

S (t)1 is the accumulated ex-vessel release from MCCI for species 1.2

The transport f raction of other containment flow paths can be defined in a
similar ma nne r . 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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j

Tha data nsedsd to calculate transport fractions are saved on tcpo 8 of
j NAUA.

i

D. NAUTRAS'

i
The program NAtTIRAS summarizes the data on NAUA tape 8 f rom 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 interf aces the NAUA l

,

calculations based on the following mass conservation equation for each
containment flow path:

| Sg(t)3 Mpy (t)g
WD(*}i (DFg(t) + DF (t) (k(t)1 =T 2

' Mgg(t)g = Tgg(t),(S (t)g + Myg(t)1 + Mgg(t)i) (13.3)
T

DR i 2Ng + kWi + kod) W 'N I

HDR(t)1 =T i,

1 e

1

RE(t)g = Tg(t)g MM *
| DR 1

*

:

j MRD(t)i =TRD * i DR i
*

i4

where: !

i

1

j Sg(t)g is the accumulative in-vessel release up to time t for species 1,

S (t)1 is the accumulative ex-vessel up to time t for species 1,
2

I
'

DFg(t)g is the accumulative decontamination f actor during in-vessel phase'
,

j up to time t for species i, i

Li

! DF (t)1 is the accumulative decontamination f actor during ex-vessel phase j
2

) up to time t for species i, ;

!
j Txy(t)t is the transport fraction from compartment X to compartment Y ;

for species i t

,

MXY(t)1 is the accumulative mass leaked f rom compartment X to compart-,

|
ment Y up to time t for species i

I |

! and Dt dryweli f

|'
W: wetwell !

R reactor building |

!
Et environment.

i

i

f
1

i

i

i
1
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S (t)i ces datornin2d by TRAPMELT3In th3 ebovo cqu:tions, Sg(t)g cnd 2
DF (t)g, DF (t)gand VANESA code, respectively. are calculated by SPARCt 2

and Txy(t)t) are determined by !!AUA calculations. Therefore, the above
five equations can be solved for the five unknowns, MXY(t)t. 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 f or
the test runs are given in Table 3. In the test runs, the containment
failure threshold pressures were not varied. It is assumed that the con-
tatument fails at 132 psia with an opening of 7 ft2,

Table 4 summarizes the accumulated environmental release predicted in
the test runs. In the test runs, the fission products retains in the
drywell, wetwell, suppression pool, rc ctor auilding is also 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. It seees 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 Modeling of Fission Product Revaporization
Following RPV Failure (J.W. Yang)

The revaporization of the volatile fission products in the reactor
coolant system af ter reactor vessel failure is not modeled in the current
version of STCP. In order to estimate the effects of revaporization on
source term to the containment, a computer subroutine REVAP is being
developed. The subroutine uses the basic models of TRAPMELT, namely, the
ADHOC subroutine to compute the vaporization and condensation of volatile
fission products (CsI, Cs0H and Te), and the FISPQ bubroutine to compute the i

Beta and Gamma heating of structures and gases. Using the TRAPMELT computed
results prior to vessel f ailure as the initial conditions, REVAP determines
the revaporization of the volatile fission products and the density 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 occ7r 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. '

References

1. S.D. Unwin et al., "The Formulation of Probability Distributions for
the QUAS AR Program", BNL Technical rteport A-3286 September 1987.

-91-

. - - _



_ -___ __-___ ____

Publicationst

1) R.E. Davis, et al. , "QUAS AR Screening Sensivity Analysis t Application
to the CORCON and VANES A Codes", BNL Technical Report, A-3286 June,
1987.

2) H.P. Nourbakhsh, "QUASAR Screening Sensitivity Analysist Application
to the Suppression Pool Aerosol Removal Code (SPARC)", BNL Tehehnical

! Report, A-3286, July, 1987.

3) S.D. Unwin, "The formulation of Probability Distributions for the
QUASAR Program", BNL Technical Report. A-3286, September, 1987.

4) H.P. Nourbakhsh, et al., "In-Vessel Flow Characterization Under Severe |
Accident Condition", Trans. Am. Nucl. Soc. , H,1987.

5) M. Lee, et al., "Impact of Coking Reactions on the Ex-vessel Source l
'Term Predictions of CORCON/VANESA, "National Heat Transfer Conference,

Pittsburgh, PA., August 1987.

6) M. Lee, et al., "Sensitivity of In-vessel Hydrogen Generation and
Fission Product Release to Parameter Variation in a Melt Progression

Model" Trans. Am. Nucl. Soc. , 54,, 1987.

i
,

B

I

i '

1 |
;

|
|

|

-92-

;



Table 13.1 Most Seasttive input Parame*ers for 5YC# Tog *ber With Their Respective
Rac3es a-d Probability Dc9sity Fu,:ticss (brcertatsty Distributtons)

Range (Percentile) I
Code Parameter Definitten Ccordteate

Min. 5th 95th Mas. 2:585

MARCH IVAdi (m) Debris particle stre (in-wessel) 10-8 10-8 0,2 0.2 tog-Uniform
f itt A3 Fraciton of bottom head CCI O O.01 1.0 1.0 uneform
10aDP Core slurp critecton 0 0.01 0.75 0.15 . uniform

(1)(MJ/m ) VolumetrtC latent heat of fuel 410 410 2423 2420 Uniform
IAN

9
8etOCU (MJ/m *t) volumetric heat capacity cf fuel 2.96 2.96 4.44 4.44 Uniform

T!Tti (*K) Fuel melting temperature 2120 2203 2983 3110 uniform
utRID (kg) "ass of grid pis*e 3.4=10* 3.4 10' 4.8 10' 3.4s10' Uniform
Pg(Pa) Contatament leanage pressure threshold 1.0 105 4.latoS 1.4sIO 1.5:10' Oniform
P (Pa) Conta'nment rupture pressure threshold 4.9 105 9.9:105 1.6z10 2.5e10' Jn t f ormg

Proportionality constant between 4.Fs10-2 4.Fa10 2 6.1 10-2 6.la10-8 Un. form
C(21(wn /Pa) Drywell leakage area and drywell pressure2

COR504-M Cs, I Tel3) Multipiter for the pre-esponential factor 10-8 10 2 2 13 tog-Uniform
Ba, sri 3) 10-8 IC-2 10 IG2

* * * * .og-Untforn
av. Rh, PdI3) 10 8 1 102 icd tog. Uniform

* * * *

"n. CrI3) 10-8 10 2 10 102
* * * * t ,9.gnygo,,

d
w TRAPMILI GAft44 Colliston shape factor 1.0 1.2 10 15 Gotform*

flC (se/sec) le deposition velocity 0 0.1 90 100 Uniform
IPO[N (6g/m ) Aerosol Density 1000 1000 8000 8000 Unifore

'PARC h!An (mm) Mean bubble diameter 3 4 12 20 Uniform,

81.710 Bubhte asp--t ratio I 1.25 1.5 4 Uniform
v5waaM (m/sec) Butete s.,rm -ise velocity 0.2 0.25 3.0 1.2 uniform

COFCOM sw (m) Corium spread (radius of ccelum pool) 3 3 6.5 6.5 uniform
TDC (*k) Concrete decomposition temperature 1200 1690 1815 1950 Untform
[VAP WeigSt 1 of coecrete evaporable uater 2.3 3.9 T.8 8.0 Uni f or:n
iM ".etal phase emttsieity C.2 0.5 1.0 1.0 Uni f ora
ES (cumissivity of Surr Nadings 0.1 0.1 3.0 1.0 Uniform

rant $A SIGMA terosol stie distributton parameter 1.5 1.5 3.2 3.2 Untform
*4C inumber concentration of condensed aerosol 10' 10' 10' 10' Log-Unitarm
"o, Te, Csl Activity coef f tctent 10- * 10-8 1 10 tog-Uniform
BaO,Sr0(2) 10-* 10-8 1 10 tog-Unitt,rm* *

ta,0,,Cc0,I2) 10-* 10-8 1 to tog. Uniform |
* *

'*.AUA GA*M4 Col 1is1on shape factor 1.0 1.0 10 10 unifore i
CHI DynastC shape factor 1.0 1.0 5.0 20 Uniform )

1

(1) With a correlation coeff tetent of 0.9 with IMElf -

(2) A C(P-F )I
(3) Weth a correlation coef ficient of 0.9



Tcbis 13.2 Cciculation21 Sch:ce of NAUA cnd SPARC

Aerosol D.F. of
Information Suppression Pool

SPARC (In-vessel) TRAPMELT3 --

Step 1 NAUA, wetwell (in-vessel release) TRAPMELT3 In-vessel
Step 2 NAUA, drywell NAUA (step 1) None-

i VANESA None
Step 3 NAUA, reactor building NAUA (step 2) None

Step 4 NAUA, drywell NAUA (step 1) None
NAUA (step 3) None I

SPARC (Ex-vessel) NAUA (step 4) --

Step 5 NAUA, wetwell TRAPMELT 3 In-vessel
NAUA (step 4) Ex-vessel

|

|

r

I

i

,

! '

! .

'
t

I

! !
:

|
'

|

i
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Tcblo 13.3 Input of Test Runs

Variables Case B Case L Case M Case U

DPART (ft) 1.042x10- 2 3.3x10-3 4.7x10-2 0.66
FREAD 0.0 0.1 0.55 1.0
FDROP 0.02 0.01 0.39 0.75

3 6.08x10" 1.1x104 3.8x10" 6.5x10"
dig (BTU /f t ) 3,'F) 60.81RHOCU (BYU/f t 44.12 55.15 66.18
THELT ('F) 4130.0 3500.0 4204.4 4900.0

5WGRIDX (1b) .J.06x10 7.5x10" 9.05x10" 1.06x105
Cs 1.0 1.0x10-2 0.139 2.0
1 1.0 1. 0x10- 2 0.139 2.0
Te 1.0 1.0x10- 2 0.139 2.0
Ba 1.0 1.0x10- 2 0.316 10.0 ,

Sr 1.0 1.0x10-2 0.316 10.0 *

Ru 1.0 1.0 10.0 100.0
Rh 1.0 1.0 10.0 100.0
Pd 1.0 1.0 10.0 100.0
Mn 1.0 1.0x 10- 2 0.316 10.0
Cr 1.0 1.0x10- 2 0.316 10.0 ,

CAMMA 1.0 1.2 5.72 10.0
Vte 1.0 0.01 4.53 9.0
RHO 3.0 1.0 4.5 8.0
DIAM 0.75 4.0 8.18 12.0 t

RATIO 3.0 1.25 1.43 1.5
VSWARM (cm/sec) 116.0 25.0 62.9 100.0
RAD (m) 5.0 5.0 5.7 6.5
TDC ('k) 1751.7 1690.0 1772.0 1875.0
EVAP 1.0 1.0 1.5 2.0
EMM 0.5 0.5 0.743 1.0
ESUR 0.9 0.1 0.55 1.0 i

FRAC 1.0 0. 0.5 1.0
AMD 1.0 10~3 0.0316 1.0
ABa0 1.0 10-3 0.0316 1.0
AS r0 1.0 10-3 0.0316 1.0
Ata20 1.0 10~3 0.0316 1.03

2 a.0 10'3 0.0316 1.0ace 0
ACs1 1.0 10~3 0.0316 1.0
ate 1.0 10-3 0.0316 1.0
NC los 710 los go9
o 2 .0 1.5 2.35 3.2
y 1.0 1.0 5.5 10.0 ,

x 1.0 1.0 3.13 5.0
TUNTL -- -- -- --

TUNTB (psi) 131.7 131.7 131.7 131.7
AUBRK -- -- -- --

I

,

i
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Table 13.4 Environmental Release

Releace (kg) ;

Species Case B Case L Case M Case U l

|

Cs1 0.23 0.38 4.23 1.97x10-2 j
Cs0H 1.42 129.6 42.9 0.14 i

T1 6.85 1 29x10-2 0.30 0.93
Sr 15.0 1.57x10-2 0.72 17.0
Ru 5.17x10-4 1.38x10-5 1 87x10-5 8.95x10-4
Ce 8.16 1.14 x19- 2 2.88 7.32
Ba 17.9 1.74x10-2 0.82 5.08
NG 388.5 391.1 399.6 386.7

--

1

!

4

I
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14. Source Term Code Package Verification & Benchmarking
| (M. Khatib-Rahbar)

14.1 STCP Simulation of PBF Severe Fuel Damage Scoping and 1-1 Tests
(J.W. Yang)

The STCP simulation of PBF SFD scoping and 1-1 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 is the only test to simulate rapid steam / water cooling of degraded
core materials. The 1-1 test was designed to simulate the heating and
resulting fuel damage in the upper half of a 3000-HW(t) PWR core approxi-
mately 2 to 3 hours after initiat.on of a small break accident.

!

The STCP simulation involved detailed studies oft (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 coolsbility of the
damaged fuel under reflood. S ome boundary and initial conditions, such as,

the inlet f1ms rate, fuel axial p ower distribution and shroud heat loss.' caused uncertainties in the MARCH 3 simulation. However, the overall predic-
tions of the STCP code are considered satisf actory. The following conclu-
sions were made based on this study::

1

1) The local fuel temperature distribution exhibits some discre-
pancy with the test data, but the overall core average tempera-
tu re response is comparable to the test results as shown in

i 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.

i
j 3) The MARCH code cannot predict the complexity of fuel liquefac-
I tion, Z r0 dissolution, material relocation and formation of2
i local blockage. The rapid occurrence of these processes

observed in the tests introduced a large uncertainty related to
hydrogen gener ation and fission product release during the final
stage of transient. The MARCH core meltdown and slumping i

) models, which for the most part are non-mechanistic, cannot be
tested using the SFD ST and 1-1 experiments.

;

! 4) The tests indicated no reduction or termination of hydrogen gen-
j eration upon material relocation. Hence the model assumption of i

j a Zr/ steam cut-of f temperature in the HARCH code cannot be jus-
i tified based on these test results.
I

5) The lack of corrections on fuel axial power distribution during,
,the transient caused a large uncertainty in the MARCH result.
t

The effect could be important f or the analysis of ATWS events. !.

t

i !

|

| I

'

l
t
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Ii

l A
y

6) The fraction of gap release built into the CORSOR model and the [
release rate coef ficient of the empirical correlations are not i

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. -

)

;

a

l

!
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15. Risk and Risk Reduction for Zion

j (W. T. Pratt)

15.1 Int rod uct ion (W. 7. Pratt, S. D. Unwin)

A draft report of the BNL Zion risk rebaselining analysis was published4

in February 1987 (hTREG/CR-4551, Vol. 5). As part of the htREG-1150 effort,
this analysis comprised input to the draft USNRC Reactor Risk Reference Docu-
ment.

The preliminary Zion analysis differed in various respects from the
i

i remaining NUREG-ll50 reference plant studies. In particular, the systems
a analysis was confined to consideration of the f reqe nney-domi nant sequences
J identified in the Sandia review (NOREC/CR-3300, Vol.1) of the Zion Probabil- !

istic Saf ety Study. Further, the containment and source tern analyses were
based upon adaptation of the hTREG-1150 analysis of Surry, performed at ShL 1

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 retinement of the models |

]
utilized and through the generation of Zion-related phenomenelogical data. |
The result of this effort will be greater parity between the BNL Zion study,

j and the remaining hTREG-il50 reference plant analyses.
'.

3
,

15.2 Information Dissemination (S. D. Unwin)
:

$ A primary objective of the draft Zion analysis publi lon is that of ;

eliciting comments from industry, the public, and the nuclest safety community ;

i regarding the methodology, the models, and the results of the preliminary )

analysis. Such comments will provide a basis for mod' ication of the study. (
! Publication of the document has been complemented by a wrias of BNL presenta- t

tions intended to clarify the content of the report with respect to various'

. methodological and technical areas. Aiongst such presentations were those to ;

I the Kouts' Review Com:sittee, the Kastenberg Review Committee, and to the Com- '

monwealth Edison Company of Chicago. Additionally, BNL participated in a ,

j
briefing of the Tennessee Valley Authority regarding htREG-1150 methodology. [

i

! 15.3 Vork Performed During Period (S. D. Unwin)
{

I

| BNL has participated in a series of hTREG-1150 technical meetings !
addressing possible improvements in analysis methodology. The hTREG-1150 |i

j project manag-ment meetings were also attended by BNL representatives.
1

j Modification of the Zion analysis has been ongoing throughout the current
j period, The following tasks have received particular priority

Reclassification of the Zion accident sequences into modified dasage a.

state categories. (

! Restructuring and requantification of the Zion containment event tree..

I j

!

1

l
, !
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1

Preparation for Zion-specific containment loading calculations with*

use of the CONTAIN code. L

Preparation of Zion uncertainty issue papers for presentation to the i
e

NURIG-1150 expert review groups.
|
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16. Thermodynamic Core-Concrete Interactions Experiments and Analysia

i 16 1 Interf acial Heat and Mass Transfer Processes (C. A. Creene and T. F.
Irvine , 'J r. )

I The purpose of this task is to study the mechanisms of bubble, induced
heat and mais transfer at a liquid-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.

1
16.1 1 Heat Transf er Between Stratified Izmiscible Liquid 1,ayers Driven by

- Cas Bubbling Across the Interface >

The analysis of fission product release and the quantification of public !+

i risk due to severe core damage accidents in lignt water reactors require i

'

detailed analyses of the thermal interactions of rolten core debris with i

structural concrete, as well as analyses of mechanical and vaporisation i

1 sources of aerosols. These interactions comprise what is referred to as the

j ex-vessel source term. An integrated computer code package has been developed *

with which to make these calculations: this is called the Source Term Code (
I Package (Cieseke 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 4.4 the VANESA code (Powers et al., 1986)* .

| for the analysis of mechanical and vaporisation aerosol formation and !

a decontamination.
,

I Thw CORCON code treats the core debris as molten and segregated into !

j overlying immiscible layers of core oxides, core metals, and melted concrete
slag in a vertical, cylindrical geometry. When the core oxide layer becomes ,7

'

| diluted by concrete decomposition products to the extent that it becomes less
; dense than the metallic layer, these two layers physically invert and the two
! oxide layers combine into one layer. These layers are continuously sparged by
1 concrete decomposition gases f ems below whith keep the individual layers well
1 mixed and isothermal. It is this gas fluu which drives the heat and mass

"

i transfer processes between the overlying layors. Separate analyses and exper-
; imental evidence have revealed that under a vide range of conditions, bubble- |
! induced entrainment may dominate the interlayer transport processes (Greene et |

al., 1982a, Greene et al., 1988). However, uader conditions in which the ris- |,

{ ing bubbles are unable to support e nt rainse nt , transport processes between |
J 1ayers are controlled by bubble agitation at the liquid-liquid interface. |

! This is currently the strategy of layer modeling in CORCON and VANESA. *n the i

j stratified state, fission products and their decay heat would be concentrated |

in the oxide layer while chemically reactive metals, principally sitconitas,'

and their heats of reaction would be c oner.nt rat ed in the metallic layer.,

Interfacial teat transfer between layers will determine not only the tempera-' i

ture of each layer. but also the upward-to-downward heat transfer split. This !'

in turn controls the downward concrete erosion vs. upward radiative or boiling'

heat flux.
,

| The earliest interlayer heat transfer model that was developed for -

CORCON was a veraien of the Konsetov model (1966) for heat transfer to a sur- f

{ f ace with bubble agitation, modified by Blottner (1979) to include two ef- {
| lects: (1) a lower asymptotic limit for natural convection in the absence of ;

I |

| |
: ;

|
-tu-

|
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bubblit.g and, (2) an arbitrary increade in the coef ficient of the void f rac- !

tion term from 0.4 to 50.0 to shift the model into better agreement with some !
limited experiscatal data. Blottner's interfacial relationship, applicable ;

for either fluid, is as follows,

-|!
{

k(Pr g/v )1/3(.0027484T + 50:2)1/3 , (g) ;2h =
g

!

!

This relationship can be non-dimensionalized as follows, !
l

(0.00274 Grg + 50. Gr2) !tu Pr (2)=

where Gr g is the Grashof nursber based upon the thermal buoyancy and Gr2 is the
Grashof number based upon void f raction-induced buoyancy. Gr2 is not unlike ;

that derived by Greene, et al. (1980) except that the void fraction dependence [
is arbitrarily quadratic instead af linear. In nearly all causs, the term
involving Grg is much less than the tera involving Grie and it may bei

neglected.
I

Another modal for heat transfer across liquid-liquid interfaces agitated [
by bubbles was develcped by Szekely (1963) based upon surf ace renewal princi- !
ples. Assuming periodic destruction of temperature gradients at the liquid- |
liquid interfaces by the arrival of bubbles, he developed the following rela- |tionship for the heat transfer coefficient for either fluid,

[

/cckj[)1/2
l

| h 1.69 I (3)= +.
I

| \ 'b /
[
,

| This relationship can be non-dimensionalised as follows, |
t

'1/2 1/2
I Na = 1.69 M Pr (4) '

|

) where Re is the Reynolds number based on the superficial gas velocity and the f
I voluse equivalent bubble radius. L

Both of these models were subsequently compared to early expertsental data of ,

Verle (1982) and Greene (1982a, 1982b) and found to underpredict not only the !

magnitude, but also the trend of the heat transfer coefficient with incre. sing f

superficial gas velocity (Greene et al., 1982a). As a result of this compari-
|

son, the experimental investigation to be described was initiated,

l
|

|
t

I

f
t
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16.1.2 Experimental Apparatus and Procedure
1

| An experimental apparatus with which to investigate heat transfer bJtween
immiscible liquid layers sith gSe agitation was constructed. The apparatus
was a Pyrex glass cylinder.10 cm in diameter and 1 meter deep. Tha spparatusi

was insulated to minimize radial heat losses by a two-inch thick cylindrical
,

blanket of Fibrefrax insulation. A porous stainless steel frit was sounted in
the base to provide a spatially uniform gav flux frote bel;w. Internal heating4

of the lower fluid 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 f rit was measured by e bank of air rotameters. Bubble sizei

} was characterised photographically as a function of the pressure and flow
l rate. Over the range of pressure and flow rate covered by these experiments.
j the volume equivalent bubble radius was correlated to the superficial gas

velocity as.'

0.233 + 0.109 ja (cm/s). (5)b (ca)r =

J

A vertical traversable thermocouple assembly was installed along the center-
j line axis of the pool for determination of the temperature distribution in

1 each layer and the temperature dif forence across layers. Ten thernocouples
1 were aligned at a nominal separation of one inch. Fluid pairs chosen for

j these non-entrainment interlayer heat transfer tests were mercury-water and
mercury-silicone oil. Mercury was chosen as the lower fluid to suppressi

J ent rainme nt and to have a minimul resirtance to heat transfer. In this
! fashion, the overall heat transfer coefficient would be approximately equal to
! the heat transfer coefficient on the oil or water sids of the liquid-liquid

] interface. Fluid density and viscosity were measured in the laboratory.
! Specific heat and thernal conductivity values were taken f rom the literature
' or f rom vendor-supplied data. Fluid properties are listed in Table 16.1. The
| apparatus was charged with the test fluids and power supplied via i;he immersed
j cartridge heating assembly. The temperature distribution in the liquide was

; nonitored until steady-stat < conditions were achieved at a prescribed heat
] flux. The overall heat tranefer coef ficient was calculated as the not power

i input divided by the interf acial temperature dif ference and the cross-section-
|

al area. The superfic.ial gas velocity was calculated as the volumetric gaa
flux divided by the cross-sectional area. Each data point to be presented'

I represents an average value of from five to as many as thirteen tests, with

) the individual data variations being in enst cases less than 6%.

16.1.3 Experimental Results

1
The experiewnts were performed in three series as listed in Table 16.2.,

| The superficial gas velocity covered the range of 0.30 - 8.35 cm/s and the
2

1 measured heat transfer coefficient varied from 2986 to 50216 W/m K. Tho
I dimensional experimental data for the three fluid pairs are shown it; Figure

| 16.1. The experimental data greatly exceed the data of Werle (1982) for the
same fluids by as :uch as a factor of ten. With one exception. the data
exceed the nodel predictions of Blottner (1979) and Seekely (1963) by as auch
as a factor of 7-14 at the highest superficial gas velocities investigated.

! The only exception is the comparison of the water /twrcury heat transfer data

i
e
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t

Table 16.1

Properties of Working Fluide

T p C k v Prp
3 2 8(C) (kg/m ) (kJ/kg K) (W/mK) (m /s x 10 ) (-)

WATER
;

|
33 994 4 178 .621 0.76 5.07

.

'
35 994 4.172 .625 0.74 4.81 ,

36 993 4.173 .627 0.72 4.71 !

37 993 4.174 .628 0.71 4.60 ;

38 993 4 175 .630 0.70 4.51 |
39 993 4.175 .631 0.69 4.41
40 992 4.176 .633 0.67 4.32

,

|
41 992 4.176 .634 0.66 4.23 |
45 990 4.175 .640 0.62 4.00 i

(
!

'

10 es SILICONE OIL
l -

1 56 906 1.715 .134 6.85 79.4 '

63 901 1.715 .134 6.30 72.6 t

77 890 1.715 .134 4.63 52 8 i
82 687 1.715 .134 3.96 44.9

|

f

100 es SILICONE OIL [
!

$6 946 1.715 .154 51 3 540. ;
61 941 1 715 .154 47.8 501. L

72 932 1.715 .154 44.0 457.
78 928 1.715 154 43.1 445. !

!
,

t

I
i

,

|
I

, t

| !
t

f

i

| ?
'

|

!
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Table 16.2

Listing of Experimental Data
I

2 2Run h(W/m K) j (m/sx10 ) T(C) Nu Re Pr'
g

Water / mercury 1 8823 0.30 37 37.9 11.4 4.60
2 14424 0.59 45 67.6 28.5 4.00 1

3 14309 0.88 40 74.6 43.2 4.32 '

4 15842 1.17 37 90.8 59.5 4.60 |
'

5 20831 1.47 39 128.7 83.6 4.41
6 27907 2.05 38 203.8 134.7 4.51
7 31039 2.65 41 254.6 208.8 4.23
8 27766 3.23 39 259.6 277.8 4.41
9 32438 4.38 36 367.5 434.9 4.71

10 18158 5.63 37 916.5 675.9 4.60
11 38946 6.28 36 571.5 808.1 4.71
12 42805 7.21 35 698.6 993.8 4.81
13 50216 7.75 33 873.3 1101.3 5.07

10 cs Oit/ mercury
14 5177 0.30 56 104.3 1.18 79.4
15 5796 0.60 56 129.8 2.63 79.4
16 7196 0.90 56 177.2 4.34 79.4
17 8146 1.22 63 224.9 7.17 72.6
18 9609 1.52 63 286.8 9.65 72.6
19 10784 2.13 63 378.2 15.9 72.6
20 14395 2.81 77 580.1 32.8 52.8
21 14347 3.41 17 642.4 44.2 52.8
22 16870 4.64 77 931.6 74.2 52.8
23 20674 6.06 82 1373.0 136.2 44.9
24 24980 6.74 82 1808.0 165.1 44.9
25 31604 7.74 82 2547.0 211.1 44.9
26 29105 8.35 77 2476.0 205.6 52.8

100 cs 011/sercury
27 2986 0.33 61 52.4 0.19 501 0
28 3750 0.61 56 73.1 0.35 540.0
29 4338 0.91 61 93.0 0.63 501.0
30 4924 1.21 56 115.1 0.85 540.0
31 6052 1.52 61 157.2 1.27 501.0
32 7073 2.13 61 215.9 2.09 501.0
33 7885 2.80 78 276.5 3.51 445.0
34 9382 3.43 72 371.6 4.76 457.0
35 10910 4.63 72 525.2 7.79 457.0
36 14082 6.03 78 813.8 12.5 445.0
37 18328 6.70 78 1142.0 14.9 445.0
38 20566 7.71 78 1429.0 19.1 445.0
39 24737 8.34 72 1831.0 21.6 457.0
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to that of Blottner (1979), which lies within a f actor of two below the d,tt a. This
behavior is shown in Figures 16.2-16.4 ior the three fluid patre investigated. The
heat transfer coefficient was cast as a Nusselt nurbc r and the superiscial gas
velocity as a Reynolds number based upon the volume equivalent bubble radius and
the properties of the water or oil layer. The Prandt1 number was similarly chosen
as that of the water or oil 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,

1.95 Re' Pr' 2 (6)Nu =

and is the relationship reconeended f or CORCON-MOD 2 f or interlayer heat transfer.

#
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1

16.2 Heat Transfer in Core-Concrete Interactions: Boiling from Submerged
Porous Surf aces (M; R. Duignan and G. A. Greene)

The purpose of this task is to study the mechanism of boiling and non-
boiling heat transfer from simulated core debris crusts and concrete surfaces
with a non-condensable gas flux, and their effect on the ex-vessel core-
concrete interaction. This effort is in support of the CORCON and VANESA
development program at Sandia National Laboratories.

16.2.1 Background

A test apparatus is being designed and constructed to investigate the
interaction of simulated concrete decomposition gases on boiling and
non-boiling heat transfer to an overlying liquid pool. The apparatus is being
designed to support a high heat flux from a flat, horizontal surf ace with
non-condensabic gas flux through the surf ace into the overlying liquid pool.
The gas flux will pass through the flim boiling interface, simulating the
effect of concrete decomposition gases ori film boiling of reactor coolant over
a pool of crusted core debris.
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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 the .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)
f rom the base of the chamber to its cop. This new chamber has a thinner wall
than the originsi and allows a more ef fective 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 wall 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 t

boiling on the vertical wall of the boiling chamber, which was now quite visi-
ble through the new chamber, two modifications were made:

1. The base of the boiling chamber would be suf ficiently 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 resirstance 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-
3

ing test fluid level during experimentation. To minimize those uncertainties
a constant level device was designed and constructed such that the test fluid j'

could be delivered to the boiling chamber at a preset flow rate while main- |
taining tne incoming fluid at its saturation temperature. Several tests were i

taken to assure that a proper fluid level and temperature could be maintained !

during experimentation. j

i
j A thin (several mils) layer of a polyimide substance was applied to the

lower inside periphery of the boiling chamber. This substance is made tor

4 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 surf ace, thus suppressing the nucleate ;

boiling. Several tests were made to determine the polyimide suitability and '

.

q durability during experimentation.

1

i

,
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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, !

i.e., the copper coil itself, open to the atmosphere, acted as a source of i,

j cooling that suf ficiently suppressed the nucleate boiling to obtain accurate
:film boiling data to superheats above 500K. J

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, i.e.,

a) the relative difference between Berenson's film boiling model and the
heat transfer as determined by the condensate mass balance waa 120%.

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
210%.

,

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 80% of its full potential. This superheat. 550K, will be i

the maximum temperature used in subsequent experimentation with non-condens- I-

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 i
layer) a photographic study of the film boiling mechanism will be performed in j
the next quarter. i;
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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-
1 story Commission's Safety Goal Policy Statement. This work was completed
during 1986 and reported in NUREG/CR-2331, Volume 6, Number 3.

17.2 Obj ectives

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 Proj ect Status

In order to asses the feasibility of various possible definitions of a
"1stge release" it was decided to use data developed as part of the Zion risk
rabaselining study. This study was reported in the "Reactor Risk Reference
Document," draft NUREG-1150. Based on the Zion release data and consequence
esiculations a regressed model was developed. The e.odel was extensively used
to test possible definitions of a "large release" in terms of either health
effects or total adioactivity released. The results of the calculations 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-Rahbar)

18.1 Background (M. Khatib-Rahbar)

Consideration of severe accidents beyond the traditional design basis,
including full core melt accidents, is an important part of NRC's overall
safety assessment of nuclear facilities. It is 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
maj or 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 staf f review of those aspects of the PRA for the Westinghouse
Standard Plant (SP/90) related to tre core meltdown evaluation. A separate
project (reported in Chapter 21 of this document) is addressing the SP/90
accident sequence evaluation.

18.2 Obj ec tives (M. Khatib-Rahbar)

The objectives of this project consist of:

1. To better understand the progression of core melt sequences up
to and including 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 strategies on
containment loading and failure modes will also be factored into
the assessment.

2. 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
containment failure for SP/90.

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

18.3 Containment Loading Studies (K. Araj)

SP/90 Plant specific containment loading studies were perf ormed f or a
number of significant accident sequences using the STCP and the CONTAIN
codes. COVfAIN in 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 MARCH and MAAP, after cavity dryout time, predicted an
increasing pressure while a steady pressure level was predicted by CONTAIN.
The reason for this dif ference is under evaluation and CONTAIN calculations
will be extended beyond 34 hours to ascertain the nature of this dif ference.

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. If the RCS boundary remains intact, melt-through of
the vessel lower head might be followed by high prcasure melt ej e c t ion.
Theoretical and experimental evidence suggests that under these
circumstances large fractions of the molten corium could be finely dispersed
into the containment with rapid heat transfer to the 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 DQi is eliminated. However, given the state-of-the-art
computer predictions of natural circulation effects, it 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 SP/90, involving 100% 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 containnent, a more realistic calculation
has bee n 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 t reated with mechanistic models. Poorly understood phenomena are, on
the other hand , treated parametrically. The models f or DQl are integrated
with other models f or containment thermal-hydraulics, and aerosol phenomena
which have been implemented in the standard versions of 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 is modelled as a single "field" of drops, of a I

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 IDHH ;
'

by "trapping". The effect of "trapping" is to remove the debris from the
atmosphere at a rate, A r, specified by the user.t

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 analyoes will be
performed, namely with DCH included and without DCH in order to determine
the impact of DCH on the SP/90 risk profile.

4
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19. Review of Containment Response Analyses in the S,horeham
' Probabilistic Risk Assessment

(K. R. Perkins, J. W. Yang, J- Pires and W. T. Pratt)

19.1 Background

As part of the review of the Cont ainment 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 proj ect is to provide an independent
assessment 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 this reporting period two draft evaluation reports were completed
and submitted to the NRC for review. The first 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-coolant interaction af ter core debris flows into the down-
comers in the pedestal region. The report concludes that under the limiting
assumptions postulated by Corradini et al., the magnitude of a steam explosion
appears to be sufficient to reach the f ailure threshold of the pedestal wall.
There are a number of mechanisms identified in the Shoreham PRA which would
eend to limit the fuel mass involved in a steam explosion. Specifically,
freezing of the molten corium on the drywell floor (for a gradual melt re-
lease) or freezing on the downcomer walls and countercurrent steam production
will tend to restrict the rate of corium flow into the wetwell. In spite of
the above arguments , it does not appear that the possibility of a significant
oteam 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 if a steam explosion occurs which exceeds the failure limit of the
pedestal wall, it is likely that such failures will result in localized crack-
ing of the concrete, which may not preverit the pedestal f rom 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. Nourbskhsh)

20.1 Background (H. Nourbakhsh)

The source term to containment is defined as the quaatity, timing, and
chemical form of the fission product species released to the reactor
containment building atmomphere during core damage accidents.

The traditional s'urce term assumption used in the licensing process in.

the United States haa 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 cu rre nt 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 source term methods have been
developed and published in NUREG-0956.

20.2 Fission Product Release Characteristics Into Containment Under Design

Basis and Severe Accident Condftions (H. Nourbakhsh, M. Khatib-Rahbar,
R.E. Davis)

In order to fornviate a consistent and simplified approach for the
estimation of radiological releases to containment for accidents involving
significant fuel damage the available light water reactor source term
information was reviewed. The phenomenological aspects of degraded core
accideats were assessed and key f actors affecting fission product release
characteristics into containment were ide:itified.

A simplified formalism for source term releases to containment was
proposed. Two basic assumptions govern the validity of the proposed
formalism; firstly, the fission product species 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
vs. PVR), (2) RCS, pretsure prior to vessel breach (high vs. low), (3)
concrete aggregate (limestone vs. basaltic), and cavity / pedestal condition
(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 NUREC-1150 studies.

Generic fission product releases from reactor coolant system (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 gr oup
which to assigned to an accident category generally is taken as the highest
STCP calculated fraction from all of tho9e accident sequences into the
release category.
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The duration of these releases to containment 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 ascumed to |

be initiated with the gap, release following initial core melt. The major |
in-vessel releases are then assure- to start after an additional 10 minutes

'

into the accident. Altbough the ,dease from cors/ concrete interaction is
predicted to extend many hours beyond initiation of molten corium/ concrete
interaction (MCCI) initiation, generally 90% of the radionuclide releases ;

(except Te) occur within 2 hours f or PWRs and 3 hours for BWRs. H oweve r ,

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 I 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, !
the fission product releases are treated as being proportional to time. |

Figure 20.1 shows typical comparisons of the proposed simplified apoearance >

rates f ar the various radionuclides to an STCP calculation.
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3. Table 20.1, Simplified PWR Fission Product Releases to
Containment for Severe A.cident Conditions'

I

1
-- -

Groups FRCSa FCCI,

H,I L Basaltic Limestone
Concrete Concrete

NG 1.0b 3,o o o
Cs, I 0.35 0.9 0 0 !

'

Te 0.3 0.65 0.15 0.35 i

Sr, Ba 2x10-3 0.01 0.15 0.4
'

Ru, Ce, La 3x10-5 3x10-5 6x10-3 0.02 -

iRelease Duration 40 mins. 2 hrs.c :

!
a) H, I and L refer to high, intermediate or low RCS pressure, respec- |'

tively. !

b) All entries are fractions of the initial core inventory.
c) Except for Te where the duration of ex-vessel release is extended to t

5 hours.
[,

i
;

Table 20.2 Simplified BWR Fission Product Rele.ases to f
'

j Containa at for Severe Accident Conditions
!

. i

1 Groups FRCSa FCCI I

j H,I L Basaltic Limestone
} Concrete Concrete
3 i

b

NG 1.0b 1,0 o o
i Cs, 1 07 0.8 0.15 0.15 ,
*

Te 0.1 0.15 0.12 0.5
1 Sr, Ba 6x10-3 6x10-3 0.2 0.7 I

Ru, Ce, La 3x10-5 3x10-5 6x10-3 0.06
'

'
i

: Release Duration 1.5 hrs. 3 hrs.c ;
*

}..

a) H, I and L refer to high, intermediate or low RCS pressure, respec- |

| tively. I
1 b) All entries are fractions of the initial core inventory. |
A c) Except for Te where the duration of ex-vessel release is extended to !
| 6 hours. |
!

f
!

I
'

I I
2

t
'

!
I e

f

I1

*

I
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21. Review of the Accident Sequence Evaluation for the Westinghouse Standard
' ~ ~

Plant ( SP/ 90)

(C. Guey, L. Arrietta, R. Youngblood, C. Park, R. Fitzpatrick, T-L. Chu)

21.1 Backgrc und

Pa rt of the Commission's Severe Accident Policy requires that new stan-
dard plant designs provide a probabilistic risk assessment (PRA) as para of
the Preliminary Design Approval (FDA) 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 comprehensive cartew and evaluation of the SP/90 PRA
to determine whether the accident esquence frequer.cies reflect appropriate use
of probabilistic risk assessmen' methods, specific design features, and relia-
bility data. BNL will evaluate the defensibility of the PRA's accident se-
quence frequency estimates and the uncertainty in core damage frequency in-
duced by uncertainty in failure probabilities with respect to (1) use of
state-of-the-art risk assessment methods, (2) thoroughness and comprehensive-
ness of analysis, (3) availability 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, inc1"ding methodology, as-
sumptions, data, information sourecs, models, plant design, completeness of
the analysis, and any other area where inconsister.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 lirited assessment of the impacts of possible alternative assump-
tions identified in the review. To the extent feasible, BNL will consider
spatial information in 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 f rom the requan-
tification were documented in a draft report dated September 1986. The draft
report has undergone both NRC and Westinghouse review and BNL is currently
evaluating and responding to the comments as appropriate.

The BNL plant model is being modified where necessary to develop the fi-
nal results and insights.

!

21.4 Proj ec t Status

I.

At the end of the period, effort was underuay to complete an updated
draft report based upon new input from Westinghouse. Current results have not
been presented because they are of a preliminary prodecisional nature.
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IV . DIVISION OF REACTOR AND PLANT SYSTEMS

SUMMARY

Code Maintenance (RAMONA-3B)_

Currently, only the CDC-7600 version of the RAMONA-3B transient code is
available. The code has been upgraded to FORTRAN 77, which will allow the
code to run or. IBM, CRAY, or CDC machines. An updste of the code manual is
also being prepared to reflect the code changes made for version 4.0 to 10.0.

Assessment and Application of TRAC-BF1 Code

The code assessment and application activity was redirected toward sup-
plying technical support for the evaluation of TRAC-BF1/ MOD 1 uncertainty. A

i

l procedure of applying CSAU to TRAC-FF1/ MOD 1 was established and BNL's contri-
I bution toward this application was defined. A USNRC account umber at the

INEL computing facility was also established to run the TRAC-BF1 and the
T RAC-PF1/ MOD 1.

t

l Plant __ Analyzer Development for BWR/2 and BWR/6 and Maintenance for BWR/4

The LWR Plant Analyzer Program is being conducted to develop and operate
an engineering plant analyzer capable of performing accurate, real-time and
f aster than real-time simulations of pisnt transients and Small-Break loss of
Coolant Accidents (SABLOCAs) in LV:t power plants. The plant analyzer is
intended to provide a needed, cost-effective and convenient alternative to
widely used, but expensive and time-consuming, power plant simulations employ-
ing FORTRAN codes and large mainframe or super computers. The plant analyzer
development is based chiefly on a unique combination of advanced modeling
techniques with modern minicomputer technology.

The plant analyzer program was at first directed toward reactor safety
analyses, but it is also suitable for on-line plant monitoring and accident
diagnosis, for accident mitigation, further for developing operator training
programs and for assessing and improving existing and future training simula-
toes. The plant analyzer has been modified for on-line training in emergency
response. Major assets of the Plant Analyzer are its low cost, unsurpassed
convenience of operation and high speed of simulation. Major achievements of
the program are sumnarized below.

Existing training simulator capabilities and limitations regarding their
representation of the Nuclear Steam Supply System have been assessed previous-
ly. Simulators reviewed at the time have been found to be limited to steady-
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l state simulations and to restricted quasi-steady transients within the range
of normal operating conditions.

A special purpose, high-speed peripheral processor had been 3 elected for ,

the plant analyzer, which is specifically designed for efficient systems simu-
lations at real-time or faster computing speeds. The processor la the AD10
f rom Apolied Dynamics International ( ADI) of Ann Arbor, Michigan. A PDP-11/34
Minicomputer serves as the host computer to program and control the AD10
peripheral proc 1ssor. Both the host computer and the peripheral processor
have been operating at BNL since March 15, 1982.

A four-equation model for nonequilibrium, nonhomogeneous, two phase flow
in a typical BWR/4 had been implemented on the AD10 processor. It is called
HIPA-BWR/4 for High-Speed Interactive Plant Analysis of a BVR/4 power plant.
The implementation of HIPA-BWR/4 had been carried out in the high-level
syst~'s simulation language MPS10 of the AD10.

It had been demonstrated during the last quarter of 1982 that the AD10,

special purpose peripheral processor can produce accurate simulations of a BWR
design base transient at computing speeds up to 10 times f aster than real-time
and 110 times faster than the CDC-7600 mainframe cocputer carrying out the
same 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 usar, with instrumentation and with controls, by processing '

both analog and digital input 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 steam supply system as well as the entire balance of
,plant (steam lines, turbines, 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 initiations, for,

thermal conduction in fuel elements, for steam line dynamics capable of simu-<

lating acoustical effects from sudden valve actions, for turbines, condensers,
feedwater preheaters and feedwater pumps and for emergency cooling systems.

Models have been developed and implemented for the feedwater controller.
the pressure regulator and the recirculation flow controller. Twenty-eight'

parameters for initiating control systems and valve failures and for selecting
i set points can be changed on-line f rom a 32-channel control panel. Sixteen
' dedicated analog output lines are provided for the simultaneous display of 15

selected parameters in labeled diagrams versus time. All input-output chan-
nets are addressed approximately 200 times per second. A silent movie has
been produced to show how the plant analyzer it operated and how it responds
to on-line analog signals.

i

During the first reporting period of 1984, we presented the comparison of;

plant analyzer results with published results from CE for 10 dif ferent ATWS

,
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events as,a part of developmental assessment. The assessment showed that the
plant analyzer is capable of simulating ATWS. The plant analyzer has been ,

'

generalized to simulate any BWR-4 power plant in response to input data
changes from the keyboard.

During the second reporting period of 1984, we continued the develo p-
mental assessment of the plant analyzer by comparisons against GE, TRAC-BD1, |
RELAP-5, and RAMONA-3B code results. The results showed th a t. the plant !
analyzer is capable of realistically simulating a large class of plant t ra n- !
sients efficiently and at very low cost. i

During the third reporting period of 1984, we implemented the capability
of simulating flow reversal, and demonstrated successfully 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-
12ation and MPCI flow reduction during an ATWS event (Cheng et al., 1986).
These simulations were carried out to assess the ef ficacy of proposed emer-
gency procedure guidelines. The results indicate that the fis* ion 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 Hallen, 1984] has been printed and distributed.

During the fourth reporting 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 dif ferent transients, induced by both
single and multiple f ailures or events. We achieved the ability to operate
the plant analyzer remotely at BNL f rom an IBM Personal Computer, equipped
with 256 K byte memory, an RS-232 serial port, a 1200 baud nodem, a Plantron-
ico PC+ Colorplus color graphics adapter card and a standard R-G-B color
monitor.

During the first reporting period in 1985, we have demonstrated that the
BNL Plant Analyzer can now be accessed and operated 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 in the NRC Emergency Opera-
tions Center. The Tektronix 4115B graphics terminal has been received and
installed to generate animated mimics of flow and contral 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 valves. We began to expand tabulations of thermophystesi
properties and related functions toward low pressures in the vessel, and we
completed the lovel tracking simulation in the downconer.

During the same reporting period we have demonstrated for the first time
the remote access and simulation capabilities of the plant analyzer from
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Europe across the Atlantic. We have demonstrated that the plant anals ser
maintains steady-state conditions without drift for over 20 hours (having .our
and fourteen decimal place precision for general arithmetic and for
integrations, respectively).

During the third reporting period in 1985, we have simulated the first
four-hour-long transient in support of a drill at the NRC Emergency Operations .

Center. We have continued to develop and impic:nent models for simulat2ng i

processes in the containment building. Graphics capa'oilities have been duvel- i

oped for continuous data display duting indefinitely long transiests. Data j
can be displayed in either S.I. or British units. A log in procedure has bem
implemented for of f-site customers for the RNL T enc An11yeme. The f' t' !

operation assessment tests have been performed with the new Versiou 4 of |
MPS-10.

{
During the last reporting period in 1985, we have continued with the [

model implementations for long- t e rm power plant simulations in ,u;4crt of iemergency drills. The BNL Plant Analyzer was shown to be the first simulation i
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-moath-long lecture series was
[st&rted in December at the National Tsing Hua University (N30) 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 i

all containment response models and began the program coding. Five different |
.

| critical quality and critical heat flux correlations have been compared under e

| three dif ferent reactor conditions, and a suitable correlation has been st- i

f lected for implementation in the HIPA code. The lecture series at the (National Tsing Hua University has been completed. As a result of these i

| 1ectures and of presentations at Taiwan Power Company (Taipower) and at the [
| Institute of Nu-clear Energy Research (INER) Taipower expressed its intent to I

| participate iri the development of a plant analyzer in Taiwan, in cooperation (| with BNL (USA), NTHU and INER (Taiwan).
j

During the second reporting period in 1986, we have completed the imple-
fi mentation of the containment simulation and started its validation. The sinu-

} 14 tion capability has been expanded to Iw reactor vessel pressures, dove to 2 i
: bar. The previously selected model for computing the minimum critical power
' ratio has been implemented and successfully tested.

| The Plant Analyser served for the second time to simuiste a four-hour- |
inns transient, this time caused by an of f-site power loss at the Ferni-2 |

<

| power plant. This simulation was the basis for an er4ergency drill at the NRC
j Emergency Operations Center.

,
' t
'

As the first facility ever, the BNL Plant Analyser was able to produce f
j simulation results within one day. The transient, caused by a feedwar.or nusp

!
: I
j ;

; i
i
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speed excursion at LaSalle-2 power station, and three variations on the inci-
dent scenario were computed within hours of the NRC request and graphical
results transmitted to the NRC via facsimile.

LILCO has continued to use the BNL Plant Analyzer for simulating the
Shoreham power plant. Niagara Mohawk is preparing the BNL Plant Analyzer for
simulating the Nine Mile Point-1 BWR/2 power plant.

During the third reporting period in 1986, we continued to validate the
containment simulation. A critical flow model has been formulated and imple-
mented for break flows from the steam line, the recirculation loop and the

feedwater line.
,

The remote access capabilities have been demonstrated by operating the
Plant Analyzer from Taiwan and f rom Korea. A proposal has been draf ted, sub-
mitted to, and revised for, the Taiwan Power Company which has decided to
cooperate ' ith BKL in the PWR Plant Analyzer Development. The Korea Advanced
Energy Research Institute has also expressed its interest to participate in
this develorment.

The BKL Plant Analyzer can now be accessed f rom both IBM PC XT and AT
computers. A new graphics feature allows the storage in the IBM PC of up to
10 graph segments during long-time simulations and then to combine them into a
singic graph.

The Plant Analyzer has also been demonstrated in remote access mode as
part of a technical paper presentation.

The Plant Analyzer has been maintained and operated in support of two
utilities: Niagara Mohawk and Long Island Lighting Company. Technical
assistance has been provided in preparing for these utilities plant-specific
input data files and selected initial conditions. Documentation of user
guides has been continued to aid in the preparation of input data.

During the previous reporting period, Niagara Mohawk Power Corpora-
tion has been assisted in setting up the Plant Analyzer for its Nine Mile
Point 2 BWR/2 plant. Work has been started to prepare the Plant Analyzer for
simulating the Cofrentes BWP/6 plant of the Hidroelectrica Espanola in Valen-
cla, Spain, for the Consejo de Seguridad Nuclear in Madrid, Spain.

During the current reporting period, the BVR/4 version of the Plant
Analyze? has been validated against actual plant data for a recirculation pump
trip test and a generator load rejection test conducted at the Browns Terry
Unit 1 (BF-1) Nuclear Power Station.

The BVR/2 version of the Plant Analyzer pertaining to the Nine Mile Point
Unit 1 (NMP-1) Noch nr Power Station has been developed and validated against
plant data and the RETRAN code.
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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 been developed and programmed. Independent veri-
fication 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. |

|
1

Procedures for Evaluating Technical Specifications (PETS)
i

During this reporting period, the project stressed activity in response
to ceneric Issues B-56 and B-61. The PETS program has developed methodologies
and demonstrated through application the effectiveness of adaptive testing and
c umula t ive downtime strategies. F.ich ef fective surveillance test intervals
were analyzed for diesel generators, an PC-based software was developed for
implementation of such approaches.

The approaches can be applied tiot only to diesels, but to any component
with suitable data. Incorporation of the approaches in personal computer (PC)
software which can provide tools for the regulator or plant personnel for
determining acceptable diesel test intervate for any plant specific or genaric
application is discussed. The FRANTIC III computer code was run to validate
the approaches and to elevate specific issues associated with determining
risk-effective test intervals for diesels.

Operational Safety Reliability Research

Work during this reporting period largely focussed on (1) extending the
reliability program process identified in FY 1986, to include defensive
strategies against common-cause f ailures and (2) soliciting cooperation with
an operating utility and evaluating through a trial application the ef fee-
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 Issue
(USI) B-56.

l Risk-Based Performance Indicators

During this reporting period, the project was largely engaged in (1) re-,

I finina methods to relate currently used performance indicators more closely to
risk and (2) developing methods for risk-based preformance indicators applied

,

to monitor the unavailability of selected saf ety systems. In both of these [
areas. BNL pr:vided a description of the risk-based method, a procedure guide
for implementing the method, and where appropriate PC-compatible sof tware for ;
subsequent use by the NRC.

>
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Methods for incorporating additional risk considerations with the current I

set of performance indicators identified by NRC's interof fice task group, con-
centrated on risk-weighting scrams, safety system actuations, significant
events, and safety system failures. The procedure employed did not rely on
whether the plant had a PRA associated with it. As such, simple, albeit con-
servative rules were developed to quantify the risk impact of operational
events. A draft report was prepared that provides a methodology for quanti-

j fying the risk associated with operational events. This draft report also ;

1 documents the risk models employed, the spreadsbeet 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.

,

J
!
.

1 Study of Beyond Design Basis Accidents in Spent Fuel Pools (Generic Issue 82) |

This project addresses NRC/RES concerns regarding the significance of
i possible fission product releases that may result from loss of integrity '

accidents in spent fuel pool studies including a review and evaluation of
assumed propagation mechanisms. The objective of this work is to obtain !

estimates of the likelihood of spent fuel pool accidents and the concomitant
,

risk. An additional objective is to identify the predominant mechanism for !

I fuel pool failure and fission product release.

l i

j Development of Technical Basis for Severe Accident Guidelines and Procedural r

| Criteria for Existing BWR Plants

i,

This project is intended to pravide assistance to the NRC in formulatinga

an approach for individual plant examinations (IPEs) to determine whether
,|

' particular accident vulnerabilities are present. Specifically, the objectives |
of this effort ares (1) to assist the RES/DRPS staf f in the review of NUREG- ,

1150 and the IDCOR analyses for two boiling water reactor (BWR) reference f

I plants, namely, Peach Bottom (a BWR with a Mark I containment) and Grand Gulf
(a BWR with a Mark III containment), (2) to help develop the accident preven-'

tion and accident mitigation guidelines for these two plant types as well as
4

for BWRs with Kirk II containments, and (3) to assist in the review of the
IDCOR IPE methodology.

I

I1

! !

! Development of Technical Basis for Severe Accident Guidelines and General _ i
8

! Criteria for Existing FWR Plants
I

i

| This project is intended to provide assistance to the NRC in developing
an approach for the Individual Plant Examination (IPE) Program. Specifically, L

the objectives of this effort aret (1) to assist the RES/DRPS staff in review [
of NUREG-1150 and the IUCOR analyses for two pressurized water reactor (PWR) f

! reference plants, namely, Sequoyah (a PVR with an ice-condenser containment) !

l
'

; ;

: k
i

f
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j and Zion (a PWR with a large-dry containment), (2) to help develop the acci-
| dent prevention and accident mitigetion guidelines 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 failure of isolation valves between the
high pressure primary system of the nuclear reactor and the low presrure aux-
111ary systems. Such acetuents ara usually called interf acing 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 PWRn and three BWRs) and where possible identi-
fies the generic applicability of the plant-specific findings. In addition, a
generic analysis is performed to investigate the cost-benefit aspects of i e-
posing a testing program thac would require some minamum level of leak testing
of the pressure isolation valves on plants that presently have no such
requirements.

Improved Reliability of Residual Heat Removal Cap 4b!11ty in PWRs as Related to
Resolution of Generic Issue 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 associated with loss of residual heat removal evente at pressurized water
reactors (PWRs) during shutdown. Numerous loss of re sidual 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 from loss of residual
heat removal events and investigates ways of loweeing this risk.

Support for Containment Loading Studies

In this program BNL is performing analyses of containment loads for se-
1ected LWR configurations in conjunction with cooperative efforts under way I

with the NRC staff and various expert groups witbin the Committee on the
Safety of Nuclear Installations (CSNI). Specifically, the project is
providing support to an international effort being undertaken by the task

1 group on ex-vessel severe accident thermal-hydraulics, which is sponsored by
CSNI's Principal Working Croup (PWG #2).

i
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Support for TRAC-Pk1/ MOD 1 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/ MOD 1 computer code, simu-
lating an LBLOCA, to demonstrate the feasibility of the Methodology.

BNL analyzed three primary uncertainties arising f rom uncertainties in
modeling fuel stored energy and thermal response, in modeling critical break
flow and in modeling pump pe r f o rmance degradation under two phase flow
conditions.

The steady-state temperature distributi'on and the stored energy in
nuclear fuel elements were computed by analytical methods and used to rank, in
the order of importance, the ef fects on stored energy from statistical uncer-
tainties in modeling parameters, in boundary and in operating conditions. An

integral technique was used to calculate the transient fuel temperature and to
estimate the uncertainties in predicting the fuel the rmal response and the
peak clad temperature during a large-break loss of coolant accident.

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

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

The bias in TRAC pump modeling is determined from scale extrapolation of
pump degradation data, taken f rom 1/20,1/5, and 1/3 scale punps. It is shown
that pump degradation is the smaller, the larger the pump is.

,
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22. Code Maintenance (RAMONA-38) (U.S. Rohatgi)

This proj ect 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 inj ection 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 is most suitable for analyzing the BWR core and
systems transients where r,he coupling between neutron kinetics and the rmal
hydraulics is important (e.g., ATVS, CRDA. etc.). The RAMONA-3B code along
with the FRAM and BLEND codes can be modified tu produce 1-D cross sect.ons
for any other code with one-dimensional neutron kinetics model, such as TRAC-
BFl. The code is available to any U.S. organization, on a royalty-free basis,
for the analysis of U.S. reactors.

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

22.1. RAMONA-3B User 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. Neymotin)

Since the CDC-7600 computer at BNL is being phased out with a deadline of
the end of September 1987, work has been initiated on the code conversion ta
the newly installed mainframe computer IBM-3090. At the same time the code is
being converted into the FORTRAN-77 standard version. The conversion is es-
sentia11y complete and the code can now run on CDC, CRAY, or IBM mainf rames
with minor modifications.
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23. Assessment and Application of TRAC-BF1 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 current issues in
which our expertise can contribute towards their resolution.

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

|

I23.1 Technical Support for Uncertainty Analysis for TRAC-PFl/ MODI
(U.S. Rohatgi and W. Wulff)

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-PF1 with separate effects tests and their relevance for
TRAC-PFl/ MODI, and another describing the differences between constitutive
relationships in TRAC-PF1 and TRAC-PFl/ MODI were prepared. A QA documeat for
TRAC-PFl/M001 was received and reviewed. The comments were sent to NRC.
Dr. W. Wulf f 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 Idaho Falls. i

A procedure was developed to implement USNRC methodology for evaluating
the uncertainty in the prediction of peak clad temperature (PCT) in the blow- :

down phase by the TRAC-PFl/ MODI code. This procedure was presented to the
USNRC in Washington, D.C. by Dr. Wulff. The meeting was also attended by
Dr. U.S. 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 uncertair.ty of the blowdown peak clad temperature
caused by uncertataty in fuel stored energy and fuel thermal response and the

ecirculation pump performance and of critical flow through; uncertainties -

the break.

23.2 TRAC-BF1 Assessment ;

i

j A USNRC account has been set up at 1NEL to run the TRAC-BFI code there. l

I Various steps to familiarise with INEL computing facility has been taken. The i

| assessment of TRAC-BF1 will begin with the approval of the U9NRC.
i

;

;
4

i
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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 sys te ms 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
adtigation, and for upgrading operator training programs and existing training
simulators.

Below is a brief summary of previous results and a detailed summary of
achievement 4 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 f rom the simu-
lator with results f rom the detailed systems code RETRAN.

The results of the assessment have been published earlier in three re-
ports (Wulff, 1980; Wulf f, 1981a; Cheng and Wulf f, 1981). It had been found
that the reviewed training simulators were limited to the si mula t ion of
steady-state conditions and quasi-steady transients within the parasater range
of norcul operations.

The comparison between PWR simulator and corresponding RETRAN results,
carried out for a reactor scram from full power, showed significant discrepan-
cies for primary and secondary system pressures and for mean coolant tempera-
tures of the primary side. Good agreement was obtained between simulator and
RETRUI calculations for only the early part (narrow control range) of the
water level motion in the steam generator. The dif ferences between simulator
and RETRMi calculations have been explained in terms of undeling dif ferences
(Cheng and Wulf f,1981) .

24.3 Acquisition of Special-Purpose Peripheral Processor and Ancillary Equip-
mont (A.N. 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 simula t ion through integrating
large systems of nonlinear ordinary dif ferential equations. A brief descrip-
tion of the processor has been published in a previous Quarterly Progress Re-
port (Wulff, 1981b). A PDP-il/34 DEC computer serves as the host computer.
An IBM Personal Computer is used for graphics displays and for renate access
via commercial telephone line and standard modem.

Two AD10 unit s, coupled directly to each other by a bus-to-bus interface
and equipped with a total of 14 task-specific processors and one rwgaword of
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memory, have been installed with the PDP-11/34 nost computer, two 67 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 Wtiter 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 f rom AD10 results. A Tektronix 4115B
multicolor graphics terminal had been installed for direct on-line display of
system parameters generated by the AD10 at real-time or faJter computing
speeds, in the form of animated flow and control diagrams.

24.4 Model Implementation on AD10 Processor and Developmental Assessment _

At first, a four-equation slip flow model for nonhomogeneous, noney/ lib-
rium two-phase flow had been formulated and supplemented by constitutive rela-
tions f rem an existing BWR reference code, then scaled and adapted to the AD10 h

processor to simulate the Peach Bottom-2 BWR power plant (Walff, 1982a). The i

resulting High-Speed Interactive Plant Analyser code (HIPA-PB2) has been pro-
grammed in the high-level language MPS10 (Modul Programming System) of the
AD10. Af ter implementing the thermohydraulics of HIPA-PB2 on the AD10, we
compared the computed results and the computing speed of the AD10 with those
of the CDC-7600 mainframe computer. We achieved engineering accuracy at simu- |

1ation speeds one hundred times larger than that of the CDC-7600 with the low- !
Icost AD10 minicomputer (Wulff, 1982b).

It has been demonstrated (Wulf f, 1982b) that (1) the hi3h-level, state

equation-oriented systems simulation language MPS10 is superior to FORTRAN and
it comprassed 9,950 active FORTRAN statements into 1,555 calling statements to
MFS10 modules, (i'.) the hydraulics simulation occupies one-fourth of available
program memory, (iii) the differance between AD10 and CDC-7600 results is only
approximately +5% of total parameter variations during the simulation of a
severe licensing base transient. (iv) the AD10 is 110 times faster than the
CDC-1600 for the same transient, and (v) the AD10 simulates the BWR hydraulics
transients up to 10 times f aster than real-time process speed. It has been ,

demonstrated that even af ter the inclusion of models for neutron kinetics, [
thermal conduction in fuel, balance of plant dynamics and controls, the AD10 i

still achieves 9 times real-time simulation speed for all transients reported ,

'

earlier (Wulff, 1983c). The program includes now more than 4,500 calling
statenents to MPS10 modules (subroutines). ,

I

After the feasibility demonstration, we converted the original slip flow
model to the drift flux model and expanded the simulation capabilities. The ;

expanded version is called HIPA-BWR/4 and simulates all BVR/4 reactor plants
with Mark I containments. The simulation iaciudes neutron kinetics (point
kinetics), thermal conduction in fuel elements, reactor hydraulica, acoustical
effects in th( steam lines and the saf ety and relief valvo logic (Wulff,
1982c; 19834 and Wulf f et al., 1984), and further, the balance of plant com-
ponents, such as the turbines, condensers, feedwatst trains, containment and I

suppression pool, as well as the control and plant protection systems us shown /
in Figure 24.1 (Wulff, 1984). The schematic in Figure 24.2 shows the control
systems which are simulated in HIPA-BWR/4. Also included in the simulation is
the boron tracking capability (Wulff, 1983d; 19844) and the prediction of the
minimum critical power ratio (Wulff, 19864).
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Figure 24.1 Overall Flow Schematic for Plant Analyzer Simulations of BWR/4
Plants with Mark I Containtnents
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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-BD1, RELAP5 and RAMONA-3B. The comparisons have shown <

that the plant analyzer can simulate a large number of severe abnormal tran- I
sients and that it produces the same results as TRAC, RELAP5 and RAMONA-3B for

'

a large class of transients, but at a considerably lower cost and in a much
shorter times 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 staff menbers.

The graphics capabilities allow the on-line display of two parameter var-
iations versus (indefinitely long) time on the four-color monitor of the IBM
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 is being performed, 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 signals generated by the AD10 system, a i

ITektronix 4115B terminal had been authorized and installed late in 1985 and
was being programmed. Unfortunately, however, the NRC decided in March 1986 |

to request the transfer of BNL's Tektronix 4115B terminal to Scientoch in !
"

Idaho Falls. The graphics development work on the Tektronix 4115B terminal
is, therefore, terminated. The terminal has been transferred to Scientech.

Finally, we developed the software for remote access of the plant analyr-
er via commercial telephone lines, using the IBM 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 additional parameters are stored on disk in the host
computer for later replay. All operator actions and malfunctions can be ,

entered on-line without interrupting the simulation. The plant response to
input changes is instantly displayed. Up to 15 successive time plots of the j

same two parameters can 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 Mant analyzer has only 16-bit precision |
(+0.00003) for all atithmetic operations except integration (48-bit preci- |

sion), it has been shown to maintain steady-state conditions free of drift for |
_

20 hours. i

Specific activities during the current reporting period are described j
below in Sections 24.5, 6, 7, 8, and 9.
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24.5 Documentation (H. S. Cheng)

l The basic description of the BNL Plant Analyzer can be found in the BWn
'

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 dynsmics, turbines, condenser, feedwater
preheater, feedwater pumps, valves, motor-generator sets for recirculation,
recirculation pumps, control systems, protection systems and baron transport.
The report also contains a des 2ription of the special-purpose computer, the
ADIO, 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,.

McClintock, 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, i
1986b] have been published earlier. '

Important containment modeling aspects are also presented in previous
J quarterly progress reports [Wulff, 1985c, 1986b]. Remote acceso capabilities

of the Plant Analyzer are found in [Wulff, 1985b, 1985d].
i

; A computer-based input data directory 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 parameters [ Internal Memorandum, Cheng to Plant Analyzer |
1 Files, "Revision 1 of Input Parameters for HIPA-BWR4," October 3,1986] . This '

directory is treated as a "living document" and distributed to users of the i

Plant Analyzer either via standard floppy disk (IBM PC-compatible), or via
remote access to the Plant Analyzer. Printed copies are also available upon

; request.

,

A second computer-based doc ume nt [ Internal Me:no ra nd um , Cheng to Plant
Analyzer Files, "Steady-State Guidelines for ENL Plant Analyzer," October 8, '

1986] has been developed to aid new users in obtaintne, ..tial conditions for {the BWR Plant Analyzer. This memorandam is also distri.uted via floppy disk
i

or by telephone from the Plant Analyzer. This and the above memoranda are ;
| accessible to all users who have an IBM PC set up for remote operation of the ;

! Plant Analyzer.
[i

A catalog has been completed for all the functions which are pretabulated
and stured in the Plant Analyzer for high-speed interpolation during a simula- !

tion. Of particular interest are all plant-specific functions, such as thosea

,describing motor, pump or valve characteristics, as these functions are part |

of the input data set. This new catalog facilitates the use of the Plant
Analyzer for any other BWR plant. i

i During this reporting period, we documented the results of validations
!

J against plant data from BF-1 in two memorandums. |

1

i
:
!
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24.6 Validation of Plant Analyzer

24.6.1 Recirculation Pump Trip

During this period, we performed HIPA-BWR/4 validations against the plant ,

data from BF-1. The first validation was done against a Recirculation Pump I
Trip (RPT) test (Dallman,1987) initiated f rom the full power conditions. The i

results are presented in Figures 24.3 through 24.8 along with the test data.
The transient is characterized by a pump coastdown as shown in Figure 24.3.
The Plant Analyzer simulation closely follows the test data.

Discussion of Results
'

The RPT induce 6 a rapid reduction in the core inlet flow as illustrated
in Figure 24.4. The agreement with the plant data is quite good. The de- 5

crease of core inlet flow resulted in more steam generation in the core, caus-
ing a rapid decrease in the reactor power due to void feedback, which is coun-
teracted by Doppler feedback. Both the void and the Doppler feedback coeffi-
cients must be right to produce the correct reactor power response as shown in
Figure 24.5. ,

!

The decreasing reactor power causes a rapid reduction in the steamline
flow as seen in Figure 24.6, and hence the system pressure (Figure 24.7). The
data comparison for the steamline flow is very good. However, the BPA tends |
to overpredict the system pressure relative to the test data. The maximum ;

discrepancy in only 6 psi, so the agreement is considered fairly good.
.

i

The downcomer collapsed liquid level is most difficult to predict. The
comparison with the plent data is not as good as the other parameters, as
shown in Figure 24.8. the qualitative agreement is good, but ths test data
are, on the average, a few inches higher than the BPA prediction, with the

,

u ximum discrepancy of about 5 inches.

24.6.2 Generator Load Rejection
i

The second validation was done against a generator load rejection (GLR) I

test (Forkner,1981), also initiated f rom the full power conditions. Figures
,!24.9 through 24.14 show the comparisons between the Plant Analyrer simulations

and the test data. The transient is characterized by a sharp reduction in
;steam flow after the Turbine Stop Valve (TSV) fast closure at 1.81 s as shown ,

in Figure 24.9. The BPA simulation closely follows the test data until 7 s. ;
'

Thereafter, the predicted flow starts to decrease and reduces to zero at 10 s
when the MSIVs are fully closed, whereas the test data indicate that about 15% !

of steam flow remains. It is thought that the steamline flow described by the ;

data is erroneous af ter 10 s. Flow cannot reach the flow measuring devices |;

once the MSIVs have closed.

| Figure 24.10 shows the system pressure response to the generator 16ad !
' rejection. The BPA simulation compares favorably with the test data, with BPA t

r, tightly overpredicting the peak. The initial decline in pressure is due to ;
'

the opening of the bypass valves. The ensuing rapid overpressurization is the,

! result of the fast closure of the TSV at 1.81 s. This pressurization is limi-
| ted by the relieving action of the Bypass Valve (BPV) and two Safety Relief {

!

! -in-
I
:

)
i

|
_ . . . . _ _ _ _ _ _ . _ . -



BHL Plant Analyzer 12- Aug-87 14 :40

2000
m
I: o Plant Data
L i BPA (HIPA)
m 1500 - -

w

T

E 1000 < -

&
M

a 500< , , _ --
E
D
L

0 -

0 5 10 15 20 25

Time (s)

Figure 24.3 Pump Trip Test Data Comparison - Pump Speed

BHL Plant Analyzer 12- Aug-87 14 :49

100 n g -

\ o Plant DataN 90 -"

"'- ~

80 < -

3
o 70 - -

C
60 < -

-
3 50 " -

e o
40 " o" -

3h -

C
U 20

0 5 10 15 20 25

Time (s)

Figure 24.4 Pump Trip Test Data Couparison - Core Inlet Flow

.pa,



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ . _ _ _ __ _ ___ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

BNL Plant Analyzer 12- Aug-87 14 :49

100 r ,
i o Plant Data

90 ' \ - BPA (HIPA)
jm

N 80 <
*

n

I 70 < i

\3
o 60 - \

\
50 < & Pa a a F

40 :

0 5 10 15 20 25

Time (s) i

Figure 24.5 Pump Trio Test Data Comearison Reactor Power

BNL Plant Analyzer 12-Aug-87 14 :49

110

a o Plant Data
N 10 0 ; - BPA (HIPA)

- -

,

=\ .. 1so .

6 80 <' '

|
8
e 70 ''

1

i *
5 60 <3

"
, ,

'

50
O 5 10 15 20 25

Time (s)

Figure 24.6 Pump Trip Test Data Comparison - Steam Line Flow

i I

j -t43-

1
_ _ - _ _ _ _ - - _



_ _ _ _ _ _ . _ _ ___________ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _

BHL Plan t Analyzer 12-Aug-87 14 :49

1020

g sw a Plant Data
1010 " 'a BPA (HIPA).-

W
m. 1000 ' " ''

-

i# D

E 990 ' '

a
3 oM 980 ' ''

M o
@ D wof. 970 moa aoo <

,,
a.

960 '
0 5 10 15 20 25

Time (s)

Figure 24.7 Pump Trip Test Data Comparison - System Pressure

BNL Plant Analyzer 12-Aug-87 14 :49
*

50s i
; a Plant Data |

45 _- BPA (HIPA)-

e
a a n o,o aao a

3 40 '
a 8""

o
;-e a,~

35 r o :g ,
4
m:

30 " "

e
'c
~

25
0 5 10 15 20 25

Time (s)

Figure 24.8 Puep Trip Test Data comparison - Water Level

-149-

|

__ _



_ _ _ _ . . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

|

\

BHL Plant Analyzer 01-Sep-87 13:06
15 0

,

( O Plani Data,.
- BPA (HIPA)-

"

3 10 0 ''

Q
,-

k. I

E
* 50

\n
-

%' e
D D D D

0
- - - - - -

0 2 4 6 8 10 12 14 16

Time (s)
Figure 24.9 Cenerator Load Rejection Test Steam Line Flow

BHL Plant Analyzer 01-Sep-87 13:06
1150

m -

e a Plant Data
i h BPA (HIPA)

"Dha 1100 - S --
-

P g*

3 6 .

0 U '-
D

y1050- f |"

,fe-

L

1000
'

0 2 < 6 8 10 12 14 16

Time (s)
Figure 24, 10 Generator load Rejection Test System Pressure

)

-150-'

_ _ _ _ ._



_ _ _ _ _ _

j BNL Plant Analyzer 91-Sep-87 13:06
150

o Plant Data
| BPA (HIPA)

m

100 8%
-

d
3 50 < \ -

o a
IL

e

" " "
0 e c :

| 0 2 4 C 8 10 12 14 16

Time (s)
Figure 24.11 Generator fond Rejection Test - Reactor Power

i

j

BNL Plant Analyzer 01-Sep-87 13:06
12 0,

o .

;y a o Plant Data '

o
- BPA (HIPA)g 100 W o .

$ %, t

g 80 " * <-

%-
,

: 60 - <-

h> g
'

C
" '

40
0 2 4 6 8 10 12 14 16

! Time (s)

Fleure 24.12 Cenerator Load Reiection Test . Core Inlet Flov;

|

-151-

_ . _ _ .



BNL Plant Analyzer 01-Sep-87 13:06
* 40 %,.6 i
- o Plant DataA

- BPA (HIPA) |y 20 .-

o

D

"4 0 " .

|

@ D g D
QE

C .

a G
(5 DD Q

" oa occ -20 o ,"

oa

4

3 -40
-

'

0 2 4 6 8 10 12 14 16

Time (s)
Figure 24.13 Generator Load Rejection Test - Water Level

;

BNL Plant Analyzer 01-Sep-97 13:06
:

N'
$

" " o8 ao, o n
o o a '

"
[ 100 F :" o

\r.g'/80

a Plant Data iy
- BPA (HIPA)e

* 60u.
0 2 4 6 8 10 12 14 16

:

ITime (s)
i

Figure 24.14 Cenerator load Rejection Test - Feedwater Flow

-152-
|

:

I



_ - - __ -______-____ --___ - ____ ____ __ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ___ _ _ _ _ _ _ _ _ _ _

Valves (SRVs). The HSIV closure causes the pressure to flatten out at 8 s.
; The repressurization at 12 s is due to the reclosing of the SRVs.

Figure 24.11 shows the reactor power response to the GLR. The initial
dip in the reactor power is the result of more steam production in the core,
as seen in Figure 24.9, induced by the initial pressure decline (oce Figure
24.10). The small power spike at 2 s is due to the void cullapsing caused by
the rapid overpressurization but is arrested L, -cactor scram at 1.63 s with
0.27-s delay. The reactor power decreases rapio.y after the scram to the
decay heat level. Note that the test data are interpreted f rom the Average
Power Range Monitor ( APRM) signals which do not include the decay heat. Over-
all, the agreement between the BPA simulation and the test data is good.

[

The core inlet flow response to the load rejection is shown in Figure
!24.12. The BPA simulation compares favorably with the test data. This im-

plies the adequacy of the recirculation flow dynamics of BPA, consistent with
the finding in the comparison of the BPA simulation with the recirculation
pump trip test data.

The connarisons in the water levol and feedwater flow responses are not
j as favorable. Figure 24.13 shows the wide range level response. The predict-

ed level does not fall of f as rapidly as the test data not low enough to ini-1

-

tiate the L2 low leve?. trip (about -24 in.) at 6.4 s. In fact, the L2 set- I

point was adjusted la the simulation to initiate the trips (MSIV closure and
RPT) as iadicated in the test. Figure 24.14 shows the fecdwater flow response
to the GLR. While the BPA simulation follows the same transient behavior as (the test data, it does not predict the overshoot at 2 a and generally under-, ,

j predicts the feci ater flow. The reason for the discrepancies is not fully
i understood at present. The overshoot could be predicted by reducing the damp-
j ing coefficient of the Feedwater Turbine Valve (FTV) actuator. but the feed- :

,

water flow would become more occillatory.
|

1

24.6.3 BWR/2 Assessment

j The BWR/2 version of the Plant Analyzer (HIPA-BWR/2) has also been bench-
marked against plant data from a tubine trip test conducted at the Nine Mile
Point-1 Nuclear Power Station (NMP-1) . The results are presented in Figures

j 24.15 through 24.19, which are reproduced here f rom the MS Thesis of M. Byram
(1987).

; The power response from the test data and the HIDA results can be seen in
Figure 24.15. It should be noted that the power response f rom the test data
is fission power, while the power response f rom HIPA is the thermal power.,

This should make little difference, since the fission power is proportional to '

the thermal power and is presented here as relative power. The difference i

i lies in the prediction of decay heat which can be seen in the HIPA calcula-
tions, but not in the plant data, as the power gots to zero at approximately 5
s into the transient. |

In the turbine trip test data it can be seen that the fission power for i

the test was initially 117.3% of rated, so that as soon as the power rose due
,

to the turbine trip causing a rise in pressure and a subsequent collapse of (
core voids, the reactor scrammed on high fission power at 120% of rated. This i

was simulated in HIPA by setting the high fission power setpoint to 102.5% of

|
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!

i

rated. This setting caused a scram so quickly that the power rise was not ;

detected. Both sets of data also show a power spike about one second af ter
the turbine trips due to the pressure rise and subsequent collapse of voids in !
the core. |-;

; i
i. The fission power level in the plant data is seen to f all of f to noro by :
! about 5 s af ter the power spike. The HIPA results predict the thermal power lto have fallen to approximately 7% of rated af ter 40 s. :

I
The steam flow response is shown in Figure 24 16. A change in the steas |

,

flow is usually in direct response to a change in power level but can also be
!due to valve actuations in the steam flow path. A good example of the steam
,

flow spike due to valve actuation can be seen at about 19 e into the transient i
as the bypass valve is closed from its original setting. '

j Both data and predictions show a sudden f all in steam flow on closure of
I the turbine control valve. However HIPA predictions indicate a sharper fall

than the plant data. The HIPA results also predict a higher peak steam flo#
rate with two lesser peaks preceding the largest one, and one lesser peak fol- |
loving it. This is a reasonable prediction when compared to the power spikes. 4

, The peak steam flow predicted by HIPA is 101% of the initial steam flow while ;

) the peak for the plant data was given to be 71% of the initial steam flow, '

! both of these peaks occurring at about 6 e into the transient.
.

;

HIPA and the plant data agree as the steam flow falls af ter the peaks,

4 occur and settles down to around 25% of the initial steam flow. The HIPA
results, however, exhibit a more sporadic steam flow due to the manual bypass i
valve actuation at approximately 19 and 35 s into the transient.

I

! The system pressure response is shown in Figure 24.17. Here the HIPA ;

; results agree fairly well with the plant data as the pressure is seen to peak
at approximately the same time for all three sets of data. After the turbine

|stop valve was closed and the turbine bypass was opened, the plant data show '.

1 that the system pressure rose f rom 1028 psi to approximately 1087 psi over 3
] s, yielding a pressurization rate of 19.7 psi /s. The analyser predicted a
j similar pressurization rate of 20.3 psi /s as the pressure rose from 1031 psi ;

to 1098 psi over 3.3 s. Plant data reveal that the first bank of relief f
,

, valves was actuated at 1075 psi as the setpoint had drif ted f rom 1090 pai, |

| This was seen in the HIPA results as well. In addition, the HIPA results pre- *

: dicted a second relief valve actuation at 1095 psi.
4

i Af ter the turbine trip, the plant went into the hot shutdown mode and
passed pressure control to the mechanical pressure regulatcr and the bypass !

>

{ opening jack. This was modeled in HIPA by interactive control of the bypass !valve. Subsequent to pressure peaking, at about 4 s after the turbine trip,
'ithe plant data give a depressurisation rate of 1013 pat /s up untti 19 s.

During the same period. HIPA predicts a depressurization rate of 8.28 psi /s. I

After this point, the pressure continues to drop at a slightly faster rate and !
8

then begins to stabilise at about 840 psi. It should be noted here that the '

MSIV closure setpoints were lowered in HIPA from 850 psi to a much lower value-

to model the hot shutdown modo in the plant data.
'

,

!1

|
i ,

3

'
.
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It can be seen from Figure 24.18 that the feedwater flows predicted by
the enalyzer give similar trends as the plant data. The dependence of the
feedwater flow on the steam flow can be seen as the feedwater flow dips at
about 5 s after the turbine trip in response to the steam flow decreasing at
the very beginning of the transient. The feedwater flow is seen to drop to a
lower point for the plant data due to the larger duration of the steam flow at
very low levels, with HIPA predicting only a 0.5 M1bm/h drop in feedwater flow
for a duration of about 2 seconds. The plant data give a drop of 1.09 M1b/h
but for only a small f raction of a second as it rises to a p<sk of 7.52 M1b/h
at about 8 seconds. HIPA also predicts the subsequent rise in the feedwater
flow rate to a level of 7,91 M1b/h at approximately the same time. However,
HIPA predicts tvo peaks as the two peaks in the steam flow are responded to.

I

After the feedwater peak occurs at approximately 8 seconds into the tran- ;

sient, the feedwater cor. trol system switches into HPCI mode as the turbine ;
!driven pump coasts down. Since the plant was placed into the hot shutdown

node, the data suggest that the HPCI system was shut off after initiation. In !

HPCI mode, the control of feedwater flow switches from the three element
control of t steam flow, feedwater flow, and reactor vessel level, to control i

of the feedwater motor driven pumps on reactor vessel level. HIPA results, |
however, reveal that the feedwater system here is completely separate from the !

HPCI system and that it continues to operate in the three-element control mode ;

after turbine trip. This results in a more sporadic feedwater flow curve than i

seen in the plant data, but because the steam flow f alls off in the overall I

trend, so does the feedwater flow, matching the plant data's trends f airly I

well. The spike in the feedwater flow around 25 reconds is due to the spike ;

in the steam flow around 20 seconds.

The results for the prediction of the reactor vessel water level response
to the transient are presented in Figure 24.19. It can be seen that the
trends from the HIPA results and the plant data agree reasonably well, as HIPA
predicts a minimum to occur at approximately 8.1 seconds, and the plant data
give a minimum at abou*.12 seconds. The magnitude of these minima dif fer by
over 1.5 feet, however, as HIPA predicts -1.43 f t and the plant data give a
minimum of -3.00 f t below the normal water level. It is difficult to explain
this. since there is no information available on the core average void behav-
ior from the plant data. Perhaps the core average void predicted by HIPA is
calculated to be higher than that of the turbine trip data, not allowing the
level to drop to the same position as seen in the plant data. In any case,
the level predicted by HIPA responds the same as that of the plant after the
minimam occurs, with the plant giving a rise uf 0.139 f t/s compared to 0.138
ft/s as predicted by HIPA over the period of 26 seconds after the minimum
level prediction. HIPA pre 11 cts the level to fall off at about 38 seconds
probably due to a collapse of voids. following a sudden influx of cold feed-
water at about 26 seconds.

24.7 Remote Access t'ser Service Cl.S. Cheng and A.N. Mallen)

Niagara Mohawk has continued to use the BNL Plant Analyaer for the Nine
Mile Point-1 BWR/ 2 power plant. BNL has assisted in the conversion from
BWR/4 to BWR/2 recirculation systems, that is f rom pump-speed control to flow
control by control valve.
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The Consejo da Seguridad Nuclear in Spain, Madrid, has an engineer visit-
ing at BNL. His objectives are to set up the BNL Plant Analyser for si.eulat-
ing the Coftentes BWR/6 power plant in Valencia, Spain, and to facilitate
remote access f rom Madrid to the Plant Analyser.

Plant and operating parametecs have been compiled for the Cof rentes reac-
tor. Controls for pressure and for feedwater regulations of the Cof rentes
BWR/6 plant have been compared with the currently implemented controls for the
purpose of identifyir.g differences and needed modifications in the conttol
models. The comparison is based on control block diagrams used previonely for
computer simulations of the Cofrentes control system. It has been found that
valve actuators are represented by first-order (inertia-f ree) systems in the
Cofrents.s reference diagrass while the HIPA code of the Plant Analyser employs
second-arder systems. Also, the Cofrentes control system contains in the
pre ssu' e regulator a compensator for the acoustic ef fsets in the steam line.
HIPA does not have such a compensator.

t ork has been completed on the changes needed in the recirculation flow
regul tion (power regulation) for the Cof rentes BWR/6.

24.8 Promotional Activities

The BWR Plant Analyser has been presented and demonstrated to representa-
tives from the International Atomic Energy Agency in Vienna, from Electric 1te
de France (EdF) and to a class of nuclear engineering seniors f rom Manhatten
College.

The taiwan Power Company (TPC) is expecting governmental approval of the
cooperative program for developing BWR ar.d PWR simulation capabilities on the
AD100 special-purpose peripheral processor f rom Applied Dynamics International
in Ann Arbor, Michigan. The program involves besides BNL and TPC also the
Institute of Nuclear Energy Research (INER) and the National Tsing-Hua Univer-
sity (NTU).

The New York Power Authority (member utility of the Empire State Electric
Energy Research Corporation (ESEERCO)] is preparing to use the Plant Analyser
for its Fitzpatrick plant. ESEERCO is evaluating BNL's proposal for PWR
simulation.

Crumman Aerospace Corporation has decided not to bid on the development
of a nuclear reactor control and instrumentation test facility for Be t t is
Atomic Power Laboratory because the scope of the development was limited by
Bettis to existing technology and did not allow f or the ut111:stion of ad-
vanced developaents as intended by Crumman and bNL.

24,9 Future Plans

Model assessments and needed iuprovements will be continued. Work will
be continued to adapt the Plant Analyrer to the Cof tentes plant.

The Plant Analyser will be presented and demonstrated to domestic indus-
tries and foreign institutions interested in nuclear power simulation for the
purpose of promoting cooperative programs directed toward PWR simulations.

-161-



_ _ _ - _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

REFERENCES

BYRAM, M. E. (1987), "Modification of Brookhaven National Laboratory BWR Plant
Analyser to Accommodate BWR/2 Design of Nine Kile Point-1 Nuclear Power
Station," Master Thesis, Rensselaer Polytechnic Institute. Troy, NY.
September 1987.

CHENG, H. S. and WULFF, W. (1981), "A PWR Training Simulator Comparison with
RETRAN for a Reactor Trip from Full Power " Informal Report, BNL-NUREG-
30602, Brookhaven National Laboratory, September 1981.

CHENG, H. S. , WULFF, V. , KALLEN, A. N. , and CAZZOL1, E. G. (1986), "A Dynamic
Simulation of Long-Te rm BWR/4 MSIV Closure ATWS with Emergency Procedure
Guidelinea," 2nd Int. Topical Meeting on Nuclear Power Plant Thermal Hy-
draulics and Operations Tokyo, Japan.

DALLKAN, R. J. (1987), "Severe Accident Sequence Analysis Program - Anticipata
ed Transient Without Scram Simulations, for Browns Ferry Nuclear Plant Unit
1," NUREC/CR-4165 EC&G-2379, Idaho National Engineering Laboratory, May
1987.

FORKNER, S. L. (1981), "BWR Transient Analysis Model Utilizing the RETRAN
Program." TVA-TR81-01, Tennessee Valley Authority December 1981.

ISH!!, M. (1977), "One-Dimensional Drif t-Flux Model and Constitutive Equations
for Relative Motion Be twe en Phases in Ved 9 Two-Phase Flow Regimes,"
Argonne National Labo' atory, Argonne. IL. , ANL-7)-47.r ,

MEYER, C. A. , McCLINTOCK, R. B., SILVESTkt, C. J. and SPENCER, R. C. , J r. ,

"ASME Steas Tables," Third Edition. The American Society of Mechanical Engi-
I neers, 345 East 47th Street, New York, NY 10017.
|

| WULFF, W. (1980), "PWR Training Simulator, An Ev$'.aation of the Thermohy"
| draulic Models for its hin Steam Supply Systoe." Informal Report. BNL-

NUREG-28955 September 1980.

WULFF, W. (1981a), "BWR Training Simulator, An Evaluation of the Thermohy-
draulic Models for its Kain St e at Supply Systea," Informal Report, BNt-
SVREG-29815, Brookhsven N4tional Laboratory, July 1981.

WVLFF, W. (198t b), "LWR Plant Analyser Development Program." Ch. 6 in Safety
Research Programs Sponsored by the Of fice of Nuclear Regulatory Research,
Quarterly Progress Report. April 1-June 30, 1981; A. J. Romano, Editor,
NUREG/CR-2231. BNL-FUREG-51454. Vol.1, No. 1-2, 1980.

WULFF, W., CHENG, H. S., LEXACH, S. V. and KALLEN. A. N. (1984), "The BWR
Plant Analyser,'' Final Report. BNL-hTREG-51812, hTREG/CR-3943.

WULFF, W. (1982a), "LWR Plant Analyser Development Program " Ch. 5 in Safety
Research Programs Sponsored by the Of fice of Nuclear Regulatory Research,
Quarterly Progress Report, January 1-Mrch 31,1982; A. J. Romano Editor.
NUR2G/CA-2 331, BNL-NUKEG-51454. Vol. 2 No. 1. 1982.

-162-



_ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

i

; WLFF, W. (1982b), "LWR Plant Analyser Development Program," Ch. 5 in Safety
Research Programs Sponsored by the Office of Nuclear Regulatory Research,
Quarterly Progress Report, July 1-September 30, 1982; compiled by Allen J.3

d Weiss, NURE0/CR-2331 BNL-NUREG-51454, Vol. 2. No. 3,1982.
i
! WLFF, W. (1982c), "LVR Piant Analyser Devalopment Program." Ch. 5 in S4fety

Research Programs Sponsored by the Of fice of Nuc2 ear Regulatory Research,
Quarterly Progress Report, October 1-December 31, 1982; compiled by Allen

]
.

J. Weis s , NUREG/CR-2331, BNL-NUREG-514 54. Vol. 2, No. 4, 1982.
,

WLFF , W. (1983a), "LWR Plant Analyser Development Prograa " Ch. 5 in Safety
| Research Programs Sponsored by the Of fice of Nuclear Regulatory Research,

Quarterly Progress keport, January 1-March 31, 19838 compiled by Allen J.
j Weiss, NTREC/CR-2331. BNL-NUREG-51454, Vol. 3. No.1,1983.
I

| WLTF, W. (1983b), "LWR Plant Analyser Development Program " Ch. 5 in Safety
Research Programs Sponsored by the Of fice of Nuclear Regulatory Research,t

Quarterly ProJress Report, July 1-Septesber 30, 1983; compiled by Allen J.,

! Weiss, NUREG/CR-2331, BNL-NUREG-51454 Vol. 3 No. 3,1983.
I

W LFF , W. (1983c), "NRC Plant Analyzer De ve lopme n t ," Proc. Eleventh Water
| Reactor Safety Research Information Meeting, held at National Bureau of
I Standards, Gaithersburg, MD, Oct. 24-28, 1983 U.S. Nuclear Regislatory Com-
j mission. To be published.

]
WULFF W. (19834), "LWR Plant Analyser Development Program." Ch. 5 in Safety,

! Research Programs Sponsored by the Of fice of Nuclear Regulatory Research,
! Quarterly Progress Report. October 1-December 31, 1983; cospiled by Allen
I J. Weiss. NtmEG/CR-2331 BNL-NUREG-51454. Vol. 3, No. 4,1983.
|
:

| WLF F , W. (1954a), W LF F , W . , (1984b), "LWR Plant Analyzer Development Pro-
' gram " Ch. 5 in Safety Resaatch Programs Sponsored by the Of fice of Nuclear

Regulatory Research, Quarterly Progress Report. April 1-June 30, 1984; com-
piled by Allen J. Weiss, NUREG/CR-2331 BNL-NOREG-5145t, 101- 4 |10 2,
1984.

WLFF. W. (1984c), "LWR Plant Analyser Development Prog ras." Ch. 5 tr. Saftty
Research Programs Spousored by the Office of Nuclear Rego14 tory Research,

; Quarterly Progress Report, July 1-September 30, 1984; compiled by a'len J.

|
We i s s , NUREC/ CR-2 3 31. BNL-NUREG-514 54. Vo l . 4. No . 3, 19 8 4.

| WLFF, W. (1984d), "LVR Plant Analyser Development Program." Ch, 4 in Sf fety
Research Prograss Sponsured by the Of fice of Nuclear Regulatory Research,
Quarterly Progress Report, October 1-December 31, 1984; compiled by Allen
J. Weiss, NUREG/CR-2331, SNL-NUREG-51454 Vol. 4 No. 4,1984

VULFF, W. (19854), "LWR Plant Analyser Development Program," Ch. 4 in Safety
Research Programs Sponsored by the Office of Nuclear Regulatory Research,
Quarterly Progress Report, January 1-March 31, 1985; compiled by Allen J.
Veiss, NUREG/CR-2331, BNL-NUREG-51454 Vol. 5 No. 1, 1985.

-143-



. - - _ - _ _ . .-.- - _ _ _ _ _ .

WLFF , W. (1985b), "LWR Plant Analyser Development Program," Ch. 4 in Safety
Research Programs Sponsored by the Of fice of Nuclear Regulatory Research,
Quarterly Progress Report, April 1-June 30, 19858 compiled by Allen J.
Weiss, NUREC/CR-2331. BNL-hTREG-51454 Vol. 5, No. 2,1985.

WLFF, W. (1985c), "LWR Plant Analyzer Development Program," Ch. 4 in Saf ety
Research Prograss Sponsored by the Of fice of Nuclear Regulatory Research,
Quarterly Progress Report, July 1-September 30, 19858 compiled by Allen J.
Voiss, hTREG/CR-2331. BNL-NUREG-51454 Vol. 5. No. 3,1985.

,

'

i

WLFF, W. (19854), "LWR Plant Analyser Development Program " Ch. 5 in Safety
Research Programs Sponsored by the Of fice of Nuclear Regulatory Research, !

Quarterly Progress Raport, October 1-December 31, 19858 compiled by Allen
,

J. Weiss, hTREG/CR-2331, BNL-NUREG-51414. Vol. 5 No. 4,1985.
,

;!WLFF, W. (1986a), "LWR Plant Analyser Development Program " Ch. 5 in Safety
Research Prograss Sponsored by the Of fice of Nuclear Regulatory Research, ,

Quarterly Progress Report, January 1-March 30, 19868 compiled by Allen J.
Weiss, hTREG/CR-2331, BNL-NUREG-51454 Vol. 6. No.1,1986.

7

t

WLFF, W. (1986b), WLFF, W. , (1984b), "LWR Plant Analyser Development Pro- !
gram," Ch. 5 in Safety Research Programs Sponsored by the Of fice of Nuclear f

Regulatory Research, Quarterly Progress Report, April 1-June 30, 19868 com- !
piled by Allen J. Weiss, hTREG/CR-2331, BNL-NUREG-51454 Vol. 6, No. 2, i

1986.

WLFF, W. , CHENG. H. S. , and MALLEN A. N. (1986), "BWR Plant Analyser Devel-
opment at BNL," Proc. 14th Water Reactor Safety Information Meeting, NBS, !

Gaithersburg, MD, hTREG/CK-0081. i

;

;

i

|

i
!

|

l

:

!

l
,

i

-164- |
|

|



. _ . . _ _ _ _ _____ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ -

'

>

|.
,

25. Procedures for Evaluating Technical Specifications (PETS)

(John L. Boccio and Franab K. Samanta) ;

25.1 nackground
|
t

Technical Specifications (TS) are design and procedural limits that impose !
i exp?icit restrictions on the operation of nuclear power plants and on the main- '

tensnce of safety systems in a pre-accident condition. A number of problems !
i with TSs have evolved over the years and there is general agreement that TS are !'

complex and difficult to implement. As pointed out in NUREC-1024', these prob- :
4 lees are largely due to the bsence of specific criteria regarding the content |
| of the TS. Numerous items have therefore been included within the TS that are r

| of vastly dif f ering levels of safety importancel in some cases, requirements !
' 'were inconsistent. Other concerns, besides being complex and difficult for con-

trol room operatoes to implement, have been expressed regarding the lack of
technical basis for test f requencies and allowed downtimes of components which
are symptomatic to accelerated component wear, added maintenance, unnecessary
test downtimes, introduction of human errors, and the added potential of common-, r

cause errors.
|

1 To address these concerns and to place TS on a more rational basis, the ;

U.S. nuclear industry and the U.S. NRC have embarked on parallel and coordinated '
2

efforts. One of NRC's initiatives was to establish a broad-based research pro- :
gram to examine the issues that arise in addressing various alternative means !

; for evaluating the safety implications of current TS and in seeking ways to
,'improve on the current posture of TS.

'j 25.2 obj ee t ive
i

i The objectives of the PETS Program are to develop and demonstrate methodol-
,

ogies to utilise reliability and risk techniques in evaluating the scope, de- t;

j tailed requirements, and safety impact of plant TSs, and to explore alternative '

approaches to structuring TSs to nuke them store ef f ective in controlling overall'
-

risk. The procedures devaloped are to provide a quantitative basis for revising .

the TSs and for responding to licensee submittals. I,

1

'

i 25.3 Summary of Prior Efforts .'

The PETS Program evolved from an ongoing research project at BNL (Time f
; Dependent Reliability Modeling, TIN A-3230) for developing and applying a !
] methodology to evaluate oper.ating procedures for safety systems in standby and ;
) operating modes and to perf orm sensitivity analyses to various testing, operat-
| ing, and maintenance strategies. A series of coupote coJes, FRANTIC !, II, and
| !!!, were developed through this study and were designed to predict the time-

wise variation of saf ety system unavailability as a function of dif ferent main- t
a

i tenance strategies. Optimised testing intervals could also be gleaned through !
! sensitivity studies employing the TRANTIC-series of codes. In the process of

'

; developing and demonstrating risk-based approaches f or addressing specific TS
3 safety issues, BNL has, through the PETS program, been investigating the utt11ty

of the TRANTIC codes along with the other risk and reliability methods. The |,

; development and codification of the TRANTIC code to facilitate its use in A0T -

.

,

i !
; -us- ;
i

1
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and STI evaluation has continued. Spec'.f tc features have been added and others'

are planned to evaluate the effect of realistic test schedules in nuclear power
plants.

,

At ito initiation, the primary objective of the PETS program was to devel-
op and demonstrate an overall procedure for determining A0Ts and STis, to pro-
pose A0Ts and STIs for select specific cases, to provide a procedures guide for
implementing TS analysis procedures, and to develop and demonstrate risk-based

,

guidelines for utilising cumulative downtime allotments to control component
| downtime as suggested in resolution of Generic Issues B-56 and B-61. The PETS

2program identified a number of safety issues which tecpact the determination of
A0T and STI requirements. The significance of these docueented safety issues
was evaluated using the eme:gegey cooling system of the Linerick nuclear power ,

plant as an evample. A report describing the findings was issued for review
and comraent which showed how existing Probabilistic Risk Analysis (FRA) models t

can be used to address A0T risks as well as providing a preliminary indication
as to how a technical review of licensee-submitted TS exemption request should

i be conducted if the submittal employs probabilistic approaches. Throughout this j

]' study. PETS identified the need to develop regulatory review strategies that ,

should not only cover probabilistic implementation approaches (in which risk is :

I explicitly calculated and used as the basis for exemption requests) but should I
d also address those deterministic methoda/ approaches where risk considerations fserve as a more implicit underlying basis for seeking changes in a specific TS. ;

,

L Using the PRA for Arkansas Nuclear One - Unit 1 as the basis for measuring y

: the risk impact of testing and maintenance activities, the PETS program has also r
I

j evaluated a complete set of the A0T and STI requirements of the plant's TS.
; Using core-melt irequency as the risk measure and a pre-defined numerical !

criterion that is based on the safety goal criterion f or the f requency of core ;

1 melt, this aspect of the study has shown not only which component's downtimes -

.

i can be relaxed (increased) but also demonstrated a method for determining the
risks assoelated with a given A0T. This report" aho provides an evaluation of

,

i the STI risk at this plant. ;

i,

| Based on the above work, the program focussed on developing methodology |guides for modification of A0Ts and Sils based on the irsights gained through r
'the evaluation of safety issues using the emergency cooling systems of the

j 1.fmerick plant ar,d through the application to the ANO-1 technical specification f
j

: requirements. Reports . were issued which were intended to provide guidance to !5
'

! Itcensees and to result in uniformity in the TS submittals. The reports covered
| the regulatory decision process in A0T and STI modificatAons, and methodology !

i guidance f or A0T and STI risk evaluations. These reports are currently planned |

! to be more specif te and detailed based on industry and Ntc needs for stream- |
lining both the development of licensee submittals and the review of those |

'

submittals. |
'

1 :

,

The PETS program conducted a three-day course through the Technology I

i Transfer Program for the NRC staf f involved in tech spec modification. The i

course focused on risk-based evaluation of A0Ts and ST1s and slao on review con-i

) siderations for licensee submittals of requested changes.

I
1 i

i !
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t

i

In summary, the PETS activity has involved various aspects of A0T and STI
requirements and more than twenty reports have been published. The PETS find-

.

ings have provided a risk perspwetive on A0T/STI requirements and cover the '

; following areas (including those requiring additional ef fort for developing an ;

j implementation approach in the regulatory process):
i i

the expected risk contributions associated with present tech specs, "
e

'!
!'the maximum risk contributions allowed by present tech specs,*

l !

approaches to address the maximum contributions allowed by present tech |
e

specs, ;

I !
proper evaluations of the risk contributions ' associated with tech specs,] * ,

1

effects of PRA uncertainties in evaluating risk contributions from teche '

specs,
'

numerical criteria to assess the acceptability of r.sks associated withe

) tech specs, ;

the risk effects of removing downtimes and test intervals frot tech je
;

j specs, t

utilising allowed cumulative outage times as a means of controlling '!e

j downtime risks,

| utillaing risk approaches to revise standardized tech specs and plant-e

specific tech spece, ;i

I !
j the feasibility of performance based tech specs, and |

e

: ;

i the effects of aging on the adequacy of risk control by tech specs. Ie

;
t

i F.ach of these areas and the findings resalting from PETS research are dis- }
cussed in a project status summary report (BNL A-3230 9-22-87) that gives the |

'

conclusions reached, the issues that remain, and tasks needed to address the |
.| 1ssues or to implement the developed approaches into regulttory practices. [
| L

,

2$.4 Work Performed During Period i

[i

i During this reporting period, the project stressed activity in response to |
| Generic !ssues B-56 and B-61. The PETS program has developed methodologies and !

.

demonstrated through application the effectiveness of adaptive testing and cum- (l utstive downtiae strategies. Risk ef f ective surveillance test intervals were ;
analysed for diesel generators, and PC-based sof tware was developed f ar imple- [

'

} mentation of such approaches.
1, ;

,

'
t
'

,

; ,

3 !

! I

|*

1 |
I. -m- |
|

1

I
: -

-- . . - - - - . _ - _ , - - - - - - _ , . - - _ - - - - . , _ _ _ - - - - . - - - - - , . ~ . . _ . - _ _ - - - , _ -



- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _

From a risk standpoint, the objective of diesel jenerator surveillance
rests is to control the risk arising f rom f ailures which can occur while the
diesel is on standby. At the same time, riske trom test-caused f ailures and
test-caused degtadations also need to be controlled. Risk-acceptable test
intervals balae 2 these risks in and attempt to achieve an acceptable low, over-

fall risk.

Risk and reliability approaches were developed which allow risk-arceptable
test intervals to be determined for any diesel. These approaches, along with
the data required to apply them, are described in Reference 8. The approaches
can be apolied not only to diesels, but to any component with suitable data.
Incorporation of the approaches in personal computer (PC) software which can
provide tools for the regulator or plant personnel f or determining acceptable
diesel test intervals for any plant specific or generic application is discussed
in the report. The FRANTIC III computer code was run to validate the approaches
and to evaluate specific issues associated with determining risk-ef f ective test
intervals for diesels.

{ Figure 25.1 is a characteristic plot obtained from the calculational ap-
proaches which were developed. The figure plots diesel accident unavailability

1 and diesel test unavailability versus surveillance test interval (in hours).
! The diesel accident unavailability (denoted by "Accident") is the probability

that the diesel will fail to perform its function in an accident.The diesel test
2 unavailability (denoted by "Test") is the erobability that the diesel will fail

in a surveillance test as carried out under present technical specifications.
The reliability parameters f or this example diesel are indicated in the figure
caption, although they are not necessary to understand the basic behaviors shown
in the figure.

The figure shows several impertant results. The diesel a tident unavaila-
bility can never be less than the diesel tant unavailability bus can be signifi-
cantly higher. The test unavailability is the performance measured in a sur-
veillance test ur. der present plant-specific or generic technical specifications.
The accident unavailability is higher than the test unavailability because it

includes all contributions which can cause the diesel to be unavailable in acci-
dent, test, maintenance, and repair unavailabilities.

In addition to being significantly higher than the test unavailability, the
accident unavailability shows significantly different behavior as the test
intervals are changed. Test unavailability continually decreases as the test
interval is decreased, a result that is consistent with the requirements in
Regulatory Guide 1.108 to test more frequently whenever problems arise.

The accident unavailability, however, st.ows a clear optimal region, and the
unavailability increases if the test int e rval is increased or decreased from
this optimal region. In particular, the accident unavailability can be unac-
ceptably high if the test interval is too short. With regard to controlling the
accident unavailability. Regulatory Guide 1.108 is consequently not an espe-
cially effective approach; following the Guide can cause the accident unavaila-
bility to increase and become unacceptably high. Reference 8 presents ap-

proaches which can be used to effectively determine test intervals that maintain
the accident unavailability at or near the lowest achievable levels.
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Figure 25.1 Unavailability vs eest interval (laibda = 3E-05

P = 1E-02. K = 10. and dow"lae = 72

Figure 25.2 is a histogram of diesel accident and diesel test unavaila-
bility collected from specific plants. The data (Table 25-1) are rough but
indicate the relative sites of the two unavailabilities. Test unavailabilities
may satisfy NRC goals, while the accident unava11 abilities can be significantly
higher. The extra contributions to accident unavailability are not directly
controlled by present technical specifications. The approacnes in the report
can be used to improve control over these extra contributions.

Using the approaches documented. diesel accident unavailability can be more
effectively monitored and controlled on a plant-specific or generic basis. Test
intervals can be made more risk effective than they are now, producing more
acceptable accident unava11 abilities, and avoiding t.h e possible deleterious
effects of Regulatory Guide 1.108. The methods presented are one step toward
pefformance-based technical specifitations. which more directly control risks.
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Figure 25.2 Diesel accident unavailability vs. test unavailability
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i Table 25-1. Reported Unavailabilities by Plants
I ;

|' i

|

|
Unavailability

l Specific .

'

|Unit Diesel Downtime Test Accident

ANO fl 1 1.4E-2 3.4E-2 4 4.8E-2 '

|

Beavt.t Valley (BV) 1 1.3E-2 2.4E-2 3.7E-2
;

Big Rock Pt (BRP) 1 7.0E-3 3.4E-2 4.1E-2

!

| Brunswick (BRW) 1 7.0E-3
I 2 6.0E-3 6.3E-2 7.3E-2
| 8.0E-3

2.0E-2

Calvert Clif f s (CC) 11 2.0E-2
12 2.2E-2 1.9E-2 3.7E-2 '

,

21 1,4E-2 j

Cooper (COP) 1 1.2E-2 i

2 1.0E-2 2.3E-2 3.4E-2 )

Cryptal River-3 (CR3) A 5.2E-2 4.6E-2 8.0E-2 ,

B 1.5E-2

| Davis-Besse (DB) 1 2.2E-2 3.7 E-2 5.3E-2 l

1.1E-2 [

Dresden (DRS) 2 4.0E-2
2/3 4.4E-2 5.1E-2 9.2E-2 i

I

3 4.0E-2
i

Tarley (TRt.) IB 9.0E-3
1C 8.0E-3 1.3E-2 2.0E-2 i

!
1/2A 7.0E-3

2C 4.0E-3 !

i

Titspatrick (TTZ) A 8.0E-3 2.7E-2 3.6E-2
8 6.0E-3
C 9.01-3 i

D 1.6E-2 -

Calhoun (CA1.) 1 3.2E-2 5.4E-2 7.7E-2 !

2 i.8t-2 !

I

Ginna (C1N) A 7.0E-3 2.1E-2 2.9E-2 |
B 9.0E-3 |

j,-

i

[
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Table 25-1. Reported Unavailabilities by Plants (Cont'd)
,

Unavailability.
Specific

Unit Diesel Downtime Test Accident

Hatch (HAT) 1A 7.0E-3-
1B 2.0E-2

4

1C 9.0E-3 1.9E-2 2.8E-2 i

2A 5.0E-3
2C 3.0E-3

Indian Point 2 (IP2) 21 NG 5.0E-3
22

'
23

,

! ;

Indian Point 3 (IP3) 31 1.0E-2
'

32 7.0E-3 1.0E-2 1.8E-2
33 7.0E-3

Kewaunee (KWE) 1A 5. 0:.-3 2.9E-2 3.4E-2 ;
"'B 5.0E-3

p
Lacrosso (LCR) 1A 1.4E-2 4.3E " 1.6E-2

1B 9.0E-3

'

Maine Yankee'(MYK) 1A 4.0E-3 2. s '.-2 2.8E-2.

18 3.0E-3 i

;

Millstone 1 (!!S1) D6 1.5E-2 3.5E-3 !.9E-2 -
4

Millstone 1 (MS2) 1211 9.8E-2 2.0E-2 1.;'-1,

1311 8.1E-2
i

i
;

Nine Mile point (NMP) 102 3.0E-3 :'
103 2.0E-3 7.6E-3 1.0E-2 |

North Anna (NA) 1H 1.6E-2 1.1E-2 2.4E-2 |>

"

1J 1.3E-2 '

i .

Pals sades (PLS) :, 4 8.0E-3 1.5E-2 2.4E-2 |
i | 2 1.0E-2 !
l i

I Peach Bottom (PBT) 1 8.0E-3 !
j 2 8.0E-3 4. 'a E-3 1.2E-2

'

,

i 3 8.0E-3 ;

i 4 6.0E-3 I
i -

{
,

r

E

$ E

|- i

1 !
:
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Table 25-1. Reported Unavailabilities by Plants (Cont'd)

Unavailability
Specific

Unit Diesel Downtime Test Accident

Point Beach (PBC) 30 1.3E-2 1.1E-2 2.2E-2
40 1.0E-2

Prairie '.sland (PI) 1 1.0E-2
2 1.5E-2 1.8E-2 3.1E-2

Quad-Oities (QC) 1 3.0E-3
1/2 7.0E-3 1.6E-2 2.1E-2

2 5.0E-3

Rancho Seco (RS) A 1.6E-2 2.8E-2 4.4E-2
B 1.6E-2

Robinson (ROB) 2A 1.3E-2 8.0E-3 2.0E-2
2B 1.1E-2

St. Lucie 1A 1.1E-2 (NG)
IB 1.0E-2

Surry (SUR) 1 1.0E-2
2 5.0E-3 1.0E-2 1.7E-2
3 6.0E-3

Trojan (TRJ) 1 9.0E-3 3.0E-3 1.2E-2
2 8.0E-3

Vermont Yankee (VY) 1A 1.3E-2 2.8E-2 4.2E-2
1B 1.4E-2

Yankee (Rave) (YR) 1 2.0Z-?.
2 J.0E-3 3.4E-3 1.8E-2

i 3 1.3E-?.
I

.
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26. Operational Safcty Ra11 ability Research

(John L. Boccio)

26.1 Background

Despite NRC regulations and fixes made after the TMI accident and the
Salem automatic-trip failure, operational events keep happening. A possible
reason is that in the past NRC requirements have emphasized prescriptive re-
quirements to correct identified problems; and have not been life-cycle ori-
ented to prevent system reliability degradation ond future problems. There-
fore, the Commission has directed the staff to place high priority on develop-
ment of capabilities to foresee problems through monitoring of performance
data and to shift regulatory emphasis away from detailed prescriptive require-
ments toward more general, performance-based requirements.

Several regulatory issues involve finding ways to present reliability
degradation and future problems, possibly through more ef f ective use of reli-
ability engineering / management. Examples of such issues are:

How to prevent multiple failures such as occurred at Davis Besse in*

1985 (i.e., improved strategies to prevent common-cause failures).
.

How to evaluate industry responses to NRC requirements to maintain or*

improve reliability of EDGs (CI B-56) and RCP seals (GI-23).

How can reliability engineering methods be used in Tech Spec improve-*

ments to help focus surveillance on important equipment / failure
models/ errors, and to help improve maintenance effectiveness.

How to structure reliability engineering / management to selectively use*

aging research results to systematically prevent degradation and to
help develop criteria for license renewal.

* In the long range, how to inpferent the saf ety goal policy so that4

utilities uystematically prevent degradation and continually achieve'

rafe perf oxeance, while NRC meritors plant patformince to verify the
safety goals are met.

Previous work under this project has helped to identify the essential
elenents and process of relinailtty enginearind that are considered useful for ,

; achir.ving and malntaining p: ant safety during the plant lifetime. Additional ;
research is planned to develop criteria and to evaluato netnods for applying
reliabili ty engineering /manageme nt to the resolution of individual issues.

26.2 (b'ectivei

|

The objective of *.his project is for BNL to evaluste the effectivenese of
'

reliability engineering / management methods to help achieve and maintain high ;

availability of safety systems and low frequency of transients (and faults) in
; operating reactors. The research planned for FY 1988 emphasizes evaluation of

reliability engineering methods through practical trial applications.
I I
I

|
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26.3 Summary of Prior Efforts

To meet the basic objective of this project , BNL has divided the effort
into nine major tasks. These tasks were formulated so that interim products
will be useful to the NRC. In broad terms, these tasks can be classified as:
1) plan development, 2) reliability program element / attribute effectiveness
evaluation and modification through case studies, initial trial use, and com-
parison with generic issues, abnormal occurrences, and accident precursors,
and 3) further evaluation / modification through broader t rial use and peer
review.

The nine major tasks are:

Task (1) - Development of initial project plan.

Task (2) - Evaluation of reliability program effectiveness vs outstanding
generic issues, abnetcal occurrences and accident precursors.

Task (3) - Identification of success ui reliability program attributes
and its potential effectiveness through case studies of util-
ity practices.

Task (4) - Reliability techniques development and integration.

Task (5) - Evaluation of reliability program ef fectiveness, practicality,
and attributes through initial trial application on an example
system at one plant.

Task (6) - Reliability program description update based on case studies
and initial trial use.

Task (7) - Further evaluation of reliability program elements / attributes
through broader application to several systems in a trial ap-
plicitina at one plant.

Task (8) - Pue1.ication.

In p re.6 nns yea r s , PN1 completed Tacks 1 '., 3, 5. 6, a nd ,* 2 r t s of Task
7.The following reports hsic been issued:

1. Operational Safety Reliability Research Proj ec t Plan, BNL Technical
Aepor t A- 3282 1/5/85, January 1986.

2. Evaluation of the Potential Etieeilveness of a Reliability Program on
Safety issues Resolution, Volume 1 - Generic Safety Issues, BNL Tech-
alcal Repert A-3282 1/15/86, Januar/ 1986.

3. Evaluation of the Potential Effectiveness of a Reliability Program on
Safety Issues Resolution, Volume 2 - Abnormal Occurrences, BNL Tech-
nical Report A-3282 9/15/85, September 1986.
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4. Trial Application of Reliability Technology to Emergency Diesel Gener-
ators at Trojan, BNL Technical Report A-3282 4/30/86, April 1986.

5. Evaluation of Reliability Technology Applicable to LWR Operational
Safety (Draft for Comment), NUREG/CR-4618, May 1986.

6. A Reliability Centered Surveillance Concept for Nuclear Power Plant
Standby Safety Equipment. BNL Draft Technical Report A-3282 12-09-86,
December 1986.

7. Methodology Evaluation for Identification and Prevention of Reliabil-
ity-Related Common Causes. Letter Report, May 1987.

8. Evaluation of Reliability Program Elements / Techniques Through Applica-
tion to a Normally Opera *.ing System, Draf t Program Plan Letter Report,
July 1987.

Based upon the FY 1986. work, NRC issued a draft document, "Evaluation of
Needs f or Implementation of Reliability Technology in the Regulatory Program,"
which describes possible regulatory applications to help prevent future acci-
dents from occurring.

I

26.4 Work Performed During Period

Work during this reporting period largely focussed on (i) extending the
reliability program process identified in FY 1986, to include defensive stra-
tegies against common-cause f ailures and (ii) soliciting cooperation with an
operating utility and evaluating through a trial app 11- lon the effectiveness
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 Issue (USI) B-56.
The following highlights the work conducted through this project during the
reporting period.

26.4;l Guldettoes for Using Reliability Progr&as to Defend Against (czmon-
Cause Fallercs

To provide a reliability program-based defensa agafnst cammon-c.ause fail-
ures, the study has shown t. hat the tollowing reliability tools are requiredt

techniques f or ider.tif ying potential common-cause f ailut es,.

tactiniques for prioritizing these identified conmon-cause failures,.

cuida_'e for determining which of the identified cormon-cause failures.

should ta defended against, and

guidance for indicating what typu of defenses are likely to be suc-.

cessful against the varinus types of common-cause failures.

-17/-



Work cer tered on identifying the requisite techniques and integrating
1them within the f ramework provided by a reliability program structure in or-

der to defend against common-cause failures. To develop the above techniques
and guidance around this f ramework, it is necessary to first develop a relia-
bility center for common-cause, i.e., to classify the reliability characteris-
tics of common-cause f ailures in such a way that the above techniques can be
accomplished. A major objective of this task is to initiate development of
such a reliability center for common-cause failures. In addition to the
f ramework provided in Reference 1, this study builds upon work in the common-
cause area that was conducted jointly by the NRC, EPRI, and the Systems Reli-
ability Directorate (SRD) of the United Kingdom (UK). The techniques and

2methods put forth by this joint study are primarily oriented toward quantify-
ing common-c tuse events that have been a priori identified. The techniques

; introduced in this study are considered to be an extension of this work in
| that (1) they can provide systematic ways of identifying potential common-

cause failures, (ii) they can provide a systematic way of prioritizing these
failures, and (iii) they can give guidance as to the type of defenses against
the identified common-cause failures that would be expected to be successful.

!

| Work continues in providing this identification process and in generating
guidance for defensive strategies. Figure 26.1 depicts the process being in-
vestigated for identifying the reliability program activities needed to defend
against common-cause failures.

26.4.2 Trial Application - Normally Operating System

Much effort was spent during this reporting period in soliciting industry
involvement in the development of a reliability program f or a normally operat-
ing system. To date, the project has acquired verbal agreement to participate
it this activity from one utility, viz, Consolidated Edison of New York.
B teed on previous NRC staf f recommendations , the system chosen for subsequent
in 'estigation is the component cooling water system at the Indian Point 2;

site. The scope of this effort includes the following work in cooperation
with utility and site personnel: analyzing data on the system performance to
identif y failures that have occurred, analyzing the design /cperationa/mainten-
ance prograus to identify potential failures, prioritiefng importsnee of con-
peaents in order to identity critical compe,nentt end failure modes, i d e n t i .? y-
ing possible reliabliity improvements partteularly through cham;es in opera-,

4

| tion /surve111ance/naintenance, and if such changes are approved by thF Jtil- I

'

ity, evaluating the effectiveness of the proposed changes for proventin;;
,

potential probleas from occurring.

To date, basic operating informatie, on ;Lis systen has been provided by
| the utility, and data analysis is underway.

26.4.3 Review Guidance - Diesol Generator Reliability Program

A document thatprovidestheNRCwithguidanceforevaluatingdieweggen-
! erator reliability program submitted by licensees for review was draf ted dur-

ing this reporting period. Table 26-1 sumuarizes the scope of review to be

I
r
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wommended surveillance, trending, and alert levels
_________________________ _ _ _ ,, _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ , *

+. *
' Pontter llellability reliability Compare Performance recommended Asses.s llellability in

to Targets analysts Design and Operattens
data p -------->

n,
Develop cosmon-cause piecepart Itst

e Survet11ance for dectectab'e |e Trending to detect common- e

condittens assectated with cause fattures Decide uhtch common-cause fallures to
common-cause talleres | e

I c Alert levels for common-cause defend against
detectable conditionsJkA e Decide en a defensive strategy

a i Identify any detectable condittens
e e

s assectated with commen-cause fatluree
s '

e 8
5 e alert levels vietated
. 'alert levels f.et stolated---- --------- '

Problemsterrective action - - ---

effectivecess
; vertited

,

i G
.

e V
Assess Probles Priority and 5thedule Problee Analysts

Verify Corrective Actica friectheness

Provide a categertratten of common-cause failureee Provide guideltaes for determining conditions to assist in prierttization and schedulingif a change to the reltability
program ts necessary e Slow actlag e fight coupled

e fast acting o Leese coupled

h

corrective actless tapertant problems
detemined and
taplemented

1P

Deterwies and laplement Identify Problee Cause
correcties Actless orables cause flealtred

verify that detected conditten is reallyee Provide strategy per defense the reet failure cause
against common-cause fattares

Fig. 26 1. reliability program activities to defend against common-cause failures
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Table 26.1. Diesel Generator Reliability Program Critical Review Items

A. EDG Reliability / Availability Target

Assure that the reliability /availabilin target for the diessi generator has
been established, and that calculational measures have been defined that can
be evaluated and compared to the target.

B. EDC Surveillance Needs

Assure that the diesel generator equipment boundary has been defined, and
that the diesel generator reliability program has specified a task for
analyzing the surveillance needs of this equipment

C. EDG Performance Monitoring

Assure that the reliability program specifies a task to monitor diesel
generator performance, using both statistical trending and engineering data,
to spot derradations in performance.

D. EDG Maintenance Program

J Assure that the diesel generator maintenance program has a reliability focus
that includes preventive maintenance, prioritization of maintenance actions

; and spara parts considerations.

| E. EDC Failure Analysis and Root Cause Investigation

Assure that there is a task to systematically reduce identified diesel
generator problems to correctable causes.

F. Problem Closeout

Assure that the diesel generator reliability program requires a formal
problem closeout procedure, and that this procedure involves both (1)
establishing criteria for problem closeout when a reliability problem is

'
<

det6cted, and (2) providing for any special monitoring activity to assure
| that tha c iteria have been satisfied by the ccrrective action,

'

f
J C. Data Co11retion and Utilization I

i i
Assure that a data gathering, storage, and retrieval system with sufficient |

1 capabilities to support all other features of the reliability program is in ,

3 place or vill be implemented is part of the diesel generator reliability
j program.

H. Responsibilities and Management Controls; ,

i

Assure that there are clear line responsibilities and management controls in
place that identify responsible individuals for implementing and operatitig

i the diesel generator reliability program, and assure that these individuals !' are qualified to perform the functions for which they are responsible.
t

i

I

I .

. !
4
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provided f or emergency diesel genera; .r reliability programs. The items de-
lineated in this table are those that should be explicitly discussed in any
reliability program written documentation. As such, these so-called critical
review items are discussed at great length in the cited reference. An accept-
able diesel generator reliability program will have to address the basic is-
sues associated by each of tie critical review items. Efforts spent during
this quarter have been to identify these issues further and to provide a
checklist f or reviewing reliability programs for this system. For example,
the report shows how reliability /aeatlability cargets for the diesel system
can be defined and attempts to clarify the measures necessary to evaluate
schievement of this target. To judge the acceptability of diesel generator
performance, the progression of f ailures as well as the overall f ailure his-
tory should be used. Proposed interim failure evaluation criteria are pre-

Isented in Reference 3 and summarized in this quarterly p ogress report in
Table 26-2. In this example, the progression of failures is very important i

for interpreting the f ailure data and for evaluating false alarm rates. All )
combinations of the evaluation criteria are shown for this example, and their |
interpretations are summarized in the cited table. '

26.5 References

1. Azarm, M.A., and Lofgren, E.V., et al., "Effectiveness of Reliability
Technology Applicable to LWR Operational Safety," NUREG/CR-4618, BNL-
NUREG-51995, May 1986, revised December 1987.

2. Mosleh, A., and Fleming, K.N., et al., "Procedures for Treating Common-
Cause Failures in Saf ety and Reliability Studies," Volume 1. April 1987,
Pickard, Lowe and Garrick, Inc.

3. Lofgren, E.V., et al., "Diesel Generator Reliability Program: Review
Guidance," Science Application International Corporation, September 15,
1987.
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Table 26.2. Interim EDG Failut'e Evaluation Criteria (Proposed)
for EDCs with a Reliability Target of 95%

Combinations of
Svelustken Criteria Tallure Evaluation Yime Period False Alarm

tf Failures /eDemandt) criteria (1 Demand /2 Wks) Rate

1 2/20 Y Y Y N N N N Y 10 Mbnthe 261

. 3 5/S0 Y Y N N N Y Y N * 2 Years 111
1

g 10/100 Y N N N Y Y N Y * 4 Years 31

Tellure Fragtession 1 2 3 4 5 g 7 g

Legends Y = Yes
N = No

Interrretatiers of the Failure Preatessions
i

Failure Proaression Interrretation

1, 3 2 failures in 20 demands 1 bis is an unacceptable condition requiring immediate action
3 5 failures in 50 demands to declare the EDG inoperable. There is stroeg evidence
g 10 fattures in 100 demands that the long tern EDO unavattabtitty is larger than the,

target value, and no evidence that it is improving. The
EDG reliability program must be inproved or enhanced brfore
the EDG can be declared operabla-again.

2. I 2 failures in 20 demands This is an alert condition whe;4 action is reconsended to
3 S fattures in So demands declare the EDO inoperable. There is evidence that the EDO
e 10 failures in 100 demands is deteriorating over tame, and that the current reliability

is unacceptable. The action taken may depend on other
-

etreumstances and information from the plant.

3. 3 2 fattures in 20 demands This is a mild alert condition where no action by the NRO
* 5 failures in 50 demands is reconmended unless there are other recent indications
< 10 failures in 100 demands of EDO deterioration. EDG's with acceptable unavailabilities

will display thi.s condition about 23 percent of the time.
Bowever, some cor.sern 19 justified.

i ,

1

4 * 2 failures in 20 demanJs This is an acceptable condition. No concrete evidence of t

* 5 fattures in 50 demands ur. accept able E*C performance.
< 10 f attures in 1C0 demands

4 S. * 1 failures in 20 demar.de This is an acceptabla. candition. There is an indicatic a of
a 3 failures in $0 demands a past prob'em tha*. has pro 5sbly been corror'.ed. Iow level
1 10 failures in 100 doms 9dr vigliance is prudtat to atture continued ricoptogle operation.

g. * 2 fettures in 2C decanes This is an accepta!.!e conditten but c e thee needs coetinued '

1 S fattores in 50 demands sisi t ance . There is isdtcaticr: tha'. e cortinutes past prorles
g 10 ta11ures in 100 desands is being ceri'ectvd, hat the evider<o is 'ot e >rvircing Atoughi

te verrant a decrease 14 vistiette.
i

7. e 2 failures in 20 demands This is an acceptable esadatson but t><. that needs continued ,

3 ! fehlures in $0 damen1s visi t ant e. The seterpretatten ei this ton.Atton it similar !

* 10 istlures in 100 demande to the interne6tetten of so*,dataar. g thove, excep4 that the I

hastery of unacceptable perform..ee is less est6nsive,
i

4. 3 2 tallains in 2t deeands The interpretation of this condition is sume= Sat s. attar to
* $ fattures in $0 desanJs the interpretation of condition 3, except that there is a ig 10 failures in 100 demands history of a performante probles that may have been corrected, '

or partially allevisted. This situation is an ambitaous one,
reguating a more detailed evaivation. The assessment would be
different af there were 2 f attures in laat 30 demands, and 2
failures in last 20 demands, than !! there were 4 fattures in
last 50 demands and 2 in last 20. An alert is indicated bf
this condition.

I

f

-181-

t
i

- - . - - . , - ---. ,- ,,,, .,- . ~ , . . ,-. ---,w-- . . . - ,, m-- - -, re.~ ,,- ,



. . _ . _ _ .

.

27. Risk-Based Performance Indicators

(John L. Boccio and A. Azarm)
'

27.1 Introduction

AEOD, with assistance from the interoffice of task group for performanc6
indicators, has developed and implemented a set of performance indicators for
initial use by NRC. These performance indicators are logically related to
safety in a qualitative way, but not in a quantitative way, because a relia- !

bility/ risk based method for quantitatively evaluating either individual indi- )
cators or an aggr.sgated set of indicators was not yet available. As stated in I

the report of the interoffice task group (and SECY-86-317), the - purpose of
this research project is to develop such methods f or reliability / risk based
evaluation of perf ormance indicators and alert levels. The results will be i

used to strengthen NRC's evaluation and use of performance indicators to ,'

identify and trend symptoms of declining performance between SALP reviews. |

27.2 Objective -

|

The overall objective of this program is to develop a method for applying
reliability and risk technology to help select, interpret, and cvaluate quan-
titative indicators of safety performance and operating plants.

I'

'

27.3 Summary of Prior Efforts o

Research in reliability technology performed by BNL under FIN A-3282
explored how performance indicators and alert levels can be directly tied to
plant risk and how these risk-based indicators / alert levels might be used as ,

part of an integrated reliability program for helping to maintain an accept-
able level of reactor safety throughout a plant's operating lifetime. A means :
for developing measures or indicators of plant performance by synthesizing, or
combining, lower (or more basic) levels of performance is described in NUREG/d

CR-4618 along with a statistical approach for trending performance within a
windoa in time that would reduce the ef fects of f alse alarms. A hierarchy of

'

alert li ,els, consistent with severe accident probability, is used to measure
performance.

In FY 1986, this pt:Jact enylored fu-ther the ways for developing tisk-
|

based methodology to evaluate the perf ormance indicators and alert levels. A
feasibility study was initiated for identifying, applying and evaluating ap- !

preaches for enhancing the risk perspectives contained within current NRC in-
i dicators and for developing direct indicators of plant performance. Results |

:
from these research ef forts in FY 1986, in the form of technical reports, ;

letter reports, and memos p:imarily include '

I

Program Plan for Risk-Eased Petformance Indicators; letter report, Boccio
to Johnsont dated August 30, 1986, which provided the work breakdown
structure, the deliverables planned, and the schedule.

,

f

W

l

i
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.

Use of LCO Data for Plant Pe rf ormance Evaluation; letter, Azarm to
Robinson; dated, August 25, 1986, which provides some initial thoughts on
the use of . data on LCO action statements for evaluating plant ,

performance.

Risk-Based Indicators: Conceptr.a Utilizations and Issues; letter report,
Vesely to Boccio; dated. August 26, 1986, which provided the basic
structure and scope of this research project. !

27.4 Work Performed During Period
|

L During this reporting period, the project was largely engaged in (1) re-

}' fining methods to relate currently used performance indicators more closely to
,

risk and (2) developing methods for risk-based performance indicators applied !
*

f to monitoring the unavailability of selected safety systems. In both of these '

I

3 areas, BNL provided a description of the risk-based method, a procedure guide
f for implementing the method, and where appropriate PC-compatible sof tware for

,

|
subsequent use by the NRC. !

l
Methods for incorporating additional risk considerations with the current i

set of performance indicators identified by NRC's interoffice task group, con- |

centrated on risk-weighting scrams, safety system actuations, significant !
t; events, and safety system f ailures._ The procedure employed did not rely on

! whether the plant had a PRA associated with it. As such, simple, albeit con-
I

,

servative rules were developed to quantify the risk impact of operational !
levents. The process taken is depicted in Figure 27.1, and a draft report was j

i prepared that provides a methodology for quantifying the risk associated with
operational events. This draf t report also documents the risk models em-

, ployed, the spreadsheet developed and the process for incorporating the ap-
.

!

i proach to any plant. To date, the method has been applied to _ three plants, [
viz, Surry, Limerick and Beaver Valley.

,

I
e

The output of tha software provides the analyst with a conservative esti- !4

; mate of the conditional core-melt probability for the event being analyzed. i

| It is intended through the use of this methodology to provide an aggregate
' risk-based measure of performance using current indicators over a time period i

(T). The table below shows a relative ranking used by this procedure guide to :

binope: ational events. ;

( Risk Impact Category Exposed Risk Description #

Very High R>10-3(T)
High 10-3(T)>10-4(T)
Medium 10-4(T)>D10-5(T) i

Low R<10-5(r)

Currently, the NRC is exploring the practicality of implementing this !
approach within its current trending programs. |

I I

|
l)
l4

! !

! !
,
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| In addition to developing methods for risk weighting NRC's current set of
! performance indicators, this project has been engaged in developing indicators

2for monitoring the unavailability of select safety systems. A report was
I prepared during this reporting period that presents system unavailability in-

dicators which can be constructed from observing downtime occurrences of
systems or trains.

Alternative indicators are presented which utilize different types of re-
corded downtime data. The formulations are presented for each indicator along
with the unavailability contributions which are specifically monitored. The
response times are also given for the different types of downtime data which
can be recorded. The response time, which is the average time between ob-
served downtimes, determines the time required to detect trends. Based on the
response times and other evaluations that are performed, recommendations are
made as to the most efficient indicators to use for given applications.

Table 27-1 illustrates the response times for given train reliability
parameters for the different ypes of downtime data which can be recorded. In
the report other tables and sigures are given for other train reliability
parameters. The general co,clusions from all these tables are the same:
train downtime data provide significantly faster response times than system
downtime data.Furthermore, recording all unscheduled downtimes provides faster
response times than recording only catastrophic failures. By recording all
unscheduled downtimes of a train, trends can be detected on the order of
months instead of years, when only system downtimes are recorded.

Figure 27-2 illustrates the options which are identified in the report
for monitoring train unavailability and for recording train downtime data.
Based on the repoit's findings, the items which are circled represent the most

7efficient options for monitoring train unavailability and hence system unavail -

ability. The efficient options are first to monitor only the unscheduled
downtime , contributions to the unavailability as opposed to monitoring both
scheduled and unscheduled downtime contributions, and to monitor only the fre-
quency of these unscheduled downtimes. To monitor the unscheduled downtime
contributions, the times of individual downtimes should be recorded as opposed

___

to recording only the number of downtimes. Finally, the times of all unsche-
duled downtimes should be recorded as opposed to recording only catastrophic
failures.

The options at the two low 6st levels of Figure 27-2 should be carried out
if at all possible, that is one should record what other equipment is already
down when a downtime occurs, and one should record the causes of the downtime.
The fact that other equipment ir already down, such as for testing or main-
tenance, can have orders of magnitude impact on the unavailability. Also, one
should record the causes of dowatime with as much detail as is f easible. The
classification system in the Nuclear Plant Reliability Data System (NPRDS) is

| an example of a useful cause classification system. Recording the various
causes of downtimes is important not only to diagnose problems, but to evalu-
ate common cause failure potentials and to preciet generic implications of the
downtimes.
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Table 27.1. Average Times Between Recorded Downtimes for Different
Situations and for Different Types of Downtimes Recorded

Tvrt w coiar Dat PREscar CENEnIC STsTDs U!savaILAaILITY SYSTDs enaAvaILABILITY SYSToe unavF M ILITY'
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CATASTROFEIC r&IIDEES 95 YEAR 5 23 YEAR $ & YEAR $ t YEAR

Or Tut 5Y5709

OIELY RECO*DED
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1757EM RECCROED
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.
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Even though the above options represent the most efficient ones, the re-
port's findings are also that all information on the downtimes should be re-
corded if feasible. Particularly the duration of the downtime and, for cata-
strophic failures, the time since the last test of the train should be re-
corded if feasible. The downtime durations give a more accurate estimate of
the train and system availability, and also can be used to investigate rela-
tionships between maintenance and availability. The time since the last test
for catastrophic failures gives the undetected downtime during which the

'
failure existed, which is a major contributor to the unavailability.

With regard to the downtime reporting f requency, the report's 'indings
are that the times of downtimes should be reported as quickly as possible to
detect abrupt degradations in unavailability. The supplemental information on
the downtime occurrences, such as the causes of the downtime, can be provided
later. Examples are provided to test whether the indicators can track time
trends and anomalous swings in the frequency and unavailability performance of
a train or a system.

27.5 Ref erences

1. Azarm, M.A., and J.F. Carbonaro, "Incorporating Risk Perspectives into
Present Indicators Using Risk Categorization Schemet Procedure Guide,"
threh 1987.

2. Vesely, W.E., and Azarm, M.A., "System Unavailability Indicators," BNL
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; 28. Study of Beyond Design Basis Accidents in Spent Fuel Pools
' (Generic Issue 82)

(V. L. Sailor, K. R. Perkins, J. R. Weeks and H. R. Connell)
4
f 28.1 Background

Ceneric Safety Issue 82, "Beyond Design Basis Accidents in Spent Fuel
Pools ," was assigned a medium priority in November 1983. In this prioritiza-,

! tion, the NRC staff considered three factors that had not been included in
earlier risk assessments:

1. Spent fuel 1 currently being stored rather than shipped for repro-
cessing or repository disposal, resulting in much larger inventories
of spent assemblies in reactor fuel basins than had previously been
anticipated,

2. In order to accommodate the larger inventory, high density racking is
necessary, and

3. A theoretical nodel suggested the possibility of Zircaloy fire, prop-
agating from recently discharged assemblies to lower power assemblies
in the event of complete drainage of water from the pool.

The Reactor Safety Study concluded that the risks associated with spent
fuel storage were extremely small in comparison with accidents associated with
the reactor core. That conclusion was based on design and operational fea-
tures of the storage pools which made the loss of water inventory highly un-
likely. In addition it was assumed that the pool inventory would be limited
to about one-third of a core.

Subsequent to the Reactor Safety Study, A.S. Benjanin et al. investigated
! the heatup of spent fuel following drainage of the pool. A computer code,
! SFUEL, was developed to analyze thermal-hydraulic phenomena occurring when

storage racks and spent fuel assenblica becoue exposed to air.

Calculations with SFUEL indicated that, for some storage configurations
and decay times, the Zircaloy cladding cculd reach temperatures at which the
exothernic oxidation would become self-sustaining with posaible cladding dan-
age and fission product release. The possibility of propagation to adjacent
assemblies (i.e., the cladding would catch fire and burn at a high enough ten-
perature to heat neighboring fuel assenblies to the ignition point) was also
identified. Under very restricted flow conditions, SFUEL predicted that spent
fuel scored for up to 3 years (and having a correspondingly low decay heat)
could become involved. Cladding fires of this type could occur at tempera-
eures well below the nelting point of the UO 2 fuel. The cladding ignition
point is about 900*C compared to the fuel neiting point of 2880'C.

There is no case on record of a significant loss of water inventory from
a donestic, comnercial spent fuel storage pool. llowever, two recent incidents
have raised concern about the possibility of a partial draindown of a storage
pool as a result of pneunatic seal failures.
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The first incident occurred at the Haddam Neck reactor during prepara-
tions for refueling with the refueting cavity flooded. An inflatable seal i

bridging the annulus between the reactor vessel flange and the reactor cavity )
bearing plate extruded into the gap, allowing 200,000 gallons of borated water
to drain out of the refueling cavity into the lower levels of the containment
building in about 20 minutes. Gates to the transfer tube and the fuel storage !

'pool were in the closed position, so no water drained f rom the pool.

The second pneumatic seal failure incident occurred in the Hatch spent
'

storage pool / transfer canal, (the seal failure at Hatch was not in the refuel-
ing cavity) which released approximately 141,000 gallons of water and resulted
in a drop in water level in thn pool of about five feet.

However, the BNL review of these events indicates that they are unique to
the plants involved and such events are unlikely to cause a substantial loss
of pool inventory f or other plants. However, pneumatic seal failures may
expose individual fuel bundles during refueling and these events are being
investigated as part of Generic Issue 137, "Refueling Cavity Seal Failure."

28.2 Proj ec t Obj ec tive

The objective of this investigation is to provide an assessment of the
potential risk from possible accidents in spent fuel pools. The risks are de-
fined in terms of:

the probabilities of various initiating events that might compromise-

the structural integrity of the pool or its cooling capability,
the probability of a system failure, given an initiating event,-

fuel failure mechanisms, given a system failure,-

- potential radionuclide releases, and
- consequences of a specified release.

This study generally follves the loAic of a typical probabiitstic risk
analysis (PRA); however, because of the relatively limited nuuher of potential
accident sequences which eculd resuit in the draining of the pool, the analy-
ses have been greatly Jinplified.

28.3 Proj ec t Status

During this reporting period, extensive comments on the draf t report wereJ

received from the NRL Projecc Manager. These comments were evaluated and in-
tegrated into the final report (NU REG / CR-4902 ) . The mejor conclusions are

summarized in the next section. ,

28.4 Results

The likelihood and cousequences of various spent fuel pool accidents have
been combined to obtain the risks which are summarized in Table 28.1. The
population dose results are insensitive to the fission produce release be-
cause they are driven by decontanination levels assigned within the conse-
quence model used (namely the CRAC2 code) . The health physics models in the
CRAC2 code assign a maximum allowable dose for each individual before the J

l
|
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Table 28.1 Estimated Risk for the Two Spent Fuel Pools from
the Two Dominant Contributors

1Spent Fuel Interdiction
Accident Pool Fire Health Risk I Risk
Initiator Probability /Ry (Man-ren/Ry) (Sq. Mi./Ry)

Seismic induced
PWR pool failure 2. 6x 10" "- 1. 6 x 10- 10 600-Neg.* .011-Neg.

Seismic induced
BWR pool failure 6. 5x 10- 5-4x 10~ I I 156-Ntg. .003-Neg.

2Cask drop induced
PWR pool failure 3x 10- 5-3x 10- 12 70-Neg. .001-Neg.

2Cask drop induced
BWR pool failure 8x10~6-8x10~II 20-Neg. 4x10""-Neg.

*Neg. - Negligible.

IThe upper end of the risk ranges assumes no fire propagation from the last
fuel discharge to older fuel. However, the fission products in the last
fuel discharge were assumed to be released during the fire with no fission
product decontanination on structures.

2After renoval of accumulated inventory resumes. Presently, most plants are
accunulating spent fuel in the pool without shipping to permanent storage.
(Note that many new plants have pool configurations and adninistrative pro-
cedures which would preclude this failure mode.)

!
i

!

l contaminated area is reoccupied. This allowable done for the returning popu-
lation is the dominant contributor to P.ctal exposure given in Table 28.1 and
limits the utility of the done calculation. Thus the land interdiction area
14 included in Table 28.1 as a more sensitive representation of the severity
of the postulated accident.

The unique character of fuel pool accidents (potentially large releases
of long lived isntopes) makir it difficult to compare directly to reactor core
melt accidence. There are no early health effects. The long-tern exposure
calculations are driven by assumptions in the CRAC modeling and the results
are not vety sensitive to the size of the fission product release. There is
substantial uncertainty in the fission product release estimates. These un-
certainties are due to both uncertainty in the accident progression (fuel ten-
perature af ter clad oxidation and fuel relocation occurs) and the uncertainty
in fission product decontanination.
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A number of potential preventive and mitigative measures were identified,
but because of the large ut3 certainty ranges in Table 28.1, the potential bene-
fits of such measures are also uncertain and plant specific. A cost benefit
analysis has not been perf ormed. Rather, the,phenomenological insights, de-
veloped during the investigation, have been used to generate a list of possi-
ble risk reduction measures. Calculations with the SFUEL code indicate that,
for those plants that use a high density storage rack configuration, a factor
of five reduction in the fire probability (given loss of pool inventory) can
be achieved by improved air circulation cepability. This reduction f actor is
based upon the time period after discharge for which SFUEL predicted that the
decay heat is sufficient to initiate a clad fire. Considering the large un-
certainty in risk, a plant specific cost / benefit analyses should be performed
before such risk reduction measures are implemented.
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[ 29. Development of Technical Basis for Severe Accident Guidelines and
Procedural Criteria for Existing BWR Plants

(K. R. Perkins, W. T. Pratt, W. J. Luckas, J. R. Lehner and R. G. Fitzpatrick)

29.1 Background

The U.S. Nuclear Regulatory Commission (NRC) has formulated an approach
for a systematic saf ety examination of existing plants to determine whether
particular severe accident vulnerabilities are present and what changes are
desirable to ensure that there is no undue risk to public health and safety.

The Industry Degraded Core Rulemaking Program (IDCOR) selected four ref-
erence plants for detailed analysis: Peach Bottom, Grand Gulf, Sequoyah, and
Zion. The IDCOR analyses perf ormed for the reference plants have been docu-
eented together with the methodology used for the analyses and the technical
basis supporting the nethodology.

Parallel with the IDCOR work, the NRC under the Severe Accident Research
Progran (SARP), performed risk assessments, audit calculations, sensitivity
studies, and uncertainty analyses for five plants. The five plants considered.

by SARP were Peach Bottom, Grand Gulf, Sequoyah, Zion, and Sorry.

: The purpose of this effort is to review all of the IDCOR and SARP analy-
ses performed for the reference plants, understand the reasons for the differ-
ences, and then use the experience gained f ron these reviews for identifying
plant features and operator actions that were found to be important for either
preventing or mitigating severe accidents in each plant type.,

29.2 Project Obj ectives

!
Ihree basic goals for this severe accident progran apply equally tc all i

plant types:
i

e Goal 1: tutigate fission-preduct releases. i
Goal 2 Control the frequency of high-consequence sequency ..

. Goal 3: e. educe high core JaAage frequency.
.1 1

4 !

The aim was, therefore, cc identify specific plant features, opcrator |
actions and their important ettributes which could he uscJ Jo achieve these
goals during the examination of individual plants. t

f29.3 Project Status
i

BaseJ on an extennive review of prior severe accident lovestigations, the
authors have identified a detailed list of plant f eat'it es , operator actions;

and their important attributes which can be used to assess the capability of ,

'

individual boiling wrter reactor (BWR) plants to cope with severe accidents.
Although much of the work is based on probabilistic risk assessments (PRAs),
the plant features, operator actions and associated attributes are deterninis-
tie in nature. Tha t is, the list of attributes describe specific features of"

.

|I

1 1

i i'
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key systems and operational procedures which have been found helpful in reduc-
ing the likelihood of severe accidents. The project takes into account d e-
tailed severe accident experiments and analyses performed by the NRC/RES, the |

'

nuclear power 'ndustry and foreign governments.

During the reporting period three draft reports have been assembled which j

identify the plant features, operator actions and associated attributes which
have been found to be important for the three BWR containment types (Mark 1
Mark II, and Mark III). These draf t reports were subnitted to the NRC and the
ACRS staff for review. Substantial comments were received and will be incor-
porated into the revised reports.

During this reporting period a draf t re por t was prepared by 5 "onsul-

tants , R. J. Budnitz and V. Joksimovich, on the "Content of PRA 5' . for -

Futuie LWRs." This report is under review by both BNL and NRC stri

i

!
,

l

|

i

:
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30. Development of Technical Basis for Severe Accident Guidelines and
General Criteria for Existing PWR Plants

(K. R. Perkins, W. T. Pratt, J. R. Lehner, W. J. Luckas and R. G. Fitzpatrick)

30.1 Backg round

The U.S. Nuclear Regulatory Commission (NRC) has formulated an approach
for a systenatic safety examination of existing plants to determine whether
particular severe accident vulnerabilities are present and what changes are
desirable to ensure that there is no undue risk to public health and safety.

The Industry Degraded Core Rulemaking Program (IDCOR) selected four ref-
erence plants for detailed analysist Peach Bottom, Grand Gulf, Sequoyah, and
Zion. The IDCOR analyses performed for the reference plants have been docu-
mented together with the methodology used for the analyses and the technical
basis supporting the methodology.

Parallel with the IDCOR work, the NRC under the Severe Accident Research i

Program (SARP), performed risk assessments, audit calculations, sensitivity
studies, and uncertainty analyses for five plants. The five plants considered
by SARP were Peach Bottom, Grand Gulf, Sequoyah, Zion, and Surry.

The purpose of this effort is to review all of the IDCOR and SARP analy-
ses performed for the reference plants, understand the reasons for the dif f er-
ences, and then use the experience gained from these reviews for identifying
plant features and operator actions that were found to be important for either
preventing or citigating severe accidents in each plant type.

30.2 Project Obj ectives

Three basic goals for this severe accident program apply equally to all ,

plant types |

Coal 1: Hitigate fission-product t icases..

Coal 2: Control the frequency of high-consequsnce sequences.*

Goal 3 7. educe high core-damage irequency.*

The aim was, therefere, to identify specific plant teatures, operator
actiono snd their important attributes which could be used to achieve these
goals 6urirg the exantuation of individual plar.ts.

30.3 Prn]setjitatus

2ased on an extensiva review of prior severe accident investigations, the
authers have identified a detailed list of plant features, operator actions
and their important attributes which can be used to assess the capability of
individual pressurized water reactor (PWR) plants to cope with severe acci-
dents. Although much of the work is based on probabilistic risk assessments
(PRAs), the plant features, operator actions and associated attributes are de-
terministic in nature. That is, the list of attributes describe specific
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features of key systems and operational procedures which have been found help-
ful in reducing the likelihood of severe accidents. The project takes into
account detailed severe accident experiments and analyses performed by the
NRC/RES, the nuclear power industry and foreign governments.

During the reporting period two draf t reports have been assembled which
identify the plant features, operator ac' ions and associated attributes which
have been found to be important for the two PWR containment types (ice con- |

*

denser and large dry). These draft reports were submitted to the NRC and the

ACRS staff for review. Substantial comments were received and will be incor-
porated into the revised reports.
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31. Interfacing Systems LOCA at LWRa

(G. Bozoki , P. Kohut , T-L. Chu, R. Fitzpatrick)

|
31.1 Background

[ The tenn "interf acing system LOCA" (ISL) refers to a class of nuclear
| plant loss-of-coolant accidents in which the interf ace between the Reactor

| Coolant System (RCS) pressure boundary (isolation valve, piping wall, etc.)
| and a supporting system of lower design pressure is breached. A subclass of
| these accidents takes on special concern when the flow path affects the avail-

ability of the safety systems needed to mitigate the accident. This can occur
by directly overpressurizing the safety system possibly outside primary con-

. tainment, thus establishing discharge of coolant directly to the environment.
! Depending on the configuration and accident sequence, the Emergency Core Cool-
( ing System (ECCS) as well as other injection paths may fail, resulting in a

core melt with containment bypass.
,

The Reactor Saf ety Study l (WASH-1400) pointed out that a subclass of
these types of accidents, called V-events,* can be significant contributors to
the risk resulting from core damage. In spite of numerous analyses conducted
in various PRAs, both the probability and the consequence estimates for inter-
f acing system LOCA (ISL) sequences continue to be subject to substantial un-
certainties. Depending on assumed valve f ailure modes, common cause contribu-
tion, valve monitoring, test and maintenance strategies, and statistical data
handling methods, the total core damage f requency due to ISL accidents may
vary from 10-" to 10-8/ reactor year. The radiological consequences are also
subj ect to large variations due to plant-specific fescu es, the location of
the secondary break, and the radionuclide behavior under the particular ISL
sequence (e.g., break is below or above water level). >

1

'the NRC has taken steps to iupose requirema..ts to redace the f reauency of,

| iSin and has conducted a number of programs ', analytic 41, experimental, inspec-
' tion) to study various aspects of ISL accidents.

31.2 Project objectivos
|

! The primary goals of the present pra,jec.t are (a) provide technical sup- ,

! port to NRC, Reactor and Flaat Syste as Brtach to resolve this (seug, (b) in-
| vestigate the frequercy and the effects of ISts, (c) identify any improvements

that would significantly reduce the freganney of ISI-s, (d) determine the cost-,

| benefit aspect of the luprovements, and (e) determine the effects and the |
cost-benefit relationship of instituting leak testing programs of the pressure|

isolation valves for those plants that do not currently have such a require-
ment.

i

I *The V-ev"ents were defined for PWRs and involved the failure of two check |
valves in series or two check valves in series with an open motor-operated j
valve. |

|

|

l
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31.3 Technical Approach

The overall methodology of the project includes the following elements:

* From all the potential ISL flow paths (at the six representative BWR
and PWR plants), pathways were identified as candidates where ISLs may

_

occur. 7

* For the selected pathways, ISL initiator frequencies were calculated by '

utilizing all available information, including plant visits and new
failure data obtained from root cause analysis of experienced pressure
isolation valve failures.

* In the PWR analysis, the relief valve capacities were considered in
classifying ISL initiators leading to overpressurization of low pres-
sure piping and small LOCAs.

* For each of the identified pathwsys, event *rees were constructed as-.

suming two types of initiators wverpressurization events leading to
small or large LOCA and events without overpressurization resulting in
small LOCA. The event trees describe the immediate plant response
(status of frontline safety systems and support systems), the accident
management (thermal hydraulic features of the accident and operator re-
sponses) and pipe rupture probabilities. The eni .tates of the event
trees were connected to plant specific PRA event trees through a condi-
tional core damage frequency multiplier. Special attention was given
to the estimate of pipe rupture probability.

>

. All accident scenarios resulting in core daeage were computed. Sesnar-
Los leading to ISLs bypassing containment were further evaluated for

|

i health risk by using "scrubbed" and "nonscrubbed" source terms (i.e.,
characterizing pipe ruptures below or above water level, respectively).

|
* The sensitivities of core damage f requency and corresponding risks were
calenlaced for each of the scenarios assuming various corrective ac-
tion, such as:
a, more frequent leak testing of : heck valves and notce-operated

( valves,

! b. appit eation of permaneit pressure sensoes in the piping between
! valves,

i
c. enruring the availability of alternate inje: tion sources in addstion "

| te the standard ones (RWST, etc.),
d. irsproved operator training, and
e. deferring testing of certain high risk pressure isolation valva e un-

til reactor sr.cdova.
. The sensitivities of tore damage f requency rd cort sponding riskr were

calculated for each of the reference plants by reuoving the bone;1*.4 of
leak testing over s protracted peried of flas.

. Cost-benefit calculations were perforned for each of the corrective ac-
tions using the risk data obtained with scrubbed and aonscrubbe? ,ao ,

terms. In comparing the results, strategies were suggested for 3t ot-
mining the optimum method to decrease the occurrence of ISLs and/ie
mitigate their risk effects.

* A generic cost-benefit calculation was also performed to investigas.
the effect of instituting a minimum leak testing program for plante
that do not currently have such a requirement.
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11.4 Project Status

n e overall results for this project were being finalized at the close of
the period. The results will be issued as two separate NUREG/CR reports (BWR
and PWR) during the next reporting period.

Reference'

1. "Reactor Safety Study - An Assessment of Accident Risks in Comnercial
U.S. Nuclear Power Plants," WASH-1400 (NUREG-75/914), USNRC, October 1975.
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32. Improved Reliability of Residual Heat Removal Capability in PWRs as Re-
lated to Resciution of Generic Issue 99

f

(T-L. Che, R. C. Fitzpatrick)

32.1 Backg round

NRC Generic Issue 99 is concerned with the genetal problem of loss of re-
sidual heat removal (RHR) capability in PWRs during cold shurdown operations.
U.S. experience includes numerous partial or total losses of RHR events, at-
tributable to various design- and operationally-related causes. While none of
these events resulted in major consequences, it is er,,ected that an extended
loss of RHR capability under cold shutdown conditions could be a cignificant
contributor to overall plant risk. Of particular significance is the common
cause f ailure of both RHR loops due to a loss of suction arising f rom (a) the
inadvertent closure of the RHR suction / isolation valves as a result of the
failure or misoperation of the associated valve autoclosure interlocks or (b)
an excess lowering of the water level in the reactor vessel during drained-RCS
operations. In the absence of prompt mitigative action by the operator, the
loss of RHR flow could result in pump cavitation and damage, delayed recovery

; of RHR capability, and a potential for core uncovery. Additionally, inadver-
tent closure of the RHR suction valves during solid plant operations, isolates'

the RC3 from the RHR pressure relief valve system and allows for possible
challeage of the PORV safety system provided for the low tenperature overpres-
sure protection (LTOP) of the reactor coolant system.

32.2 Obj ec tiv e'

The objective of this project is to obtain generic estimates of the risk
reduction potential provided by various RHR design / operational changes pro-
posed for cost-ef fective improvement in the reliability of RHR capability in
PWRs during plant outage operations.

32.3 Technical Approach

The starting point for the BNL study was NSAC-84,I "Zion Nuclear Plant
Residual Heat Removal FRA." This probsbilistic risk assessment was sponsored
by the Electric Power Research Institute in cooperation with Commonwealth
Edison Company. The benefits derived from using NSAC-84 as a starting point
included a shutdown-specific data base, a detailed plant description for ac-
curate modelling and insights into the progression of various accident se-
quences. NSAC-84 investigated a number of initiating event categories to pro-
vide a broad picture of uhutdown risk. The BNL analysis essentially covers
the same seope as NSAC-84 except that low temperature overpressurization
events were not included in the BNL analysis because they are being addressed
under NRC Generic Issue 94.

Modifications applied to the N9AC-84 model included redefinition of the
phases of an outage, new estimates of the durations of phases (in particular,
the duration that a plant stays in the partially drained condition), and the
modelling of human cognitive errors. In the BNL analysis, generic shutdown
data were collected and used to estimate the frequencies of initiating
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configuration under the assumption that the Zion plant is representative of a
majority of the U.S. PWRs.

Because Generic Issue 99 deals primarily with loss-of-cooling events and
loss-of-cooling events dominate the preliminary results of this study, the in-
sights will focus upon the loss-of-cooling event results. Ilowever, the re-
suits for all three initiating event categories will be included.

A containment event tree was developed to assess the integrity of the
containment given that a core damage event occurred during shutdown. Due to
ir. sufficient data on the top events in the evenc tree, it could not be fully
quantified. Therefore, sensitivity calculations were done to assess the sen-
sitivity of the containment event tree to uncertainty in the top events. Each
of the containment event tree end points imply a fission product release path
(or release category) from the damaged reactor core to the environment. A
range of possible release categories during shutdown were estimated from pre-

2vlous calculations for accidents from power operation. The offsite conse-
I code. Thequences of the release categories were assessed using the HACCS

results of theme calculations are presented in the framework of sensitivity
study. The sensitivity study addresses the possibilities of 1) having the
equipment hatch open and net being above to close it, 2) having a containment
penetration open and not being able to seal it, and 3) the potential for re-
ducing the source tetsa given containment spray availability. The insights
derived from the sensitivity study cover potentially beneficial changes to the
Technical Specificatiang.

32.4 Project Status

The results foc this project were being finalized at the close of the
period A final report will be issued as NUREC/CR-5015 during the next re-
porting period.

R,eferences

1. "Zion Nuclear Plant Residual Heat Removal PRA," NSAC-84 July 1985.

2. "Reactor Safety Study: An Asse. ament of Accident Risks in U.S. Commercial
Nuclear Power Plants ," WASH-1400, NUREG-75/014. October 1975.

3. Chain, D. I. et al. , "HELCOR Accident Consequence Code System (HACCS)
Users Guide," Sandis National Laboratories (to be pubitehed).
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33. Support for Containment Loading Studies

(H, Lee and R. Bari)

33.1 Background and Objectives,

A considerable amount of inf ormation has been developed regarding the
thermal-hydraulic phenomena associated with severe accidents as a result of
studies which have be.ta conducted over the past several years. These studies
have been sponsored by the t'RC and by organizations outside this country,
notably analytical studies and experimental programs in the United Kiugdom,
the Federal Repullic of Germany, and France. Currently, the NRC staff is con-
sidering information f rots a joint international study on specific containment |
loading phenomena being pursued under the various expert groups within the j
Committee on the Safety of Nuclear Installations (CSNI) which is part of the .

Organization for Economic Cooperation and Development (OECD). In this project j
BNL is providing the NRC with an evaluation of the remaining issues on i

thermal-hydraulic phenomena associated with severe accidents based on a '

comparison of analyses performed by various members of the CSNI expert
groups. The evsluation involves not only an assessment of the international
community 's analyses of containmet.t loading phenomena from severe accidents
but also those sponsored by t'..e NRC.

;

33.2 Work Parformed During Period

BNL provided help in finalizing a CSNI report on two international stan-
dard problems related to core / concrete interactions (SP-1) and combustible gas
distribution (SP-2) in a containment building. Presentations on these two
standard problems were also prepared.

,

BNL prepared a report on "Status of Direct Containment lleating in the3

i United States" and this was presented to the task group at its meeting in May
1987. BNL is participating in a subgroup that is developing an international

,

status report on direct containment heating work in the OECD countries.4

BNL prepared a description of severe accident open issues for presenta-
Hon to the CSNI Principal Work Group (PVG) #2 task group on ex-vessel severe
ccident thermal-hydraulics. This will be presented to the task group at its,

meeting in October 1987

Bh1 is the coordinator of the third international standard problem !

; (SP-3) on the SURC-4 experiment. BNL will formulate the standard problem .

!

J calculation and associated reporting formats and prepare the comparison report
i af ter results are received from participating countries. Presentations will
I be made on the problem to the task group and the participants during October i

1987 |
|

'
,

F
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34 Support for TRAC-PFl/ MODI Uncertainty f aalysis
(W. Wulff and U. S. Rohatgi)

34.1 Introduction

The USNRC is developing the Code Scaling, Applicability and Uncertainty
(CSAU) Methodology (USNRC Draf t Report, 1987] for estimating quantitatively
the uncertainty in code predictions of important reactor safety parameters,
such as the Peak Clad Temperature (PCT) in a Large Break Loss of Coolant Acci-
dent (LBLOCA). The CSAU Methodology is being applied first to tne TRAC-PF1/
MODI computer code, simulating an LBLOCA, to demonstrate the feasibility of
the Methodology.

The project concentrates on determining the uncertainty in predicting
Peak Clad Temperature (PCT) as the important parameter because (PCT) charac-
terizes fuel integrity, i.e., the ability of the fuel cladding to retain fis-
sion products. Code uncertainties are quantified, therefore, on the basis of
the code's ability to predict PCT accurately. During an LBLOCA, the clad tem-
perature reaches, in general, two peaks; one during the earlier blowdown
phase, the other one later, after the refill phase. Which one of the two
peaks is higher depends on fuel design and coolant loop response characteris-
ties. The clad temperature rises when the fuel element is suddenly surrounded
by dry vapor. Then, more stored energy passes from the fuel pellets through
the annular gas gap to the clad, then passes f rom the clad to the vapor, be-
cause the convective heat transfer is sharply reduced (dry-out or post-
critical heat flux (CHF)). The clad temperature reaches a peak when it de-
creases due to improved convective cooling af ter the arrival of liquid in the
core or due to a decrease in pellet temperature. In either case, more heat is ;

;removed by convection from the clad than is supplied to the clad from the fuel
pellet-

1

The PCT ir the higher, the faster the clad temperature rises and the :

longer it rises. PCT uncertainty can therefore be decomposed into uncertain-
ties of predicting the time rate of clad temperature rise and of predicting

_

*

the time for liquid arrival in the core. The time rate of clad temperature
change depends upon the energy initially stored in the fuel primarily in the
pellet, and upon the thermal response time of the fuel. The initially stored
energy depends strongly on fuel parameters and on initial conditions. The
thermal response of the fuel depends both on fuel parameters and on coolant I

'
conditions. The time for the reappearance of liquid in the core is dominated
by break and pump flow characteristics for the first psak and b;r additional |
thermohydraulic loop phenomena for the second peak.

Thus, fuel stored energy, fuel thermal response, critical break flow and
pump performance degradation under two phase flow conditions are important and

,

"

were analysed in detail. Briow in Sections 34.2.1 through 34.2.4 we describe
first the e2fects on PCT uncertaint.y from fuel stored energy. Sections 34.2.5
through 34.2.7 present the transient fuel response effects, Section 34.3
presents the break flow analysis and Section 34.4 presents the pump per-
formar,ce analysis.

i
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,

34.2 PCT Uncertainty from Fuel Stored Energy and Thermal Response Uncertain-
ties (W. Wulff)

The objective of the analysis on fuel stored energy is to calculate the
individual changes in initial fuel stored energy, associated with the known
statistical uncertainties in input data specifications and with documented un-
certainties of modeling fuel heat transfer in TRAC-PF1/ MODI . Specifically,

the fuel stored energy variations are to ta calculated for given le-level
uncertainties oft

(i) initial fission power.
(ii) local power peaking factors.

(iii) fuel thermal conductivity,
(iv) cladding thermal conductivity,
(v) gap conductance,
(vi) fuel heat capacity,

(vii) cladding heat capacity,
(viii) radial fission power distribution in pellet, and

(ix) convective film coefficient. I

It will then be the objective of the work presented in Section 34.3 to

calculate the variations of the peak clad temperature for the early or blow-
i down peak as they are caused by the uncertainties in the above nina parame- |
' ters. The analy 's is general in principle but evaluated for specific LBLOCA

conditions in , mestinghouse plant with 17x17 fuel arrays. The analysis is ;

evaluated for TRAC-PF1/ MOD 1 models and for reference conditions as computed by
TRAC.

The effects from the above statistical uncertainties are then ranked in
the order of their relative importance on peak clad t emperature predictions.

34.2.1 Steady-State Thermal Anslysis of Fuel
i 4

The energy stored in fuel pellet and clad was computed by integrating the |i

66eady-state temperature distributions in fuel pellet and clad. The tempera-
ture distributions we obtained by closed-form integration of the steady-state
conduction equation, taking into account the temperature variation of thermal
conductivicies and the radial variation of fission power in the pellet.

The radii of fuel pellet and cladding were computed from specifications
,

at room temperature and the expressions for thermal expansions in MATPRO
[Hageman et al., 1980]. The expressions given there were first used directly4

to compute the reference values kg(Tro) and kn(Tw) for pellet and cladding'

outor surf aces, respectively, and also to fit a power law and an exponential
; expreskion for k (T) and ke(T) in the interior of pellet and cladding, respec-f1

tively. Details will be presented in NUREG/CP-0091, Vol. 4, p. 23.i

The dependencies of gas thermal conductivity and of radiative properties
were also taken from MATPRO [Hagraan et al., 1980).

)
i

1
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The fission power varies radially in accordance with

f(I*"I") (30*II9j''(C)= n+2( +m) <9fg

where gj'' loca'. volumetric fission rower density=

<qj''>g=are4-averagedfissionpowerdensity
(g = r/Rg , normalized radius in fuel pellet

Rg = outer fuel pellet radius

radial coordinater a

m,n = constants.

The form of Eq. (34.1) constitutes also the best type of fitting Westing-
house data as used in TRAC. The first coefficient on the right-hand side of
Eq. (34.1) is needed to assure that averaging reduces Eq. (34.1) to an identi-
ty. The coefficients m and n vary in the ranges of 0 < m < 3 and 2 < n < 4.
Specified Westirghouse data require m = 0.403 and n = 3.917. This means that
the fission power density is greater around the periphery of the pellet and
that the temperature is more uniform than for constant fission power density.

The Kirchhoff transformation

T

f k(T)dT (34.2)0 =
k ref T,,g

was used to convert the nonlinear conduction equation

'
0 (34.3)V . (k V T) + q''' =

i

into the linear form

2 0 (34.4)| k,,gv 0 + q'''(r) =

i

The integral 0(r) of Eq. (34.4) was then solved for the temperature T(r), by
using Eq. (34.2).

First we obtained the wall temperature Ty from the known coolant tempera-
ture T,,_the linear heating rate q,', the given convective heat transfer coef-

ficient h and the known outer claa radius Rwe

T = T, + q j / ( 2 s R h,) . (34.5)y y

,
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k

With Tw known, the cladding thermal conductivity k (Tv) was computed accord-e
ing to MATPRO [Hageman et al., 1980), then Eq. (34.4) was integrated for the
clad to yield Oe(r). The result was solved for the cladding temperature Te(r)

2 to give the inner cladding temperaturesand evaluated for r = R

b q' R

ci T, + in(!+2nk(T) (I = " * *

-7.7123 x 10*" K-1 is the exponent of the curve fit k (T) = k (T,)where b =

(T/Tw]b
g

C. The temperature difference across the gas gap was computed toexp
account for radiative heat transfer, teeperature-dependent gas conductivity
and radiative surface properties, thereal expansions and temperature jump
distance. Ultimately, the unknown ratio n = Tgo/Tet, containing the known
temperature Tet(cf. Eq. (34.6)) and the unknown pellet surface temperature Tgo

*

was computed from

C (n - 1)
C (n-1) ( $ ) - t, 0, (34.7)Y(n) + ==

g $ +(c +C n).g'
-

:
3 3 3

k (Tet)/twhere Cg = g

'

C oT=
2 eg

C3 Tc2 et=
e

$, q /(2sR T=
g g ei

(R /R )(l/*c$g
=

g 2

pellet radiusR =
g

0.9151, clad emissivityc =
c

5.6697x10-8 Wm-2g-4, Sg,g,n. Boltzmann constanto =

and B = 0.7085 is the exponent in kg = A(T/1K) , A = 2.639x10-3 W/(mK) for the
thermal conductivity of the gas in the gap. The constants eg = 0.7856 and c2 *

= 1.5263x10-5g-1 define fuel pellet emissivity by cg = ct + c2 Tgo. Equation !

(34.7) is solved iteratively by the Newton-Raphson method. With Tgo found,
the thermal conductivity of he pellet surface, ky(Tro), was computed in ac- t

cordance with MATPRO [Hagraan et al., 1980). (

With Tgo and kg(Tgo) known from Eq. (34.7), the pellet temperature dis- ;

tribution Tg((g) was computed from the integral of Eq. (34.4) and the inver-
Setting (g = r/R . one finds this result ssion of Eq. (34.2). t

i

I

!
L

F

r
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b +1
T ,{1 + 4TT ((g)

fo f(Tto) 9h'}ci I+*=
g g k

(n+2)2

-(g(1+( 2)I))} (3'*0}'

where (q/'')cg is the fission power density at the centerline and given from
Eq. (34.1) with (g = Os

R(qj''),g qfMnWHm)H r W.O=

The ayubols a and n in Eqs. (34.8) and (34.9) are defined by Eq. (34.1), while
bf = 0.762303 definesqhethermalconductivityinthe pellet interior via kg(T) = kg(Tro)[T/Tro}

The maxists error from curve fits for k and kg as used in Eq. (34.2) ise
less than 1%.

'14.2.2 Coe.parison of Results from Closed-Form Integration with TRAC Results :

Thermal conduer,tvity and t sperature distributions produced by TRAC-PF1/
MOD 1 were compared, respectively, with cited references in the TRAC document
[hTREG/CR-3858,1.A-10157-HS,1986) and with closed-form integrations.

The TRAC document [hTREG/CR-3858, LA 10157-MS,1986) claims that the fuel
~

thermal conductivity is computed in TRAC in accordance with Reference (Hageman,

et al, p. 23, 1980), but it is not. Evaluating the expressions in the TRAC
document (Hagraan et al pp. 501 and 502, 1980} for a fuel with 95% of theore-
tical density, ota obtains the cesparison with the MATPRO formulation (Hagtman
et al, p. 20, 1980) as shown in Table 34.1 below. Also shown are the results i
of an extressly simple correlation given by (Malang, 1975), which is not only !

better than the TRAC formulation, but also produces results which are closer
to the experimental dats than the results from MATPR0; see (Wulff et al., p. L,

6 3-33, 1984). Table 34.1 shows that the values calculated by TRAC are too low i
<\ and whould result in higher fuel temperatures than those obtained with the

'

MATPRO values. It will be shown below that this is not the case.
;

All the equations for a derial properties, for solving Eq. (34.7) itera- Jtively and for the temperature distributions, Eqs (34.5, 6 and 8) were pro- ;

grammed on an HP-41/CX pocket calculator. The programs were executed to cal- |
eulate the fuel temperature distribution in that rod and at that location, ;

where TRAC computed the largest clad temperature at full power and under '

steady-state conditions in a Westint, house PVR with 17x17 fuel arrays. It was f
,

,

,

i

(
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Table 34.1 Comparison of TRAC and MATPRO Results
for Thermal Conductivity

thermal Conductivity
W/(mK)

Temperature
K MATPRO TRAC MALANG

300 8.28 7.56 8.91
500 6.09 5.42 6.08
750 4.47 4.03 4.38

1,000 3.58 3.23 3.45 ,

1,250 3.03 2.73 2.89 !
|1,500 2.68 2.39 2.55

the intent to have, for the reference calculation, the same conditions as in
the TRAC-PF1/ MODI calculation. These conditions are as follows:

linear heating rate, nominal 18.303 kWm*I
local radial peaking factor 1.111
local axial peaking factor 1.050
hot rod peaking factor 1.215

25.942 kWm-2g-1itnear heating rate, effective qj =

40.05 kWm.2g-1convective heat transfer coefficient h =
e

599.44 Kcoolant temperature T =

pallet radius, cold R,g = 4.0960 mm
gap width, cold 0.0380 mm
outer clad thickness, cold 4.750 mm
pellet radius, @ full power R1 4.11994 mm=

4.14058 mminner clad radius R2 =

4.75756 mmouter clad radius Rv =

clad thickness (hot) 0.616981 mm

3ince the convective heat transfer in TRAC is compute,d with the cold-value of
outer clad radius, the heat transfer coefficient he had to be adjusted so
that (h ) TRAC (R ) COLD " S .R . The effective gap width was computed to pro-e w c w
duce the same gap conductance as produced in the TRAC codet hgp = 10.960

,

|
kWm-2g-1 The same surf ace roughness and temperature jump distance (total of
4.4 um) as in TRAC was employed and a gap width of 20.639 um was obtained (not'

listed in TRAC output lists).

Table 34.2 below shows the comparison between the results f rom clo;c '-
form integrations and from TRAC.

The comparison reveals that the TRAC-computed centerline temperature is
|

too low, even though the surf ace temperatures have been made to egree f airly
well and even though the thermal conductivity kg of the fuel is too low in

i

TRAC as discussed above. Since the conterline temperature increases by ap-
proximately 16.4 K for a reduction in fuel thermal conductivity by 0.1 W/(mK),

!

|
-208-

.



_ _ _ _ _ _ _ _

Table 34.2 Comparison Between Closed-Form Integration and TRAC-FF1 Solutions

Temperature (K)
Location

Closed-Form Int. TRAC Difference

Fluid (T,) 599.440 599.440

. Outer Clad Surf. (T,) 621.109 620.174 -0.94

Inner Clad Surf. (Teg) 654.932 654.08 -0.85

Pellet Surface (T ,) 746.368 746.295 -0.07g

In Fuel Pellet at

y/R =/3/2 868.137 867.944 -0.19g

/2/2 999.148 996.880 -2.27

/1/2 1,140.99 1,137.60 -3.39
1

0 1,296.16 1,290.75 -5.41

and since, according to Table 34.1 above. the mean dif ference between MATPRO
and TRAC values of thermal conductivity is -0.46 W/mK), it appears as if TRAC
had a total computational error of -(4.6 16.4 + 5.2) K = -80 K for the.

center line temperature. Notice that if TRAC accounts for fuel cracking or
other phenomena which reduce the thermal conductivity but are not accounted
for in the closed-fora integration, then the deficit of the cen'.erline
temperature can only be larger.

34.2.3 Stored Energy

The thermal energy stored in fuel pellet and cladding 1a computed with re-
spect to the energy at the coolant temperature T.. It is the sum of energies
stored in fuel pellet and in cladding, namely

E Eg+E (34.10)=
,

where R T (r)[g /g [c(T)]g dT rdr (34.11)2E =
ogg

T,o

R T (r)
!y #c ("p(T))c dT rdt (34.12) ;* *

c
R r

!2 =
P

I
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310,011.5 kg/m , fuel density (10]and og =

3pc 6,487/5 kg/m , clad density (10]=

specific heat at const. pressure.c a
p

subscripts f and c designate fuel and clad, respectively. Specific heat as a
function of temperature was computed on the basis of expression and tables
given in riATPRO [Hagraan et al., pp. 9 and 206, 1980). For UO2 was computed

by (c (T)]g=
(c(Tg$g)]=gfromthecitedreferenceand(c(T)]gwascurve-fitted p
[c (T) [cp (Tro)]f (1+1.5299K-I (Tg pTro)], with an error of less than
O. %. For zircaloy, the tabulated data (Ha rman et al., 1980] were curve-
fitted by (ep(T)]e = 80.20769 J/(kgK)(T/1K] . 020 , with a maximum error of
0.6% and the coefficient of determinateness of 0.998.

The integrals of Eqs. (34.11) and (34.12) were numerically evaluated on an
HP-41CX programmable pocket calculator, using its built-in quadrature algo-
rithm. This algorithm was executed to guarantee six significant digits. With
the conditions listed in Section 34.2.2 above, the following results were ob-
tainods

Eg = 66.5903 kJ/m.

Ee = 1.4005 kJ/m and

E = 67.9908 kJ/m.

Figure 34.1 shows the depend-
,

ence of fuel stored energy E on !

' ' ' ' ._ ' '
r. normalized linen heating rate or

fission power, the fission power
.v. being normalized by the value

listed in Section 34.2.2 above.
tio - -

It was indicated in Section
, ioo _ _ 34.2.2 that the TRAC code appears
( to underpredict the fuel center-,

{ ,o - _ line temperature by 80K. With
f, Eq. (34.10), one can determine the,

'o so - - corresponding deficiency in fuel

f stored energy. TRAC appears to |,

- - underpredict fuel stored energy by* to
6.05 kJ/m or by 8.9% of its refer- I

60 - - ence value relative to the coolant ;

!temperature (E 0 for (Tr>g= =

So - - <Te>e = T.).
|

'3 - " 34.2.4 Uncertainties in Predict- )ing Fuel Stored Energy
|, , , , , , ,

or os os io u it is i4 is |

attaint eca ta :<wT v, ein e;i,,, Expressions for thermophysi- |

cal properties and transfer laws
are derived from experimental data

,

Figure 34.1 Stored Fuel Energy vs with known random errors. Second- |

i Fission Power ly. reactor and fuel condit ions |

|

,!
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are specified, but with statistical uncertainty. Thirdly, the mathematical,

models it. TRAC-PF1/ MOD 1 were found to dif fer (cf. Table 34.1) from the docu-
mented models. The TRAC models have systematic errors because of such dif fer-
ences, because of parameter adjustments and because of numerical approxima-
tions (computational errors). Parameter adjustments and computer errors are
being assessed by comparison with data [USNRC Draft Report, 1987). Their con-
sequences are known, but only within statisti:a1 error bounds.

Thus, even though a computer code execution is deterministic, the statis-
tical uncertainties in input data specifications and the of ten unpredictable
consequences from systematic errors cause computer results to be afflicted
with essentially random errors, the magnitudes of which must be estimated with
quantifiable confidence.

In this section are summarized the uncertainties in fuel-related parameter
specifications. They were taken f rom previously published uncertainty analy-
ses, from the available code documentation and from [Hagrman et al., 1980].

Uncertainties of Input Data Specifications. In the category of input data are
(i) the initial powcr level or linear heating rate. (ii) the power distribu-
tion, (iii) the fuel dimensions at cold conditions and (iv) the condition of
the fuel (burn-up conditions). Table 34.3 be'.ow summarizes the fuel-related
input parameters, their 1-e uncertainties, associated probability distribu-
tions and the references. Unknown probability distributions are specified as
uniform because equal probabilities reflect the maximum of ignorance.

Table 34.3. Uncertainties in Input Data

Parameter 1-o Uncertainty Distribution Reference

Fission Power 12% Normal (Sheron, 1987]
Table 2

Peaking Factors

| Local Axial 10.7% Normal [Sheron, 1987]
Table 2

Local Radial 22.5% Normal [Sheron, 1987)
. Table 2
| Pellet Radius (cold) 10.1% Uniform [Laats, 1981)
: Table 2
) Clad Radii (cold) 20.1% Uniform [Laats, 1981]
j Table 2

Neutron Flux Depression
; a (Eq. 34.1) 20.05 Uniform Estimated

n (Eq. 34.1) 20.3 Uniform Estimated
'

|

)

i

!
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l

The uncertainty in fission power reflects the random error of matching the
calorimetric balance of the plant with instrument readings. Even though it is
not a code uncertainty, it must be part of the peak clad temperature uncer-
tainty. Peaking factor uncertainties secount for random errors in specifying l

'

power distributions in the core. [B. W. Sheron, 1987] implied normal distri-

butions for power and peaking f actors. These have been adopted here also.

Errors in pellet and cladding dimensions are random f abrication errors.
Since quality control eitminates large deviations, a uniform distribution is
suggested here. However, for the purpose of this analysis, these size uncer-
tainties and the uncertainties of surface roughness (Leats, 1981 Table 2] are
combined later into the gap conductance uncertainty, to which is assigned also
a uniform probability distribution.

Uncertainties for fission power variation within the fuel pellet are esti-

mated. No data could be found.

Modeling Uncertainties. Modeling uncertainties arise f rom random dif ferences
between heat transfer and thermophysical property measurements and the corre-
lations used to represent the measurements in the computer code. Systematic
dif ferences, however, between the mathematical models in tho code and the ex-
perimental data are code-specific and presented below. In the category of
fuel-related modeling uncertainties are the uncertainties from (1) fuel pellet
thermal conductivity. (ii) cladding thermal conductivity. (iii) fuel pellet
heat capacity, (iv) cladding heat capacity, (v) filler gas thermal conductivi-
ty, (vi) thermal expansion or gap width, (vii) radiative surface properties
and (viii) convective heat transfer coefficients. Table 34.4 below summarizes
1-o level uncertainties, approximate distributions and source references for
these parameters.

The probability distributions in Table 34.4 are specified as normal when-
ever they are unknown or known to be approximately normal.

The uncertainty of fuel thermal conductivity, kg, f.s specified in
[Hagrnan, 1980, p. 24] for all fractions of theoretical fuel corsity. For the
f raction of 94.9%, Hobson's data as listed in (Hagraan, 1980] are (0.32 2
0.09)W/(mK) higher than the MATPRO correlation, in the temperature range be-
tween 347K and 1,330K. However, for this analysis we adopt the more univer-
sally applicable error range as specified in (Hagraan, 1980].

Error brackets for heat capacities, (ocp), were computed from uncer-
t a '.n t i e s specified for specific heats in Reference [Hagtman, '980, p. 10 (of,

8/81 revision) and 211) and the densities given below in Eq. (34.13). The un-
certainty for Eq. 34.12 density is trivial (20.5% of theoretical denr.ity for
fuel [Laats, 1981. Table 2]) and therefore ignored.

The uncertainties for important parameters affecting the gap conductance
are combined into an overall gap conductance uncertainty, based on Eq. (3) and
on the assumption of independence between the dominant gap width and gas
conductivity uncertainties:

/i +6 (34*l3)Sh ~
gp 2*
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Table 34.4. Uncertainties of Fuel-Related Parameters

Parameter 1-e Uncertainty Distribution Reference

Fuel thermal cond., kg 20.2 W/(mK)* Uniform (Hagtman, 1980)
p. 24

Clad thermal cond., k 21.01 W/(mK) Normal (Hagrman, 1980]e
p. 218

3Fuel heat capacity, (oc)g 230.035 kJ/(m K) Uniform (Hagrman, 1980]
p. 10t

3; Clad heat capacity, (oc)e 264.875 kJ/(m K) Uniform (Hagtman, 1980]
p. 211

Cas thermal cond., k 20.0131 W/(mK) Uniform (Hageman, 1980)g ,

p. 485,t
(Chambers et al.,
1982] p. 15,

Effective gap width, t 120.98 um Skewed (Steck et al,
1980) pp. 31 & 92

Pellet emissivity, cf 27% Uniform (Hagrman, 1980]
p. 48.6

Clad emissivity, c 10.10 Uniform (Hagrman, 1980) -
e

p. 237
Convective heat transf., [1.e11ouche, 1987)

single phase, forced, p. 18
turb. -5% to +35% Uniform (Dittus et al., ,

'

1930)

* Notice that Hobson's data listed in Table A-2.VII [Hagraan, 1980), are
incorrectly plotted in Figure A-2.4. <

i tRevision 8/81.
|

I

Here, the uncertainty from gas conductance uncertainty, akg = 0.0131 W/(mK) is

2ak /t 634.7 V/(m g) (34,g4)a = =
g g ,

i

i

.I the effective gap width, t, being computed to be t = 25.039 um, and from the !
'

gap width uncertainty, one finds I
9

t

k
'

2= 4,992.0 W/(m g) (34,g5)hA = -

; 7
,

.

.|

:

i
f
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<

The gas thermal conductivity, k , is evaluated with the mean gas temperatureg
computed from the values given in Table 34.2. The nominal gap conductance is

2hgp = 10.960 kW/(m K) as in the TRAC code. The gap width uncertainty, at,
is taken from (Steck, 1980] as shown in Table 4. Uncertainties from radiative
heat transfer are ignored because the entire contribution from radiative heat |

transfer to gap conductance is only 0.4% at normal full power conditions. I

Substitution of Eqs. (34.14) and (34.15) into Eq. (34.13) yields the 1-o
uncertainty of gap conductance which is i

l

I

5.032.2 kW/(m K) (34.16) I2ah =
gp :

and amounts to 45.9% of the nominal gap conductance.

Cap conductance uncertainty is dominated by tre uncertainty of ef fective
gap width. The effective gap width uncertainty, at, is slightly smaller than !
the effective gap width t itself, but approximately as large as the physical ,

gap width 6. There is no general agreement in the literature concerning gap
width uncertainties; most error ranges have been assumed without basis.
[Sheron, 1987, Table 2] lists an "assumed RMS error" of 25% for gap conduct-
ance, which appears low. In contrast. (Lassmann and Hohlefeld,1987] more re-
cently compared nearly a thousand gap conductance measurements with results
from the URGAP computer code. The measurements were taken primarily f rom ex- |
tremely well-controlled out-of-pile experiments, and URGAP "has been fitted to
the data of [Ross and Stoute, 1962], (Dean, 1962] and [ Campbell et al.,

1977j." Under such rather ideal but atypical conditions, (Lassmann and
Hohlefeld, 1987] obtained the gap conductance uncertainty of 33.4% (1-o
level). (Cunningham et al., 1978] concluded also f rom experiments that the
gap width uncertainty is approximately 50% (p. C-2), based on an initial gap
width of 229 um (p. A-1) and a mean gap closure by 63% (p. C-2). This leaves,
under normal full power conditions (in a BVR fuel pin), a gap width of 108 um
with an uncertainty of 50 um. (Cunningham et al., 1978] add a 100% uncertain-

,

'

ty (p. C-6) in temperature jump distance uncertainty and a 10% uncertainty in
the gap width coefficient of their STORE computer code. This tends to support
the uncertainty analysis by (Steck et al., 1980] for PVR conditions, i.e. the
reference from which Eq. (34.16) was derived.

,

For uncertainties of convective film coef ficients, it was pointed out by
(Le11ouche, 1987] that when heat transfet coefficients appropriate for condi-
tions inside circular tubes are used for heat transfer in tube bundles, then

.

'

the heat transfer coefficients are consistently under estimated. This being
the case in the TRAC code, the 20% range of 1-c level uncertainties suggested ,

by the comparison of the Dittus-Boelter correlation with data (Dittus, 1930],
has beer, shifted to {-5%, +35%) to account for the above enhancement of heat ;

transfer regimes with phase change. This is addressed in Section 34.2.5
,

later. I

,
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Systematic Modeling Errors in TRAC-PF1/ MODI. Based on presently available
code documentation [NUREG/CR-3858, LA-10157-MS, 1986] and on the written re-
sponses from Los Alamos National Laboratory to specific questions posed by the
author, TRAC-PFl/ MODI has four systematic errors related to its fuel modeling:

1. The thermal conductivity is too low as shown in Table 34.1 (cf.
[NUREG/CR-3858, LA-10157-MS, 1986, p. 50]. The mean bias is -0.46 '

W/(mK) relative to the correlation given in MATPRO [Hagrman, 1980,
T. 23]. The consequences should have been an excess of initial fuel
stored energy of approximately 6 kJ/m or 9%, and a 13% increase in
pellet thermal response time. As pointed out in Section 34.2.2,
however, TRAC results show a slight deficit of 1% in fuel stored
energy when compared with results from closed-form integration. The
cause for this discrepancy might be computational error; the exact
cause cannot be identified without additional code documentation.

5 The increase in thermal response time, on the other hand, appears to
be corroborated indirectly by comparing the thermal response of the
cladding as computed by TRAC and by the analysis presented in Sec-,

tion 34.2.5 below.
,

2. The gap width is increased from approximately 14 pm to 21 um (under
hot conditions). The adjustment is suggested in the TRIC LBLOCA re- '

port [Fujita, 1983, p. 17], to achieve vendor-specified initial
fuel-stored energy. the magnitude of the adjustment given here is
inferred from hand calculations because the necessary documentation,

j is lacking in TRAC output listings. It is possible, by gap width
adj us tment s , to obtain the correct initial fuel stored energy, but.

j not without changing the pellet and cladding response times. It
i will be shown in Section 34.2.5, that any increase in gap width,

,

i.e. decrease in gap conductance, increases blowdown peak clad tem-
perature. This is true only in the vicinity of the fuel conditions
calculated in TRAC for full-power conditions, but it shows that '

stored energy and with it pellet temperature is more important for
peak clad temperature than gap conductance. Whether TRAC results
are conservative, however, can only be determined from calculations

,1 carried out with correct fuel thermal conductivity, without signifi- ,

q cant computational error and without gap width adjustments. I

b
ii 3. Thermal expansion in radial direction are computed incorrectly in

TRAC [NUREC/CR-3858, LA-10157-MS, 1986, p. 70], because (1) the for-
|4

| mula for radial displacements is evaluated with the absolute temper-
; ature instead of with the excess temperature above the temperature

,

of the strain-free state and (ii) total radial displacerents are
i

added to radii f rom previous time steps, rather than to radii of ;,

cold conditions. One should suspect documentation errors here, but ;

it was not possible to resolved this issue without better documenta-
|

-

tion.
[
i

4. The calculation of two phase flow heat transfer coefficients in j
TRAC-PFl/ MOD 1 [ NUREC/CR-3858, LA-10157-MS, 1986, p. 81, Eq. (140), [

{ p. 83, top equs ion; p. 63] is incorrect because (1) the equat.8sn on j
page 63 is wrong and (ii) a mixture heat transfer coefficient is j,

assigned to the liquid phase, while the vapor phase heat transfer '

coefficient is not zero,.

r

I '
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(i) Los Alamos National Laboratory claims (Boyack, 1987), with un-
specified references to M. Ishii and J. M. Delhaye, that the equa-
tion on page 63 of (UUREG/CR-3858, LA-10157-MS, 1986] for combining
phasic heat transfer coefficients is derived by averaging. No ref-
erence for this averaging is of f ered. Since the equation contains
neither a phasic perimeter fraction, nor a phasic wetted area frac-
tion, nor a phasic wall residence time fraction, it is absolutely
impossible to derive the equation in (NUREG/CR-3858, LA-10157-MS,
1986] on page 63, nor Eq. (98) on p. 58 (for solid structures) I
either by space or by time averaging. |

1

(ii) Los Alamos National Laboratory concedes (Boyack, 1987), that
mixture and vapor heat transfer coefficients should not added as in
the TRAC code, but they claim that it is permissible to add them
because the liquid convective heat transfer coefficient (h )g is at ie

least 100 times greater than that for vapor, (he)y. This claim is
wrong in principle (one does not introduce unnecessary errors, be-
cause they are small); it is also wrong because 25 randomly selected
TRAC results, obtained from a PWR LBLOCA calculation, show that dur-
ing the blowdown phase (he)g/(he)v = 16 1 14, (1-o).

This systematic error does not effect single-phase coolant conditions,
whence it does not af fect the initially stored energy but it does affect the ;

transient calculations and the peak clad temperature. |

The Resultant Uncertainties in Fuel Stored Energy. Table 34.5 summarizes the
changes caused in fuel stored energy by varying the dominating fuel-related ,

parameters, each one individually, by its 1-o uncertainty. The second columns
shows the parameter values for normal conditions, as they were used to obtain
the results in Table 34.2, and the stored energy given in Section 34.2.3. The i

third column shows the parameter changes which bring about an increase in f uel
'

stored energy and which correspond to a 1-a variation. Notice that the con-
vective film coefficient was reduced by 20%, one-half of the total $riation

listed in Table 34.4. Column four shows the extreme values used to calculate
the changes in stored energy, while column five lists the corresponding values ,

for stored energy. The last column shows the changes in stored energy rela-
Itive to the reference value of E = 67.991 kJ/m.

The values in Table 34.5 serve four purposes. Firstly, they serve to ,

rank the parameters in their order of significance in af f ecting stored ener- !

gy. Notice that, the convective film coefficient is in eighth place because
it is assumed that its minimum value is only 5% below its computed reference t

value (on account of heat transfer enhancement in rod bundle;. and because
such a 50% decrease would increase the stored energy only by 0.313 kJ/m.

,

Clearly, uncertainties in gap conductance, peaking factors and fuel thermal
conductivity have the most serious influence on stored energy.
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Table 34.5. Elements of Stored Energy Uncertainty

E,
~

ref
Stored

Reference la Max./ Min. Energy
Parameter Value Changet Values kJ/a kJ/m

Cap Conductance 10.960 kWa-2 -1 -5.028 kWm-2g-1 5.932 kWu-2g-1 84.928 16.937g

Peaking Factors 1.41736 x1.03218 1.46297 70.675 2.685

Fuel Thermal Cond. 4.392 Wm-I -I -0.2 Wm-I -1 4.186 Wm-IK-1 70.475 2.484K K

3Power 486.49 MW/m +2% 496.22 MWm-3 69.655 1.664
4
y Fuel Heat Capacity 3.028 MJm-3 - +30.035 kJa-3 -I 3.059 MJ n-3 -I 68.651 0.661K K K

Cladding Thermal Cond. 16.735 Um-I -I -1.01 Wm-IK-I 15.728 Wa-I -I 68.455 0.464K K

Burn-Up M 0.4034 -0.05 0.3534 68.346 0.355
N 3.9167 -0.30 3.6167

Convective Film Coeff. 40.05 kWm-2 -1 -20I 32.04 kWm-2 -1 69.241 1.251g g

-3 -ICladding Heat Capacity 2.145 MJri K +64.875 kJa-3 -I 2.210 MJ a-3 -I 68.033 0.042' K K

fcf. Tables 3 and 4. |

|

|
4

1

|
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|

l

!,

|

Secondly, the values listed in the third and last columns of Table 34.5
serve to estimate the sensitivity of fuel stored energy on modeling parame- !

ters. The ratio of listed stored energy change over a listed parameter change I

is an approximation to the partial derivative of stored energy with respect to
that pirameter and can be used to estimate the stored energy change for dif- ,

ferent parameter changes.

Thirdly, if one assumed that the conditions of linear error propagation [
are met, one could estimate the uncertainty in fuel stored energy from

/{o 17.7 kJ/m , (34.17) I=e =
E

which is 26.1% of the reference value E= 67.991 kJ/m. The et values in
Eq. (34.17) are the values in the last column of Table 34.5, except that for i

'convective heat trans fer only 1/4 of the tabulated value is used (correspond-
ing to the low range shown in Table 34.4). It must be pointed out, however,
that Eq. (34.17) is only a rough estimate since the conditions of linear error ,

propagation are not strictly met.'

The fourth and last purpose served by Table 34.5 is to show that the ef-
. fects of parameter variations on fuel stored energy can be simulated by simply
i varying the fission power or the power peaking factor. Since this is easy to

carry out in the TRAC code for a large number of fuel elements, it is a power-
ful technique for developing response surfaces in support of statistical un-

{ certeinty analyses, because this technique saves computing resources. One
needs to select f rom Table 34.5 the amount of needed change in stored energy
for a given change of any of the listed parameters, and then to determine from

) Figure 34.1 the multiplies for peaking factor which is to be used for the ;

steady-state calculations of initial conditions.
'

i

Conclusions Regarding Fuel Stored Energy Uncertainty

i -

'
j 1. Initial fuel stored energy can be computed ef ficiently f rom closed-

form integration of the steady-state conduction equation, taking in-
to account the dependence of thermophysical properties on tempera-
ture and the radial variation of fission power due to neutron flux

,

tdepression.,

2. The uncertainty in fuel stored energy is dominated by uncertainties
5' in gap conductance, peaking factors and fuel thermal conductivity.

; 3. The fuel stored energy per unit of length of fuel pin, in the fuel
pin with the highest clad temperature at full-power conditions in a ;

Westinghouse PWR core with 17 x 17 fuel arrays and 160,000 Md/t
burnup is 68 kJ/m. The standard deviation of the stored energy is-

approximately 06%.
|

4. It is possible to approximate the effects on stored energy of all i

important uncertainties from fuel-related modeling parameters by.

corresponding variations in peaking factors.'

:

I

i

!
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: :
|1

- - . - . - .- __ . . -



_ . - _ - _ - _ _ _ _ _ _ _ - _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ___. _ _. _ _ _ _ _

i

|.

34.'2.5 Analysis of Fuel Thermal Response !
:

It is recognized that peak clad temperatures are the higher the larger
the initial fuel stored energy is and the more easily this stored energy can ;
pass from the fuel pellet into the cladding. Also, one and the same change or
uncertainty in important fuel modeling parameters can increase the stored

,

energy while retarding the energy transfer from pellet to clad, thereby repre- '

senting opposing mechanisms which determine peak clad temperature. Cap con-
ductance and thermal conductivity of fuel pellets are two such important
modeling parameters.

It is the purpose of this section to determine the effects which the '

parameters listed in Table 34.5 have on peak clad temperature. It is of par-
ticular interest to know which of these parameters have opposite effects on
peak clad temperatura and on fuel stored energy.

We seek the transient fuel and cladding temperature by integrating the '

transient conduction equation f
!
,

= k f ( h ) + qj'' (34.18)pe
p

in the two regions of pellet and cladding, using subscripts f for fuel and c
for clad. We introduce new symbols

oc = pe(<T>), mean volumetric heat capacity and
p

k = k(<T)), mean thermal conductivity,
1

both evaluated, respectively, for fuel and clad with the area-averaged temper-
atures. ;

i

!Solution Technique

| i
j Equation (34.18) is first converted, by area averaging into one ordinary i

differential equation each for pellet and for clad, as shown in [Vulff et al., |
| 1985). The result is [
. t

'

T id<T >f <q}''>f 2Yg fo - T,gg
( I

g (pe )'f R + g#
Idi(Ac )gdt -

R
p inp Rg

g g

i

I

q d(T > k, T,-Tg ei*I 7 81(=w ee ( ''
I

* ~ w'.I dr R +g-
-

sR,(pe ) 2 e a s
p

R -gg g
i l

| i

1
'

j

s
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where c = R -R cladding thickness2 g

R, = (R +R )/2 "'*" #*di"" f *l*dg 2

a, = k,/(oC ),, thermal d W ustd ty of clad
p

Biot number of cladNB1"'c c
g = temperature jump distance

and all other symbols have been defined previously. Integration of Eqs.(34.19)
and (34.20) yields the area-averaged temperatures <T) for fuel pellet and
cladding. However, one needs to calculate the surface temperatures Tgo, Tet
and Tv in order to integrate Eqs. (34.19) and (34.20).

These three temperatures are computed by approximating the transient tem-
perature distributions in pellet and clad by two separate power polynomials in
radius r. The polynomials have time-dependent coef ficients which are computed

| to satisfy the above-mentioned seven boundary conditions of heat flux and tem-
| perature continuity. plus two requirements imposed by the definition of aver-
| aging. The tot ^1 of nine conditions defines the three temperatures Tro, Tet
| and Tv, all in terms of (Tr>g, <T >e and T., and also six time-deper. dente

j polynomial coefficients (Wolff, 1985). The three surface temperatures are:

F (T >g + T < T,) +T T, (34.21)T,a g g 2 , 3g

T,g = U >g - O MT >g - T ,) (34.22)
g g g g

= { {0 -0 )T, - T , + (0 +1)T,g } /0 (34.23)T, 4 3 g 3 4

(
vhere Y *(O-1)[0(0-0I~0I0*II)/0g g 4 3 2 5 3

F * 0 0 /0
2 34

T3 = -(1305/G
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t

c = 0 n (n -0 ) + (1-n )(n 0 +0 )33 4 5 g 24 5 ,

|

'
O = 4A Y +1 04 = D (NBi* !g g3 ,

3

5 " Y 50 N )D * T '2T 0
2 6 S

' 6 4 3
i

i 0 " 2A V3 c4

i

Af = Ig/k Ae = k /E ;g . g g

=In{(R*8)/(R-g))v3 2 c g g

R32*v4 =T
J j

= (3R +2s)/(3(2R +')] fv5 2 2

t,

=(R+3s)/6(2R+s)]. [Y6 2 3

All y-values are fixed for fixed geometry A , 0 , T- and C- values vary with (,

temperature. One can integrate Eqs. (34.19) and (34.20) with Eqs. (34.21) [
'

through (34.23). The fuel center line temperature is given by [i

i
, i

T, = 2<T >g - T , . (34.24) fg g

I f

| The expressions for temperature distributions (parabolic in pellet and cladd- !
1 ing, logarithmic in gap) can be found in (Wulff, 1985). They are not needed i

here. However. Eqs. (34.19) and (34.20) need initial values for t = 0. They i-

; are derived to render the derivatives in Eqs. (34.19) and (34.20) to be aero !

(Jones,1980). They are computed front j.

[

<T,(0)>, = (v ui22-Vu2 tz)/(v uig 22 - u ,u2t> (34.25) jt
i

-vug g)/(Ugg 22<T,(0)), = (V U2 gg 12 21), (34.26)U ~U U

,.

'

l

0 -T [(iM )n -1] jR*(qj''(0)>g+Ts/R 3 3 3 g,
' where V t

= .

I b * 0ni 2I 4 [
F

!
i
1

.

!| 22,.

: ;

i
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i

R(qj''(0)>g
~ T F (I~0 )v* Y3 3 12 --

2k
g

U -{(1+n)(1+0(r-1)]-r}/n11 3 g g g 4

12*I[(I+N)0"I)U
2 3 1

U21 - (1-o ) (r 'I)g t

22 = F (I'0 )'U
2 1

I

I

'''(0)> is the initial, area-averaged fission powers all other symbols
and(qkinedblowEq.(34.24).are de

<

Equations (34.19) and (34.20) were integrated on an HP-41CX programmable |ipocket calculator, using a fourth-order Runge-Kutta integration algorithm .
,

The HP-41CX executes all expressions for properties, Eqs. (34.25) and (34.26) '

for initial conditions and Eqs. (34.21) through (34.24) for fuel and cladding
temperatures. The integration step size of 50 militseconds guarantees a com-
puting accuracy of +0.0$K five significant digits remained unaltered during

,

eighty integration steps or 4 second of a null transient which was started
'

from Eqs. (34.25) and (34.26).
|

Results were computed for two sets of boundary conditions. One set ap-
proximates the fission power and coolant conditions as calculated by the TRAC
code while simulating an L8LOCA for reference Westinghouse PWR plant condi-
tions. The other set consists of limiting step changes in coolant conditions |

'

| to show the effects from DN3 delay (departure from nucleate boiling) or from
| dryout delay, and also with changes of time for scram initiation. The results

| are presented in the following two subsections.
,

1 '

34.2.6 Effect of Tuel Farameter Uncertainty on Peak Clad Temperature

| Eighteen transient fuel temperature calculations have been performed to I

| assess the effects of parameter variations on thermal response and on peak [
clad temperature. The results are shown in Table 34.6. r

I

'
tihe Runge-Kutta algorithm was coded for the HP-41CX as part of thi. project.

i
!

| It needs 26 memory registers. The number of nonlinear ordinary differential
equations. I = f(x,Y), that can be integrated is free and depends only on the '

complexity of f and the number of available registers (sax. 896).

!

i

!

i

|

|
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Table 34.6 Thermal Response of Fuel and Peak Clad Temperature Change

Step Change TRAC Blowdown B.C.

Initial Clad Change of Peak Clad Chat.e in
Temperature Initial Temp. Peak Clad

Rise Temp. Rise Temp.
Parameter K/s K/s K K

Cap conductance 724.2 -7.2 884.8 52.4
Peaking factor 753.0 21.6 843.0 10.6
Fuel thermal conductivity 731.3 -0.1 847.5 15.1
Power 744.9 13.5 839.0 6.6
Tuel heat espacity 731.4 0 833.3 0.9
Cladding thermal cond. 732.0 0.6 833.9 1.5
Convective heat trans. coet. 722.0 -9.4 849.5 17.1
Cladding heat espacity 710.0 -21.4 833.5 1.11

| Reference case 731.4 832.4-- ---

|

|

The first set of nine calculations was carried out to obtain the initial
time rate of mean clad temperature rise from Eq. (34.20). Initial steady-
state conditions Vere computed, according to Eqs. (34.25), (34.26) and (34.21)
through (34.24), first with the parameters from TRAC-PF1/ MOD 1 as listed in
Section 34.2.2. and then with all but the burn-up parameters (not andeled in
Eqs. (34,19) and (34.20)) shown in Table 34.5 changed by the same 1-a uncer-
tainty at listed in Table 34.5. The transient was induced by changing the
following three boundary conditions f rom initial values

|
T, = 599.44K

E 40.05 kW/(m K)I

I(qj''>g=486.49MV/a for t < t" = 0 (34.27b)

to T, = 666.80K
(34.284)for t > t' ='

8
~

h = 0.8805kW/(m K)

(qj''>g = 2?.24 MW/m3 for t ),t" = 0, (34.28b)

which are the highest vapor temperature, the lowest heat transfer coefficient,
both as calculated by TRAC-PT1/ MODI for an LBLOCA blow-down phase, and 5.6% of
initial power, representing the mean fission power during the first two see-
onds. The symbols t' and t'' are, terpectively, the time of DNB and of scran
initiation. The results are shown in the second and third columns of Table
6. The second column shows the initial mean clad temperature rise, d<Te>e/dt
at s = 0. The third column shows the effect of parameter variations on the

|
'
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I
J ;

response of the cladding, relative to that of the reference calculation, which
,

"

is shown in the last line. Indeed, gap conductance, fuel thermal conductivi-
ty, convective film coefficient and cladding heat capacity, when changed so as*

1

; to increase fuel stored energy, decrease, as expected, the rate of thermal |

t response by the cladding. This suggest that these four parameters have oppo- !

! site effects on stored energy and peak clad temperature.

!

j Figure 34.2 shows the transient outer cladding temperature, Tw(t) under I

reference conditions and with boundary conditions as specified by Eqs. (34.27) |
and (34.28). This figure suggests that the initial slope might not dictate ;

the peak of the clad temperature Tv. In f act, as shown in the first two f
<

; columns of Table 34.6, the opposite etfects suggested by the results in the
second and third columns are unimportant with regard to peak clad temperature. j

Far more importantly, Figure 34.2 shows that during the blowdown phase \
the clad temperature is limited by vapor coolleg, without the arrival of drop- ,

lets. The clad temperature peaks even when the pessimistic cooling condi- .

; tions, Eqs. (34.28), prevail at once af ter scram and then remain. The blow- I
'

! down peak clad temperature is almost unaffected by reactor pump degradation or
I

1 by transition of critical break flow from subcooled to two-phase flow condi-
! tions, except in the highly unlikely event that liquid injection at core en- !

trance should occur in less than approximately two seconds after dryout or *2- f
.

parture from nuclear boiling (DNB). Aside from this exception, the blow-d - |I

I pcak clad temperature is dictated by fuel stored energy alone or, equivalent- j

ly, by the linear heating rate (cf. Figure 34.1). Whence, blow-down peak clad
j temperature measurements are not af f ected by scale distortions outside the !
j core in a test facility. i.

x .

Turning now to the second set of transient fuel temperature calculations, ;|

I we describe how the last two columns in Table 34.6 were obtained. Another -

.
ref erence and eight repeat calculations were carried out with the 1-o parame- I

ter variations listed in Table 34.5, only one parameter being varied at a t
'

I

j time, to show the effects of these parameter variations on blow-down peak clad
j temperature. These nine parametric calculations were carried out, however, j

with boundary conditions representative of the ones imposed by the TRAC-PF1/ :

; MOD 1 code during blow-down, on the fuel pin segment which had the highest clad |
temperature at f ull-power steady-state conditions. Figures 34.3, 34.4, and !

j '
; 34.5 for cooling rate, liquis temperature and vapor temperature, respectively
! vere generated by TRAC and used to derive these approximate boundary condi-
; tions for coolant temperature, T., heat transfer coefficient. h , and fis- :e

j sionpower.<q}''>fs
i

; T,(t) = 599.44K - (21.41K/s)t (34.29) !

I
I

j II,(t ) - 40.05kW/(m'K).f (t), (34.30) {3

1+(0.9812 s )t for 0 i t 1 0.47swhers f (t) =
g

Max {0.022314,2.13745-(1.43886s'I)} f.

1 !for 0.47s < t (4s4

t

I
1' :

! !
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l and
<qj''>g= 486.0 W/m3 for 0 i t I t" = 0.2s

486.49 W/m3(1.236-(1.180s'I)t for t" I t i t" + 0.8s=

27.24 W/m3 for t" + 0.8s I t f 4.Os=

(34.31)

All boundary conditit, - start out with steady-state initial conditions.
Tie TRAC-computed cooling recos ity at 2.81s af ter break initiation is inten-
tionally omitted: the cooling rate is kept constant instead.

The outer clad temperature history. Tw(t), obtained with these refer-
ence conditions and with all parameters in Table 34.5 at their nominal values
is shown as the solid curve, marked REF, in Figure 34.6. The comparison with
TRAC results shows that the TP AC-computed peak clad temperature is approx 1=
mately 28K lower and appears 0.4 seconds later than shown in ylgure 34.6. The
shape of the curve f rom TRAC, however, is the same as that of the solid curve
in Figure 34.6, except for a small reduction in slope at the time (1.47s) of a
computer restart.

The fourth column in Table 34.6 shows the peak clad temperatures obtained
by changing the listed parameters by the 1-e uncertainties listed in Table

I 34.5. The last column shows the corresponding changes in peak clad tempera-
ture relative to the reference value of 832.4K, given in the last line. In
contrast to the conclusion arrived at from the thermal response rate differ-
ences in < .e third column of Table 34.6 all parameter changes which produce '

an increase in stored energy produce also an increase in peak clad tempera-
ture. This shows clearly that energy sto age iw more important for peak clad
temperature than are heat transfer rates.

Af ter taking the square root of the sum of squares (cf. Eq. (34.17) f or
stored energy) of all the differences in the last column of Table 34.6 one e

obtains a rough estimate for the 1-o uncertainty in peak clad temperatu' of
41.4K, as it results f rom the uncertainty of fuel-related parameters. ;his

estimate is of fered here with caution, because it is based on linee , error
propagation. of which the requirements can be met only approximatol by the
peak clad temperature modeling analysis. The dash-dot curve at the top in
yigure 34.6 shows the expected peak clad temperature when all the 1-o changes
of fuel-related parameters combine statisticany. The curve is dr?vn for the
1-o uncertainty in gap conductance of 46%. The it.t e rmediat e dash curve is
drawn for the gap conductance uncertainty of 35% as proposed by (Lassmann and
Hohlefeld, 1987). No attempt is made to assign confidence limits to tt.e s e
peak clad temperature uncertainties as these lialts are the subject of an on-
going effort by the USNRC.

However, as before f or stored energy, the peak clad temperature dif fer-
ences given in Table 34.6 can serve along with their corresponding parameter
changes listed in Table 34.5 to estimate the sensitivity of peak clad temper-
ature on each of the fuel-related pat aseters. Finally, one can recognize the
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Figure 34.6. Peak Clad Temperature Change Due to Uncertainties in
Fuel-Related Parameters

order of importance for the parameters concerning their ef fect on peak clad
temperature; the order is the same as for fuel stored energy, as far as the
three most important parameters are concerned. Notics that in this ordering
the change of peak clad temperature due to a change in convective heat trans-
fer coefficient should be divided by four because the coefficient is expected
to change in the range f rom -5% to +35%, while the dif ference in peak clad
temperature was obtained for -20%, as shown in Table 34.5.

Notice in Figure 34.6 that the clad temperature peaks without recovery of
cooling due to droplet injection. This confirms the conclusions reached
before for Figure 34.2, but now also for boundary conditions which approximate
those computed by TRAC-PF1/h0DI.

34.2.7 Effect of Hydraulics Parameters on Peak Glad Temperature

In this section are presented the results from transient fuel temperature
caletlations carried out with limiting step changes in boundary conditions for
the purpose of assessing the effects on peak clad temperature from (i) changes
in heat transfer coefficients, (ii) delay of the time when DNB or dry-out
occurs, and (iii) delay of the time when scram is initiated.

,
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The Effect of Heat Transfer Coefficients can be i.een by comparing the curves {
for outer clad temperature, Tw(t), in Figures 3'4.7 and 34.8. These curves |
curves were computed with all parameters in Table 34.5 at their nominal val-
ues, with fission power as described by Eqs. (34.31), with the coolant temper-
ature T. as specified by tb3 first of Eqs. (34.27a) and (34.28a) and with

240.05 kW/(m t) for 0 i t I t'h =

2h = 227.1 W/(m K) for t' f T f 4s in Fig. 34.7

256.8 W/(m K) for t' <t < 4s in Fig. 34.8=

The lowest value of h computed during blowdown by TRAC-PF1/ MODI is 880.5 W/e
(m K). This is for single-phase, turbulent vapor flow, with* the velocity2

of 4.62 m/s , at the pressure of 81 bar and the vapor temperature of 666.2K.
Turbulent free convection by dry vapor would represent the pessimistic extreme

2in velocity,, calculation and produce 164 W/(m K). Thus, the heat transfer co-
efficient h used for Figure 34.7 is slightly more than 1/4 of the minimume
TRAC computed value; in Figure 34.8 it is -1/15 and even only -1/3 of the

; free convection value. This is extremely low.

|
The clad temperature peaks in Figures 34.2 and 34.7 reaches its asympto-

,

tic value Tw(a) from above, in Figure 34.8 it approaches its asymptotic tem-
|

perature from below. The clad. t em pe ra t ure. is limited by vapor cooling; a

!
maximum occurs when the asymptotic wall temperature

<q Q y>g/(2R (h ) ) (34.33)T,(a) = (T ), +R
y

is below the initial mean pellet temperature <Tr(o)>g, where

(T ) ,g maximum vapor temperature=
y

pellet radiusR =
g

outer clad radiusR, =

<q Q y>g decay powo: density in pellet=

(() min mini m es trans er coeMicknt=

Early arrival of liquid can turn down the clad temperature only if the heat
transfer coefficient is unrealist;'.cally low or if the liquid arrives unrealis-

tically early.

*Dittus-Boetter, N * 78,000, N 1.12.=
Re p

>
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Heat Trans

Transfer Coefficient, he = 227 Wm g-1 ficient, h2

The Effect of DNB or Dry-Out Delay, is shown also in Figures 34.7 and 34.8.
The delay t' is measured from break initiation as shown in the top sketches of
Figure 34.7 and 34.8.

Any delay in DNB or dry-out delays the temperature rise (horizontal shif t
of curves) and the peak by approximately th- same amount t'. Moreover, any
such delay reduces also the peak (vertical t.nif t of curves), because extended
cooling of the clad under pre-DNB conditions reduces the stored energy in the
fuel prior to the temperature excursion.

The Effect of Scram Delay relative to the appearance of DNB or dry-out is
shown in Figure 34.9 The three curves are obtained with t' 0.2s in Eqs.=

(34.27a) and (34.28a). The middle curve is obtained with the fission and de-
cay power history described by Eq. (34.31) with t" = 0.2s, the top and bottom
curves, respectively, with t" = 0.3s and 0.ls.

An advance in scram initiation reduces the peak clad temperature by ap-
ptoximately 300 K/s, while a delay of scram initiation increases the peak clad
temparature by approximately 120 K/s.
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Figure 34.9 Effect of Scram Delay on Peak Clad ?*mperature

In conclusion, the above effects from variations in heat transfer coeffi-
cient in DNB or dry-out delay and scram delay include all effect.1 from hydrau-
lie and system-related psrameters on the blowdown peak clad temperature, be-
cause droplet cooling is unimportant under realistic blowdown conditions. The
effects from systematic modeling errors (cf. Section 34.2.4) on peak clad tem-
perature uncertainty is not quantified here, because the necessary modeling
documentation for TRAC-PF1/H001 is not available at this time.

Confidence limits for peak clad temperature will be developed in an on-
going USKRC project. The work will be extended from blowdown to reflood peak

clad temperature. More details of this analysis can be found in NUREG/CP-
0091, Vol. 4, p. 23,

34.2.8 Conclusions on Fuel Model Related Uncertainties

The analysis presented here leads to these major conclusions:

1. The peak clad temperature during blowdown is limited by ef fective
singlo-phase vapor cooling to less than 880K.
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2. The blawdown clad temperature peaks, under all credible circum-
stances, before the arrival of liquid droplets in the core. Therefore, the
peak clad temperature during blowdown is not affected by reactor loop charac-
teristics (break flow or pump degradation). It is governtd instead by fuel
stored energy or, equivalertly, by linear heating rate. It depends only
slightly on vapor velocity which affects the convective heat transfer coeffi-
cient af ter DNB or dry-out.

3. Fuel stored energy and peak clad temperature during blowdown depend
primarily on three fuel-related modeling parameters, with this order of signi-
ficancet gap conductance, power peaking f actor and fuel thermal conductivity.
Uncertaintites in stored energy and blowdown peaking factors are affected pri- .,

marily by the uncertainties in these three parameters and potentially by sys-
,

tematic modeling errors in predicting these three parameters.

4. As a result of Conclusions 2 and 3, blowdown peak clad temperature
measarements are not affected by scaling distortions outside the reactor core
(in towncomer, pumps, steam generators, etc.). Since test facilities with
nuclear fuel (LOFT etc.) have full-scale fuel pins from the view point of
transient radial conduction, it can be stated that blowdown experiments with
nuclear fuel yield the blowdown peak clad temperature without scale distor-
tion.

5. The expected uncertainty in fuel stored energy is found to be 26%,
based on 1-o uncertainties in all governing parameters. Based on the same ,

parameter uncertainties, the blowdown peak clad temperature has an uncertainty
"

of 42K (1-o level).

6. Based on its published documentation, the TRAC-PFl/ MODI computer
code has systematic modeling errors in fuel thermal conductivity, gap conduc-
tance and convective film coefficients. The first two errors compensate dur-
ing steady-state, but not during transient calculations. The third error ap-
plies only to two phase flow and heat transfer conditions. Additional docu-

' mentation is needed to quantify the effects on peak clad temperature from
these errors. Particularly, the TRAC output listing of fuel-related parame-
ters is inadequate for ecde validation (FORTRAN) and for assessing the causes
and effects of observed discrepancies.

,

34.3 Uncertainties in Modeling and Scaling of Critical Break Flow (U.S.
Rohatgi and W.-S. Yu)

The coolant inventory in the reactor system is ccntrolled by the break
flow rate. However, a more significant role of tne break flow rate is tes in-
fluence on the dirtribution of the liquid inventory during the blowdown phase.
The fuel rod clad starts to heat up at the time of break as the flow stagnates ,_

in the core. However, around 2.3 seconds af ter break initiation, the break
flow decreases below the flow through the pumps in the intact loops, after the
break flow changes from subcooled to two phase critical flow. This results in
the restoration of some liquid flow into the core, in core-wide rewet, and in
the occurrence of the first peak of the clad temperature in the blowdown
phase.

h

-231- ,



The purpose of the break flow analysis presented here is to determine
bias and uncertainty in TRAC-PFl/ MOD 1 predictions of critical break flow
rates, based on experimental data from twelve Marviken tests.

34.3.1 The Critical Flow Model in TRAC-PF1

TRAC-PF1/ MODI has three models for critical flow. One is for subcooled

liquid, the second is for two phase flow conditions and the third one is for
single phase vapor. This report daals with the first and second models, be-
cause the third codel is irrelevant for peak clad temperature predictions.

Subcooled Critical Flow is computed in TRAC from a modified Bernoulli equa-
tion, as described in Appendix D on page 530 of [NUREG/CR-3858, LA-10157-MS,
1986]. This TRAC code document gives in Eq. (D-9) the critical velocity for
subcooled liquid, calculated for the break plane location, as the velocity V,:

V,= Max {aHE' ! V + 2 (p - p,Up ,} , (34.30
c c

where aHE ls the sound speed of homogeneous two phase mixtures, Ve and pc are
the velocity and pressure at the nearest upstream computational cell center,
while pe and om are the break plane pressure and the mixture density at a lo-
cation not specified in the TR\C documentation. A number of questionable ex-

planations are given to justil7 Eq. (34.34). They can be found in Section
Il-B of Appendix D, in [NUREG/ 1-3858, LA-10157-MS, 1986]. Particularly, the^

second argument of the maximizing function in Eq. (34.34) produces a velocity
which is neither related to the pressure wave propagation velocity, nor does
it satisfy a mass flux maximizing condition. Therefore, it is not clear why
Eq. (34.34) should always produce a critical mass flow rate.

Equation (34.34) applies in TRAC, whenever the void fraction o at thec
upstream cell center nearest to the break satisfies ac < 0.01. The break
plane pressure pc is computed in TRAC on the basis o;! the nonequilibrium
flashing model oy (Jones, 1980} (who used Alamgir and Lienhard's earlier
work). The pressure p, is computed from Eq. (D-10) of [NUREG/CR-3858, LA-
10157-MS, 1986] according to:

p,=p,-Max {0,Ap}. (34.35)

Here ps is the saturation pressure (at unspecified location), and:

1.5 [ h )13.76
-Dp/Dt )0.8/ TgC'f' [1+13.25(Ap = 0.258

g, 3 1.01325x10

*1

2
-0.070( )2 y (34.36),

C
1
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where o, k, T and p designate surface tension, Boltzmann constant, temperature
and density, respectively, all quantities must be expressed in S.I. units.
Subscripts g, t and crit designate gas, liquid and tnermodynamic critical,
while subscripts e and c are, as bef ore, designating t reak plane and upstream .

cell center locations. The locations associated wit h subscripts g and 1 are
also not specified in [NUREG/CR-3858, LA-10157-MS, 1986].

Notice that Eq. (34.36) contains the limiting critical velocity Ve, that
substitution of Eq. (34.36) first into Eq. (34.35) and then into Eq. (34.34)
renders Eq. (34.34) implicit in the velocity V The TRAC code document ~ g.

[NUREG/CR-3858, LA-10157 MS, 1986] fails to indicate the method by which V is (e
computed from Eqs. (34.34, 34.35 and 34.36), with Tg, og and ps all dependent
on V .e

Notice also that [NUREG/CR-3858, LA-10157-MS, 1932] fails to specify the
method for computing the substantial derivative Dp/Dt. The RELAP5 code docu-
mentation shows the same model for critical flow of subcooled liquid"
[Ranson, 1981, p. 79] as TRAC and specifies: )

i

Dp/Dt =(pV/A)(dA/dx),, (34.37) hg

where (dA/dx)e is the variation of cross sectional ares with respect to axial
distance at the break. Obviously, Eq. (34.37 fails to produce nonequilibrium
pressure undershoot for breaks in straight pipes.

Finally, it must be pointed out that [ NUREG/ :R-3 358, LA-10157-MS, 1986]
fails to indicate how V, as computed from Eq. (34.34), limits the naas flux,

as computed from the field equations in TRAC.

Two-Phase Critical Flow is computed in TRAC from the condition that the maxi-
mum value of the real part of the characteristic roots 1 , associated with1
the field equitions:

A3p/3t + g3p/3x = Q (34.38)

is zero [NUREG/CR-3858, LA-10157-MS, 1986, p. 5281 The field equations are
the mass balances of an inert gas and the two phasi mixture, the phasic momen-
tum balances and the mixture entropy balance f>r isentropic flow. A and B
in Eq. (34.38) are 5x5 matrices and the state variable ve: tor y has the compo-
nents of inert gas pressure p , vapor pressure py, void fraction a and phasic
velocities v a The source vector Q is uninportant for all but the en-
tropyequatibn.ndv.g

In TRAC it is completely ignored.

The characteristic roots 11 are computed nunorically from the character-
istic equation: ,,

det (A}+})=0. (34.39)

*Aside f rora a f actor of 2 discrepancy in the last term of Eq. (34.37). ~

s

-233-



_ - - _ - _ - _ _ _ _ _ _ _ - _ - _ _ - _ _ - _ _ _ . - _ - _

The numerical scheme [NUREG/CR-3858, LA-10157-MS, 1986, p. 5301 involves also
the maximization of the mass flux at the location of the break plane. Thus,
the two-phase critical flow model in TRAC contains two independent choking
criteria, but not the standard compatibility criteria of quasi-steady critical
flow (see Reocreux, NUREG-TR-0002, Vol.1, p. 75).

The above two phase flow choking criterion is imposed in TRAC for c > 0.1e
at the nearest upstream cell center. In the range of 0.01 < ae 1 0.1, a lin-

is used between the critical flows calcu-ear interpolation with respect to ae
lated from Eq. (34.34) and from Eq. (34.39).

34.3.2 Purpose of Critical Flow Model Evaluation

The objective is to quantify the modeling deficiency, or uncertainty, in
the TRAC-PF1/ MODI critical flow model, as applied to PWR and LBLOCA condi-
tions. The deficiency measure of the model is defined as the multiplier C ,D
which is a ratio of measured over predicted critical flow rates:

measured flow rate (34.40)C = .

D predicted flow rate

The uncertainty in the model is represented by the standard deviation of Co.

34.3.3 Procedure for Critical Flow Uncertainty Analysis

(Abdo11ahian et al., 1982) in a study of Marviken Critical Flow tests,
concluded that for large size pipes (D > 0.3m and L/D > 1.5), the subcooled
critical flow was independent of diameter (D) and length (L), and only depend-
ed on the inlet stagnation conditions as shown here

C = f (P , T )
c o o

G, Po, To are critical mass flux, stagnation pressure and temper-where e
ature at the inlet to the pipe. However, for small pipes, the subcooled cri-
tical mass flux does depend upon L/D. For PWRs, the cold leg diameter is
around 0.7m and the distance between the RC pump discharge to the vessel is on
the order of 8D (t/D = 8). This implies that if the break is located anywhere
between L/D = 1.5 to 6.5 f rom either the vessel or the pump, the break flow
will only depend upon the conditions of the fluid entering the broken pipes
and not on the pipe length or diameter, and CD will reflect any dependence
of TRAC-PF1 critical flow models on the pipe geometry (L,D).

| It is the purpose of the study to quantify the uncertainty in the criti-

| cal flow model of TRAC-PF1/ MOD 1 as applied to PWRs. It was decided to use

| available test data from nearly full-scale facilities. The Marviken tests
satisfied the large-scale requirement, as the test section diameters varied
from 0.2m to 0.5m, the nozzle lengths varied f rom 0.3D to 3.70 and inlet
subcooling temperatures varied from SK to 50X. Furthermore, these tests

! produced reasurements of pressure and temperatures at 0.7m above the nozzle
entrance, which makes it possible to model only the test section near the
break. This af fords the break flow prediction to be unaffected by phenomena
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taking place in the rest of the test facility. The mass flux data were ob-
tained from the pitot-static method. The errors in the mass flux measurements
were +3 to 10% for the subcc-led flow and +8 to 15% for two phase flow. For
the work reported here, 12 .ts were selected from [Marviken Results Test 12
through Test 25, 1979] and are listed in the first four columns of Table 34.7.

Separate TRAC-PFl/ MOD 1 nodalization models for each test were set up.
These models consisted of two cells (0.35m each) in the discharge pipe, one
cell foe the converging section, a number of equal-size cells in the straight
section of the nozzle. The cell lengths, AL, in the straight section varied
between 0.2 and 0.5 m. They were approximately equal to the test section dia-
meter and also equal to the cell length used in standard PWR plant simulation.

Marviken Critical Flow tests are transient tests (blowdown) and the mass
flow rate data are available at every 0.1 second interval up to 1.0 second ,
then at every 0.5 second up to 3.0 seconda, and at every second thereafter.
The first ten seconda of these tests, for which the inlet fluid was subcooled,
were predicted by the TRAC code. Comparisons between the predicted mass flow
rates with the experimental mass flow rates were made for the times for which
the void fraction in the last cell before the BREAK component was less than

number of Cp values per test for subcooled critical0.03. This generated a

flow. A mean value (Co> and standcrd deviations were computed for each test
from this set. Similarly, a set of Cos for two phase choking were computed
for each test from the cases for which the void fraction in the last cell be-
fore the BREAK component was greater than 0.07. The mean value (C ,24>D
And the standard deviations, 26, were ccuputed from each CD 2$ set of each
test for two phase choking. Only one-fourth to one-third of,all data points
fell into the two phase choking regime. It should also be noted that some of
the inlet temperature data were spurious and the corresponding data were omit-
ted.

34.3.4 Results and Conclusions for Critical Flow Uncertainty

As the purpose of this study is to provide a mean value of CD and
standard deviation for application to PWRs, the mean values for Cp were
plotted as a function of D, inlet subcooling AT and aspect ratio L/D. It was
observed from these plots that mean <C ) for subcooled choking and two phaseD
choking had no discernable trend with D or subcooling, but it did show a trend
with L/D. This can be verified from Table 34.7.

A curve fit was obtained for <Cp> for subcooled chuxing as shown in
Figure 34.10.

= 0.696exp (0.649 (f)-0.168) (34A1)<C )
D

However, as this curve did not pass through all the data points, the standard
deviations were computed using the mean values <Co> and the CD data at
each L/D. The rasulting standard deviations have been plotted in Figure 34.11
as function of L/D and show a distinct trend. A curve fit was generated for
the standard deviation:
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Table 34.7 Summary of Marviken Test Specifications and C Coefficients *
D

Liquid Subcooled Two-Phase
Test Section Subcooling Flow Flow

Test No. L/D D(m) AT(k) D <D

12 3.0 0.3 30 1.115

13 3.0 0.2 30 1.111

15 3.6 0.5 30 1.219

16 3.6 0.5 30 1.258

17 3.7 0.3 30 1.146

18 3.7 0.3 30 1.157

19 3.7 0.3 5 1.11 1.309

20 1.5 0.5 5 1.54

21 1.5 0.5 30 1.364

22 1.5 0.5 51 1.35

24 0.3 0.5 30 1.533 1.92

25 1.7 0.3 5 1.18 1.485

*See Eq. (34.31) for definition
iL is length of test section

;
,

1

s=0.9exp(-1.737(h)0.227) (34.42)

A similar procedure was followed for two phase critical flow model and
C ,26 and standard deviation are shown in Figures 34.12the curve fit for D

and 34.13 and are also described by the following expressions:
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(CD,24 > = .778exp (0.679 (h)-0.25) (34.43)

s$ =2.027exp(-2.16(h)0.25) (34.44)
2

<C >s must be used directly in the TRAC input deck through theThese D
options in the NAMELIST. Once the location of the break has been selected,
L/D can be calculated, one f rom the distance of the break f rom the vessel and
the other from the distance of the break from the pump discharge, and Cos
can be obtained from the above equations. The response surf ace (i s range)
for statistically combinine uncertainties must be obta_ned by adding to, and
subtracting from, CD one standard deviation, and the measurement errore.
The correction for the measurement errors of CD in subcooled choking should
be 10.1 and in the two phase choking regime it should be 20.15.

34.4 Uncertainty in Pump Model (U.S. Rohatgi)

During a hypothetical large break LOCA in PWR, the reactor coolont pump
plays an important role in determining the timing of restoring the core inlet
flow after core flow reversal at the time of the pipe rupture. The flow into
the downcomer and finally at the core inlet is a result of the competing in-
fluences of the vessel side cold leg break flow and intact loop cold leg flows
into the downcomer due to the pumps in these loops. The core inlet flow is
restored when the broken cold leg flow decreases below the total flow in the
intact loops. The pump motor could be on or off depending upon the supply of
AC power. In the case of loss of AC power, the pump will start to coast
down. However, the pump has enough stored kinetic energy that it continues
to transfer energy to the fluid, although at a decreasing rate. During the
early part of the transient (up to first peak) the intact loop pump flows are
close to single phase flows and there will be no appreciable degradation in
the pump performance. The situation changes as the transient proceeds; the
primary coolant will have more vapor voids, leading to two phase flow through
the pump and a corresponding performance degradation.

The objective of this study is to provide single phase and fully degraded
two phase homologous curves and the deg.adation multipliers for head and tor-
que for the Westinghouse full-size pump (specific speed 5200 rpm (gpm)0 45 7

(ft)0 75) and their uncertainties as required for assessing the TRAC-PFl/ MODI
pump model.

34.4.1 Pump Model in TRAC

TRAC-PFl/ MODI has a pump model [NUREG/CR-3858, LA-10157-MS, 1986) which
is based on the mode l developed by Idaho National Engineering Laboratory
(INEL) from the Semi-Scale test data. The model is general enough to apply to
any other pump for which single phase homologous curves, two phase fully
degraded homologous curves and degradation multipliers as a function of void
fraction (a) are available for the pump head and hydraulic torque. The pump
head is computed as follows:
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~ "14) (34.45)H =H + M(a) (Hg DEGRAD

where H24 H16 HDEGRAD, M(a) are two phase head, sinhle phase head, i

fully degraded head and degradation multiplier respectively. The last three
items in this list have to be supplied through input. The M(a)-function
interpolates between the single phase head curve and the fully degraded, or
lowest, two-phase head curve. The static pressure rise across the pump can be
computed from the head, H2$, and inlet density, p, as given here:

AP = H . pin ' 8 (34. W

The head curves in the model are in the form of homologous curves with
homologous variables as defined heret

(H/ll (9 Oref} "'' (0!Oref}!(k!9tef}' (0!Oref}!(9!Oref) f .0
ref

(H/li !(0 Oref} "'' (9!9 !(O Oref}' (9 9tef} (0 Otraf) I I'0ref ref

(34.47)

A similar description is available for estimating the hydraulic torque
for the pump

( ''' )T =T + Ma) (T ~ 1$2 g DEGRAD

where T2$. T1$, TDEGRAD and h(a) are two-phase, single-phase, and two-
phase fully degraded torques, and torque degradation multiplier. T g and1

IDEGRAD are supplied through input tables or homologous curves. The homolo-
gous curves for torque are of the following form:

S = T/T,,g

"** (Of0ref)/(9/9mf}' (0/Uref)/(N/9tef .0
8/(Q/Qref}

(Q/Q,,g)/(0/aref}' (9!9tet)/(n/n ,g) 1 1.08/(n/n ,g) vs. yy

(34.49)

|
The single-phase torque estimated from the homologous curves is corrected

|
for the density if that is different from the rated dentity:

T= Tref (D/#ref)B . (34.50)

The torque obtained from the homologous curves is used to compute the
pump speed.
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The TRAC-PF1/ MOD 1 pump model is very simple and requires most of the in-
formation through the input. However, this model does not allow for the ef-
fect of three important parameters: specific speed, pressure and geometry.

I In general the pump head for two phase flow is a function of the following
variables:

..

! 2$ 2$ (9/Oref' N/Oref, a, P N,, Geon), (34.51)H =H

where P, and N are pressure and pump specific speed.s
'

Figure 34.14 ohows homologous head curves as a function of void f raction
for various pumps of dif ferent specific speeds and sizes at the rated condi-
tion of flow and speed. It can be seen from this figure, that there is a sig-

'
nificant offect of pump design. The RS111 pump, which has the highest speci-
fic speed and is closer to the axial flow pump design, undergoes the least de-
gradation. However, the effect of the specific speed and geometry can be
eliminated from the expression for the head if the data are available for the
right type of pump:

2$ =H) (9/9ref' 0/Oref, a, P) (34.52) .H
2

The TRAC-PF1/ MOD 1 pump model also does not account for pressure effects.
Figure 34.15 shows the effect of pressute on degradation for CE pump ,(ennedy
et al., 1980). It is clear from this figure that degradation increases at low
pressures.

The TRAC-PFl/ MODI model as described earlier interpolates between single
phase head curve and correspcnding fully degraded head curve through a degra- -

dation multiplier which is only a function of void f raction. It has been ob-
served (Seeberger and Schneider, 1986] that the same degradation multiplier
function cannot be used for all flows and the lack of accounting for all the
influences in the model will lead to a larger uncertainty in the model.

In summary, the current TRAC model for reactor coolant pumps cannot ac-
count for effects of inlet pressure, specific pump speed and pump size.

C

34.4.2 Analysis of Pump Modeling Uncertainty

The single phase performance curvcs for the pump head and the hydraulic *

torque for full size pumps or small scale pumps of the same specific speed
are known with good accuracy (error (2%). Also for pumps with the same speci-
fic speed, the effect of the size is negligible and the single phase curves
from small-size pumps could be used for large-size pumps. However, the two-

'phase performance curves depend on many flow parameters and pump size which
are not accounted for in TRAC-PF1/M001. Theref ore , TRAC has large uncertain-
ties in the results for the pump. All these uncertainties are combined in the
uncertainty of the degradation multipliers.

me

0
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34.4.2.1 Available Pump Models

There are two semi-empirical models available in the literature; the EPRI
model and the KWU model. The EPRI model [Furuya and Haekawa, 1987] consists
of a set of two phase flow balance equations written in rotating coordinates
for the impeller. The model contains available constitutive relationships for
interfacial mass and momentum transfer, which were developed for the pipe
flow. The model predicts the pump performance for various fluid conditions
and pump speeds, but only near the design conditions for flow rate and pump
speed. The EPRI model has been applied to a variety of pumps and some of the
predictions are shown in Figures 34.16 and 34.17 f or CREARE and C-E pumps.
There is a 11rge spread in the experimental data for void fractions below
0.5. However, the EPRI model predicts the trends for head degradation.

The EPRI model cannot be used to assess the uncertainty in the TRAC pump
model because it requires pump design data which are proprietary and generally
not available.

The second semi-empirical model is the KWU model (Seeberger and
Schneider, 1986) which was developed for the Federal Ministry for Research and
Technology, West Germany. Unlike the EPRI model, the KWU model does not imply
integration of balance equations along the rotor channel, but does account for
the important phenomena which cause the performance degradation. The model
generates the degradation functions in terms of non-dimensional groups, using
test data. The data are generally available only for small-scale pumps. The
model has the potential to predict the performance of PWR pumps from subscale
data. However, the KWU model does not account for condensation in the impel-
1er, and there is some uncertainty about the allocation of head degradation
among the three phenomena of slip, phase separation and compressibility. This
model is simple and requires only impeller diameter and the test data from
subscale pumps.

The KWU codel application requires test data directly for developing the
TRAC-PF1 model parameters. There is no accounting for pressure, flow rate and
pump speed in the TRAC model. The resulting TRAC code uncertainty is reflect-
ed in the large spread of the computed degradation multipliers which can only
be functions of inlet void fraction.

There is an additional limitation, as the test data are only available

i for small size pumps at specific pump speeds which dif fer f rom that of the
full-scale PWR pump. Table 34.8 compares test pumps and summarizes all the
data available. There are two possible approaches to use the KWU model; use

4200) and KWU (1/5 scale, Ns 6700) data tothe CE (1/5 scale. No ==

5200), or use the Westinghouse proprie-bracket the Westinghouse pump (NsI =

5200) data directly. It was decided to followtary pump (1/3 scale, Ns =

the latter approach, as it produced data for the largest test pump available
and at the correct specific speed. However, the data were taken at low pres-
sure, and some data for air-water mixtures, which implies that a model devel-
oped from these data will overpredict the degradation for PWR LBLOCA condi-
tions and will be conservative.
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34.4.2.2 TRAC Pump Model Assessment.

The model developed from the Westinghouse data consists of the single-
phase and fully degraded homologous curves for head and torque, and of the
mean value and the standard deviation of degradation multipliers, representing
the modeling uncertainty.

The model developed from the Westinghouse pump data is for the correct
specific speed, but it needs a correction for the size effect to represent the
full-size pump. In orier to estimate the size effect, the data from CE (1/5
scale) (Kennedy et al., 1980] and CREARE (1/20 scale) (Swift, 1982] pumps were
analyzed in the range of 0.0 1 (Q/QR)/(N/N ) 1 2.0. Here Q and N desig-R
nate volumetric flow rate and rotational pump speed, respectively. Subscript
R denotes the normal operating conditions (design conditions). In order to
minimize the uncertainty in determining the size effect, the data were grouped

in the increment of 0.25 for (Q/QR)/(N/N ). For each of these groups,R
(H/H )/(N/N ) ot (H/H )/(Q/QR) were ob-least-square fit curves for R R R

tained as a function of void fraction, for both the CE and CREARE pumps, as
shown in Figures 34.18 through 34.21. The R value in these figures is the
root-mean square value of the differences between the data and the best-fit
curve. The number of data points considered in each curve fit are given in
the bracket (f). The root mean square averages of the dif ference between the
two curves for each group of (Q/QR)/(N/N ) were obtained. The conclusionR
from these numbers is that the size effect is smallest near the design condi-

tions ((Q/QR)/(N/N ) 1.0), and that the larger pump degrades less. The"R
difference between the curves would be less if CREARE data were available at
the same pressure as that of the CE data.

The CE and CREARE pump data were further analyzed by obtaining mean de-
gradation functiers which are shown in Figure 34.22. The CREARE data are
available only for void fractions less than 0.5. Figure 34.22 confirms our
earlier conclusion that the larger size pump (CE) degrades less. Furthermore,
it can also be hypothesized that the effect of size will be less for larger
pumps because the length scale of two-phase flow structure will be much small-
er than the pump dimensions. There is a definite lack of data at proper pres-
sures and void f ractions to make a quantitative estimate of the size effects
to correct the model developed from the Westinghouse data.

A recent study was performed (Fuj ie and Yamanouchi, 1985] to investigate
the similarity rules applicable to two phase flow through centrifugal pumps.
They studied the flow regime transitions and the interfacial transfer func-
tiona in the blade channels. They concluded that for most flow conditions,
other than low gas velocity or large liquid velocity, the single phase simi-
larity laws also apply to two phase flows. The conclusion from this study
implies that the models developed f rom small-scale pumps under similar pres-
sure conditions can be used for full-scale pumps.

Based on the argument presented so far, it can be concluded that the pump
model along with the uncertainties devel.-ped from the Westinghouse pump (1/3
scale) data can be used to represent the full-size pump and that the lack of
correction for the size effect and pressure will tend to predict earlier pump
degradation and higher peak clad temperature in LBLOCA.
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34.4.3 Conclusions Regarding Pump Model Uncertala.ty

A pump model in the f ramework of TRAC-PF1/auD1 were developed f rom the
Westinghouse pump data (1/3). It was also shown that larger pumps will de-
grade less and t he.t the model developed from low pressure data will over-
predict pump degradation. The model developed here will predict early degra-
dation for the pump in LBLOCA which will affect the thermal-hydraulic calcula-
tions for the reactor towards estimating higher peak clad temperatures.

A more realistic pump model is needed than the current TRAC pump model, {which properly accounts for pressure, flow rate, pump speed and the pump
size. The inability to account for these parameters is the largest contri-
butor to the TRAC model uncertainty. There are data available for full-scale
CANDU pumps and smaller scale KWU pumps (1/5 scale) which should be utilized.
Furthermore, the EPRI model (Furuya and Maekawa, 1987] and KWU semi-empirical
(Seeberger and Schneider, 1986] iodel should be utilized. The current TRAC
model also does not account for the energy transfer f rom the impeller to the
fluid in the energy equation and it assumes homogeneous fluid conditions at
the pump discharge. These two model weaknesses should also be resolved.

34.5 Future Work

The work on PCT uncertainty caused from fuel modeling in TRAC is com-
pleted. Components af PCT uncertainty will be combined statistically through
TRAC calculations (response surface) and statistics, in an ongoing USNRC pro-
ject.

Bias and uncertainty of break flow modeling in TRAC as presented here
will be used in the same development of response surface and statistical anal-
ysis for predicting overall PCT uncertainty.

The bias for TRAC pump models will also be used in the same analysis for
overall PCT uncertainty. Uncertainty in pump degradation has been estimated,
but is proprietary information and not presented here.

More d1 tailed documentation is forthcoming in NUREG/CP-0091, Vol. 4.
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