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A.1 INTRODUCTION

The prpose of this appendix is tc describe the staff's evaluation of
hypothetical core disruptive accidents* which, for analytical purposes,
have been postulated to occur in the CRBR. This introduction is divided
into three major parts. The first (Section A.1.1) provides background
information. The second (A.1.2) provides an overview of potential CDA
initiating events and consequences considered for the CRBR. The third
(A.1.3) describes the guidelines used in evaluating CDAs for the CRBR.
Attachment A.1-I provides a schematic view of major components of the
reactor systems. They will be referenced during evaluation discussions
especially in Section A.3. The principal sections of this appendix deal
with the staff's evaluation of the major areas associated with the
assessment of CDAs.

A.1.1 Background

In other sections of thic SER we have discussed our evaluation of the
measures taken to assure that the risk from a range of postulated design
basis events is acceptably low. Events considered in those evaluations
included external events such as earthquakes, tornadoes and floods, and
internal events such as fires, control system failures, coolant leaks,
fuel failures, and electrical system failures. The conclusions reached,
on the basis of our evaluation are; (1) that, for all credible events,
the design features proposed for the CRBRP will be adequate to assure
that fundamental safety functions such as reactor shutdown, decay heat
removal, and containment of radioisotopes will be achieved with high
reliability.

Although there is a high level of confidence that core disruptive accidents
initiated by failure to achieve reactor shutdown or to remove decay heat
are very unlikely and may be excluded from the traditional design require-
ments, these events cannot be entirely excluded as contributors to risk
because of their potentially severe consequences.

In LWR safety reviews the failure to achieve a reactor shutdown has been
considered in terms of the anticipated transients without scram (ATWS).

In the CRBR safety review the term "unprotected transients" is used in

the same manner, except that in the case of a CDA initiator, the failure
of reactor shutdown is assumed to occur. This assumption is made despite
the fact that an ATWS in the CRBR would require a failure of the two

fast acting, independent and redundant shutdown systems. To assure the
availability of the two shutdown systems, each has been given a reliability

* For discussion purposes in this appendix we define a core disruptive
accident to be a core melt accident in which sufficient fuel and clad
have melted to allow relocation of enough material to substantially
affect the neutronic (and hence power) behavior of the reactor. In
the LMFBRs such core melt accidents have come to be known as core
disruptive accidents (CDAs).
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objective with an accompanying reliability program to support that
objective. The staff review of this reliability program is reported in
Appendix C. Therefore, the staff believes that an ATWS like incident in
the CRBR is substantially less likely than for an LWR and undoubtedly
belongs in the CDA category.

The applicants have considered the risk from hypothetical CDAs, and have
incorporated certain design features to mitigate such events. In this
appendix the staff has evaluated the residual risk from hypothesized
core disruptive accidents at the CRBRP. This review and evaluation has
focused on the capabilities of these mitigation features. They include;
(1) the capability of the primary coolant system to withstand the
mechanical stresses from a range of energetics from core disassembly
(designated as structural margin beyond the design basis, SMBDB), (2)
the capability of the containment and related systems and structures to
withstand the long term thermal stresses from sodium-concrete reactions,
sodium and hydrogen burning and effects of core debris which result from
vessel melt-through (designated as thermal margin beyond the design
bases, TMBDB) and (3) the radiological consequences of CDAs and specifi-
cally of intentional venting of the containment atmosphere after a CDA.

The conclusions of our evaluations in these areas are presented in the
main sections of this appendix, organized as follows: Section A.2
includes our independent evaluation of the energy generated during CDAs;
Section A.3 includes our evaluation of the structural capability of the
primary system to contain the expected energy release without allowing
sodium spray fires, large releases of vaporized fuel, or early contain-
ment failure from missiles (SMBDB); Section A.4 includes our evaluation
of the capability of containment structures and mitigating systems to
prevent containment failure and to reduce the release of radioisotopes
to low levels (TMBDB); Section A.5 includes our evaluation of the radio-
logical consequences of the range of CDA phenomena under the unlikely
hypothesis that a CDA has occurred; Section A.6 includes the summary
conclusions we have reached regarding the risk from CDAs.

A.1.2 Potential CDA Initiating Events and Consequences

Potential core disruption initiators fall in one of two general categories:
an undercooling condition which results from a decrease of core cooling
without an appropriate reduction in power; or an overpower condition
which can result from an unprotected insertion of reactivity.* Such

¥ Subassembly and fuel pin failure propagation cannot be placed con-
viently in either category. This potential initiating event is
discussed further in Section A.Z2.
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events are categorized as unprotected loss-of-flow (LOF) accidents or
unprotected transient-over-power (TOP) accidents respectively. A third
type of potential CDA initiator which has received considerable analysis
is the protected loss-of-heat sink (LOHS). Although this is an under-
cooling transient it occurs over a much longer time scale.

The applicants have evaluated a large number of variations of the LOF
and TOP events. Details of the applicants' CDA analyses are reported in
References 1, 2 and 3. These analyses were revised following extensive
meetings with the staff and its consultants {References 4, 5 and 6).

Based on these studies the applicants have concluded that most CDAs are
non-energetic. Further, they have computed relatively small values of
energy release for those events classified as energetic. The applicants
thus conclude that there is little or no rapid mechanical loading imposed
on the primary system and therefore, do not expect a failure of the
primary system from this mode.

Although they believe that CDA energetics will be low, the applicants
claim that the primary system can withstand energetic CDAs in which
materials impact the vessel head with substantial kinetic energy. This
evaluation was supplied to envelope cases even beyond their best estimate
COAs. They have supplied an analysis together with experimental data to
support their conclusion.

Section A.2 contains a summary of an extensive independent assessment of

the level of energetics associated with CDAs performed for the staff as

a special task. Support for this task was provided by the Los Alamos
National Laboratory (LANL) and was directed by Dr. T. G. Theofanous
(Professor of Nuclear Engineering, Purdue University) and Dr. C. R. Bell
(Associate Group Leader, Safety Analysis Group at LANL). The detailed

study is reported in NUREG/CR-3224 (see Reference 7). As noted earlier

the staff's evaluation of the capability of the primary system to accommodate
energetic CDAs is described in Section A.3.

The staff has also evaluated the applicants analysis of non-energetic

CDA sequences in which the primary reactor coolant system loses its
integrity as a result of penetration of the bottom head of the reactor
vessel by the hot core debris. The basic sequence of events following

the loss of primary system integrity involves the draining of the primary
coolant system sodium inventory together with the disrupted core debris
into the reactor cavity. The steel liner on the floor of the reactor
cavity 1s assumed, by the applicants, to fail allowing the interaction

of sodium with the concrete structure of the cavity. Sodium in the

reactor cavity eventually boils away and the debris penetrates into the
concrete structure below the reactor vessel. Gas products of these
reactions are vented to the containment and, when required, the con-
tainment atmosphere can be vented through a wet scrubber cleanup system

to the environment. Overheating of the containment structures is prevented
by an annulus cooling system. Hydrogen is generated during these processes
but is prevented from accumulating to high concentrations by being

burned when oxygen is present or being diluted by first venting, then
purging with outside air.
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Over the long term the debris generated from the CDA is expected to be
retained within the cleanup system, accumulating during the venting and
purging of the containment atmosphere. Downward penetration of the core
debris into the concrete basemat is predicted to stop just short of the
lower surface of the basemat. Evaluations were made, however, for the
situation in which complete penetration is assumed to occur.

The staff's evaluation of the CDA consequences of the post vessel melt-
through sequence described above is provided in Section A.4. Support in this
area was provided by Mr. T. Butler (Task Leader), et. al. at LANL and by

Dr. R. Gasser (Task Leader), et. al. of BNL and D. Swanson, et. al, of Applied
Science Associates Incorporated. The radiological consequences of CDAs

in the CRBR is presented in Section A.5. Support for major aspects of this
review was provided by Dr. R. Gasser, et. al., of BNL. Our conclusions

are summarized in Section A.6.

5.3.3 General Criteria for Evaluation of Core Disruptive Accidents

A.1.3.1 Staff's Criteria

The criteria used by the staff to evaluate core disruptive accidents

have evolved over a period of time. On May 6, 1976, a letter was sent
from R. Denise (NRC) to L. Caffey (CRBR Project) which stated the pre-
liminary position regarding postulated core disruptive accidents (CDAs)
for CRBR (Reference 8). That position included a specific criterion for
containment which required that containment integrity shall be maintained
for at least 24 hours before venting could be allowed. The 24-hour
period was chosen to achieve approximate comparability for the progression
of CRBR core melt accidents with those for LWRs. Previous analyses of
LWR core melt accidents, described in WASH-1400, indicated that for
representative accident scenarios, containment failure could be expected
at about 24 hours although some scenarios involved failure at earlier

and later times. For LWRs the release at 24 hours is assumed to be
uncontrolled and unfiltered. Based on the applicants' TMBDB concept for
the CRBR, the release would be controlled, scrubbed and filtered.

The staff believes that the concept of venting the CRBR containment
through scrubbers and filters after a postulated CDA, as a means of
preventing containment failure caused by overpressurization, is accept-
able. However, we have reconsidered the specific criterion that venting
may not occur prior tc 24 hours after accident initiation. Instead the
staff is basing its judgement of the capability of CRBR to accommodate
CDAs on an integrated assessment which takes into consideration the
following guidelines:

1. It must be feasible to provide adequate and reliable information
for making a decision on whether to vent and when to vent containment.

2. It must be possible to implement adequate protective action plans,
such as for evacuation or sheltering, during the period between (1)
the indication that venting is likely to be required and (2) the
time at which venting commences.
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3. The combined doses as a consequence of venting and leakage should
meet the CRBR version of the 10 CFR Part 100 guidelines.* and (if
necessary because of poor hydrology) it must be feasible to interdict
Tiquid pathways which could result in health effects comparable to
those from atmosphere releases.

4. There must be a reasonably high level of assurance based on realistic
evaluation and consideration of uncertainties, that doses significantly
above 10 CFR Part 100 guidelines will not occur due to; (1) energetic
core disassembly, (2) generation of heat or pressure within contain-
ment by core debris or chemical reactions or (3) failure or inadequacy
of the containment venting and cooling systems.

Accident mitigation features which might be necessary to meet these
generalized guidelines for accidents beyond the design basis will be
evaluated on a best estimate basis. Considering the low probability of
core-melt accidents we believe that use of best estimate models and

values of syste.. parameters is acceptable for use in evaluation of the
performance of accommodation features involved in the BDBA. This approach
is comparable to that proposed in the evaluation of core melt accidents
for LWRs (Reference 10).

A number of factors have been considered in reviewing the CRBR against
these guidelines. These factors include:

1 - Information for Venting Decision

(a) Type, location, and number of instruments.
(b) Environmental survivability of instruments.

2 - Implementing Protective Measures

(a) Feasibility of Protective Measures.

(b) Rate of change of conditions in containment.
3 Doses

(a) Containment Leakage.

(b) Filter efficiency (in degraded environment).

*"The CRBR version of 10 CFR 100 includes special considerations involving
the potential effect of plutenium on critical organs such as the lung
and bone. For further details see pp. III-8 and I11-9 of NUREG-0786,
"Site Suitability Report in the Matter of the Clinch River Breeder
Reactor," June 1982, (Reference 9).

The 10 CFR Part 100 guidelines were not developed or intended for
accidents beyond the design basis. They are applied here with the
stipulation that these are guidelines for use with realistic assess-
ments of CDAs rather than as limits.
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(c) Transport and fallout of radioactive species in aerosol environment.
(d) Liquid Pathway Analysis.
4 - Potential for Containment Failure

(a) Sodium-Concrete reactions.

(b) Effects of core debris (including attack on base mat and impact on
Sodium-Concrete reaction rates).

(c) Chemical reactions in containment inciuding sodium burning and
hydrogen burning.

(d) Reliability and capacity of annulus cooling.

(e) Capability of filters/scrubbers.

(f) Analytical methods for temperature and pressure determination.

(g) Margins to containment failure modes.

(h) Energetics beyond primary system capability.

Our evaluation of these issues is included in the following sections.

The staff believes that by meeting the above criteria for CDA mitigation,
the consequences from such severe accidents at CRBR will be sufficiently
small that, coupled with the low probability of occurrence of such
accidents, the overall risk from CRBR will be very low.

A.1.3.2 Applicants' Criteria

The applicants have followed very closely the approach recommended by

the staff (Reference 10). That is, they have specified those features

and functional requirements needed to accommodate events that are beyond
the design basis. In this regard they have defined the accident generated
loads and described the methods used to evaluate the response of the
plant system when subjected to these loads.*

* See, for example, Section 5.2 (Component Margin Requirements) 5.3
(Structural Margin Beyond the Design Basis), 5.4 (Accommodation of
Component Margin Requirements) all in CRBRP-3, Volume 1 (Reference
1) and Sections 2.0 (Design Features Providina Thermal Margin Beyond
the Design Basis) and 3.0 (Assessment of Thermal Margin) all in
CRBR-3, Volume 2 (Reference 2).
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For those aspects of CDAs associated with energetics, i.e., short

term and quasi-long term mechanical effects, the applicants have
specified dynamic and lTonger term loadings based on a non-mechanistic
pressure-volume (PV) relation which they believe bcunds any reasonable
evaluation of energetics associated with CDAs in the CRBR. (See p.
5-1 of Reference 1 CRBRP-3, Volume 1). That PV relation is utilized
in defining the loads to be considered in analyses of the major primary
coolant system components. The applicants have evaluated the response
of these systems and components against stress limits, strain limits
and leakage criteria. The loads and the criteria are described in
Chapters 5.1, 5.2 and 5.3 of Reference 2.

For those CDA consequences not associated with energetics the applicants
have specified several general requirements (Section 2.1 of Reference 2)
together with several feature requirements which they believe assures
that the plant will accommodate the effects of a core melt accident
(ibid). These features include: a barrier (seals) between the reactor
cavity and the containment atmosphere, liners for tie reactor cavity
and pipeway cells, a reactor cavity vent system, a coatainment purge
system, a containment vent system, a containment clean-up system, an
annulus (between the steel containment vessel and concrete confinement)
cooling system, a containment system leakage barrier and instrumentation
specifically for monitoring parameters associated with CDAs.

The general approach followed by the applicants is satisfactory. The
specific functional requirements and evaluation guidelines are discussed,
as required, in each of the following sections of this appendix which
cover our review of the major areas of CDA evaluations identified earlier.
The discussion in each of these areas include our evaluation of how the
applicants' approach satisfies the guidelines recommended by the staff.
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ATTACHMENT A.1-I

Reactor Arrangement

Reactor enclosure and head access area are shown in Figure 1. The
reactor head access area is below the main operating floor within contain-
ment. Figure 1 reveals that this area is very congested around the
control rod drives and their seismic support structure. This congestion
is simply due to the number of things that have to be in this area such

as cable raceways, auxiliary shielding and cooling ducts which supply

cool air to keep electrical-mechanical equipment functional.

The guard vessel and guarded elevated inlet and outlet piping is shown.
In the unlikely event of sodium leakage from the reactor vessel, the
purpose of the guard vessel, piping enclosure, and elevated piping is to
contain sodium and maintain a minimum sodium level in the reactor vessel
which is above the reactor outlet piping inside of the reactor vessel.
Aerosol leak detectors will pick up very small leaks from the reactor
vessel and reactor coolant system and indicate an alarm.

Figure 2 is a schematic view of the reactor locating major structural
components within the reactor and their relationship such as the:

1) Core Support Plate

2; Core Support Cone

3 Core Barrel

4) Horizontal Baffel Assembly

5) Upper Internals Structure and Upper Internals Structure
Support Columns (4)

6) Reactor Vessel Closure Head

7 Rotating Plug Risers (3) sets with roller bearings and ring gears

8) Sodium Inlet Nozzles (3)

9) Sodium Outlet Nozzles (3)

10) Shield and Seismic Support

Figure 3 is a cut away view of the Reactor Lower Internals Structure
Assembly and shows the arrangement of the core support plate, the circum-
ferencial lip for attachment to the core support cone, (the attachment
forging is an integral part of the reactor vessel), the core barrel, Tower
inlet modules, upper core former segments, fuel transfer and storage
assembly, and horizontal baffel. The core assemblies consisting of fuel,
control elements, radial blanket and radial shield assemblies are all
seated in 61 lower inlet modules, each supporting 7 removable core
assemblies. The 427 core assemblies are supported at the bottom,

seated in the lower inlet modules. Lateral support for all core
assemblies is provided by the core support plate, lower inlet modules,




lower former segment and upper core former segment. Ultimately these
loads are transmitted to the reactor vessel via the core support cone,
horizontal baffle and thermal liner (see Figure 1).

Figure 4 shows the upper internals structure (UIS). Its function is

to provide core holddown sieeves and shroud tubes for control assembly
channel positions over the core. Four support columns for the UIS also
contain tube guides for thermocouple elements positioned at the exit of
the core. The UIS aids in mixing the hot sodium coolant exiting from the
fuel channelis. The UIS is suspended by these 4 large circular columns
which in turn is supported by the intermediate rotating plug. The
support columns are raised simultaneously by a ball nut screw jacking
mechanisms. The UIS is raised only about 2.5 inches for refueling and
plug rotation.

Figure 5 shows the reactor closure head assembly which forms th2 upper
closure of the reactor vessel. It is comprised of 3 plugs supported by

3 sets of roller bearings at the edge of each of the three plugs. The
plugs are rotated by electric motors. This allows the invessel fuel
handling machine, mounted on the small plug, to reach any core position
or fuel storage position. The underside of each plug has several layers
of steel plates separated by spacers. The layers of steel plates perform
three different functions: (1) minimize gas absorbtion; (2) thermal
insulation; and (3) radiological shielding.

The load support system for the 3 rotating plugs is as follows. At the
top of each set of risers (see Figure 2) is a bearing, ring gear and gas
seals thus the weight of the small rotating plug and attachments are
transferred to the intermediate plug which in turn tiransfers its weight
including the weight of the upper internals structure, support columns
and control rod drives through the intermediate plug risers and bearings
to the large rotating plug (LRP). A1l of these weights are transferred
to the outer set of risers and bearings to the large rotating plug which
in turn transfers all loads tc the reactor vessel flange. The reactor
vessel flange sits on a composit steel/concrete/shielding structure
which transfers the loads to the support ledge in the reactor cavity.

Figure 6 shows the reactor vessel flange and ledge support. The reactor
vessel flange is secured to the ledge support by 72 bolts, 3 1/2 inch
diameter approximately 10 ft. long. The ledge structure sits on a
support ledge in the reactor cavity which has 180 bolts, 2 1/2 inches

in diameter approximately 4.7 feet long embedded inconcrete.

Supplementary Figures 7 through 10 are included to give one an additional
perspective on some of the parts of the reactor not specifically mentioned.
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SUPPLEMENTARY FIGURES

Reactor Closure Head Assembiy Plan View

Riser Seals for the Reactor Closure Head Rotating Plugs

Arrangement of Lower Inlet Modules

Bypass Flow Modules
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A.2 CORE DISRUPTIVE ACCIDENT ENERGETICS

In this section we provide a summary of an extensive independent assessment
of the level of energetics associated with CDAs performed for the staff

as a special task. Support for this task was provided by the Los Alamos
National Laboratory (LANL) and was directed by Dr. T. G. Theofanous
(Professor of Nuclear Engineering, Purdue University) and Dr. C. R. Bell
(Associate Group Leader, Safety Analysis Group at LANL). The detailed
study is reported in NUREG/CR-3224 (see Reference 7).

The level of energetics associated with CDAs is important because, if
large enough, it might lead to failure of the reactor vessel closure

head. This "head" provides the barrier between the reactor core and

the containment building. Failure of this barrier would allow relatively
direct communication between the disrupted core and the containment build-
ing environment. Sodium fires or missiles associated with head failure
might also challenge the integrity of the containment building.

The staff's review of the capability of the primary reactor coolant
system to accommodate energetic CDAs is provided in section A.3. The
results of the energetics study summarized here is compared by the
authors to the energy absorption capability of the head established in
section A.3.

On the basis of the results of their study the authors conclude that
significantly energetic events are very unlikely and that, given the
energy absorption capability of the head (see section A.3), the possi-
bility of vessel head failure from CDA-induced energetics is physically
unreasonable. The staff concurs in this assessment.

The following subsections contain the executive summary of the referenced
report (NUREG/CR-3224).

A.2.1 Introduction

This section contains the results of our independent assessment of the
energetic behavior resulting from postulated Core Disruptive Accidents

in the CRBR heterogeneous core design. The object is to define in a
reasonably conservative fashion, the magnitude of the mechanical energy
releases against which the integrity of primary system, and of the reactor
vessel head in particular, should be assessed. This effort began with a
detailed review and evaluation of the applicants' positions, and their
technical bases, on the subject and evolved, over a period of nearly 15
months, into a completely independent study with original elements on

one or more of the following aspects: (a) accidents, phenomena, or
effects taken into account, (b) analysis methods utilized, (c) experi-
mental evidence brought to bear. The results of the review and evaluation
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effort have been documented in (1). The results of the independent
assessment effort have been published separately (2) and are briefly
summarized here. A similar structure and cruss-referencing to the
original document are utilized here to facilitate the search for addi-
tional details.

A.2.2 Overall Technical Approach

Depending upon whether reactor shutdown has been achieved, core disruption
may initiate at powers ranging from near normal to decay levels. The
corresponding heating rates vary by two orders of magnitude and define the
first major classification of CDAs into "unprotected" and "protected"
respectively. Mechanistically a protected CDA is the result of sustained
failure to remove decay heat and is commonly referred to as the Loss o
Heat Sink Accident (LOHS). In the unprotected CDA case initial core
disruption may occur due to either an undercooling or an overpower
condition. Mechanistically, the undercooling would be the result of

loss of coolant flow, known as the Loss of Flow Accident (LOFA), and

the overpower due to an uncontrolled reactivity insertion, which is
commonly referred to as the Transient Overpower Accident (TOP). In
general terms, these three accidents exemplify the generic behavior over
the whole range of the CDA spectra of circumstances, hence, they can be
used to adequately characterize the spectra of energetic consequences.

Another class of CDA initiators, that of Fuel Failure Propagation (FFP)
has also been identified and extensively studied in the past. The
evidence is conclusive now that the attainment of whole core disruption
through such a mechanism can be neglected. Finally, various combinations
of functional failure events (TOP/LOF, etc.) and/or of structural failures
(i.e., due to extreme external events such as earthquakes beyond the SSE,
yielding core support failures, loss of piping integrity, etc.) have also

occasionally been considered. Our review of these areas 1naigate that
those few cases for which severe energetics benaviour cannot be pre-

cluded at this time are of sufficiently low probability to be neglected.

Our approach consists of realistically following each one of the three
generic CDA initiators through the core disruption phases and until
accident termination. These so-called mechanistic CDA analyses provide
an overall framework against which the potential for energetic phenomena
is assessed with due regard for the controlling physical processes. In
terms of actual licensing cases, the first efforts along these lines
were made during the Regulatory review of the Fast Flux Test Fa.ility
(FFTF) CDA energetics assessment. The approach further matured with the
initial (homogeneous core) CRBR application and licensing review.
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It would be in error, however, to expect that such mechanistic analyses
can, at this time, predict uniquely the complete evolution of a postulated
CDA from initiation to termination. There is a considerable complexity

in the underlying physical processes that has not yet been appropriately
modeled. We believe that such limitations may alter the overall timing

of some events, and may even affect the actual character and sequence of
the intermediate states. However, we also believe that these uncertainties
can be adequately handled within a properly oriented overall effort. With
this in mind we do not attempt to associate a simple outcome to a given
initiator. Rather we establish a "range of paenomenology" consistent

with e«perience and known physical principles. Within this range we

search for energetically-prone circumstances, identify the important
mechanisms, and quarnitify the intensity of energy release in a reasonably
conservative manner (i.e., avoiding excessive and clearly non-physical
conservatisms). Similarly, we scrutinize for termination-favoring
phenomena, identify the important mechanisms, and quantify the approach

to termination by the fraction of fuel removed f.rom the core region (at
approximately 40% removal permanent subcriticality, i.e., termination, is
achieved). Based on these results we complete the assessment by synthesizing
sequences and respective likelihoods.

These analyses were carried out by means of the system computer codes
SAS3D (and to a limited extent the most recent version SAS4A) and
SIMMER-II. These codes are used as "integrators" of the technical base
and their results are guided, scrutinized and/or augmented by empioying
special purpose analytical techniques, in-pile experimental data, and
out-of-pile simulant experiments as appropriate. As in all safety studies,
the synthesis of experimental data and analysis techniques to produce a
quantified basis for the conclusions requires approximations, involves
uncertainties, and must be appropriately focused. Engineering judgement

is utilized here to provide overall guidance in this regard.

As an initial step in our independent assessment effort we made the judge-
ment that among all core disruptive accidents the LOFA should be chosen

as the subject of our most detailed considerations. This was based on

the opinion that: (a) the LOFA phenomenology spans the range of energeti-
cally significant CDA behavior, (b) within the LOFA sequences our previous
review effort identified specific and significant areas of concern, (c)
exploratory examination of all other CDAs indicated an energetically
benign behavior as compared to that projected for the LOFA. Furthermore,
this emphasis was to reflect the relative complexity of the LOFA sequence
as compared to that of the TOP and LOHS accidents rather than the neglect
of the unique aspects of these other CDA initiators. Indeed, these unique
aspects were also studied in detail and with all assessments complete the
choice of this distribution of effort was found appropriate.
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A.2.3 The Loss of Flow Accident

- Generalities

From the initiation of core disruption (i.e., initial clad melting) the
LOFA would evolve through a continuum of gradually escalating core
disruption states until complete disruption (i.e., melting of all
materials found within the original core confines, also known as a
whole-core pool) occurs. Energetically this progression is important
while a sufficient fraction of the initially present driver fuel
(approximately 60% for the CRBR) remains within the active core region.
Neutronically active states are then possible through a variety of
rearrangements of driver, blanket, structural, control, and coolant
materials. Permanent subcritically, or "Termination" (i.e., termination
of energetic concerns) may occur from any point along the continuum of
core disruplion states. When the relocation of the appropriate quantity
of driver fuel occurs in a forceful manner we speak of "energetic
termination" or hydrodynamic "disassembly." When this relocation is
benign we speak of "m:ild termination" or simply "dispersal." Our overall
objective is to determine the relative 1ikelihood of these two termination
paths as a function of the degree of core disruption, and to quantify
the damage potential of the energetic ones.

tnergetic behavior is the consequence of rapid reactivity insertion. For
the present CRBR decign such reactivity increases can only result from
sizable, and generally compactive, fuel motions. When such motions
occur from fuel in the process of undergoing disruption we speak of
"Initiating Phase Energetics." When such motions occur due to compaction
from highly, but temporarily, dispersed fuel states, they are called
"Recriticalities." The character of these two energetic phenomena is
fundamentally different with regard to both the reactivity-yielding
mechanisms as well as with regard to the resulting damage potential.

The structural capability of the system provides an appropriate per-
spective against which the damage potential of a given energetic event
must be viewed.

- Structural Capability of CRBR

The levels of energetics required to produce significant structural
damage in the CRBR were evaluated (2, Section II.2) taking into account
an "inner containment" formed by the Core Barrel/Upper Internal
Structure/Core Support Structure envelope. In addition, the pressure
transmission characteristics of the expanding core medium and other
materials found within were taken into account. This mechanism has an
important implication on the resulting short term loading characteristics
of the immediate structures (Core Barrel). This mitigating behavior is
the result of a compliant core state (distributed voids) and it must be
taken into account particularly since such compliance is one of the
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crucial prerequisites for highly energetic behavior to start with. Our
structural analyses indicate that a level of energetics equivalent to
1130 Megajoules (MJ) (isentropic expansion yield to one atmosphere) would
be required to breach this inner containment. That is, no energetic
release against the boundary of the primary system can be expected for
any energetics below this level. At still higher levels upward
displacement of the UIS and a longer term expansion against the sodium
pool would take place. For the heterogeneous CRBR core this is the only
sequence leading to the opportunity for large scale fuel-coolant-
interaction. Experimental evidence indicates that, under these specific
contact conditions, this interaction would not yield pressure augmentation
and that the energy conversion process would be controlied by two phase
choking and a minimal fuel coolant heat transfer. Evaluations of the
long-term expansion phenomena indicate that an energetic event of nearly
twice this magnitude, approximately 2550 MJ would be required to produce
a Slug impact kinetic energy close to the head design capability of

75 MJ. The 1130 MJ and 2550 MJ energetic levels correspond to 100
dollars per second ($/S) and 200 $/S disassemblies respectively occurring
in the two phase regime

- Initiating Phase Energetics

A number of SAS3D analyses covering a broad range of the important para-
meters were carried out to characterize the range of initiating phase

LOFA behavior (2, Section I1.3). With the lower coolant void reactivity
of the heterogeneous CRBR core, the problem area (3) for the previous
homogeneous CRBR core design, is avoided. This LOF-d-TOP situation arises
due to the development of high overpower conditions that lead to pin
failures in unvoided subassemblies. If such failures occur in the core
mid-plane, which, based on available evidence, cannot be excluded,

a poter..ially autocatalytic behavior may result from the rapid in-pin

fuel motion towards the failure location (core mid-plane).

Although these analyses revealed insufficient power augmentation to

reach the LOF-d-TOP condition, even those cases calculated with the para-
meter choices favoring a "slow" accident exhibit a substantial neutronic
activity (i.e., overpower conditions). This activity is caused by extended
fuel motions (i.e., following the initial tendency to disperse due to
retained fission gas pressures) and gives rise to a process we call
co-disruption. Co-disruption is the result of accelerated core disruption
such that there is insufficient time for the molten cladding to separate




from the fuel prior to core-wide fuel disruption. Co-disruption favors
dispersal since it implies higher (steel) vapor pressures, increased
penetration potential into axial blanket areas, and remeltable blockages.

Plenum fission gas induced fuel compaction has been proposed as another
mechanism for initiating phase energetics (4). In the presence of plenum
pressure the fuel pin becomes unbalanced upon fuel disruption resulting

in rapid downward ejection of the blanket and undisrupted driver fuel
pellets. The applicants analyzed this mechanism in resporse to question-
ing during this review process, and concluded that there would be adequate
time for the plenum fission gas to escape prior to fuel disruption. Based
on the results of our own analyses we cannot agree with this conclusion

(2, Section I1.4). However, we have found no reasonable fuel compaction
process which significantly exceed approximately 50 $/s, which as we will
see below, represents an amply tolerable level of energetics. However,

at the time of this energetic event, only one-half of the core has been
voided and the resulting high overpower could induce an LOF-d-TOP event

on the other half. Such a combination of energetic events is judged as
highly undesirable. The staff requires the applicants, therefore, to
address this concern in their operating license (OL) application. Reso-
lution at that time is feasible because a design fallback has been identifiad
which would limit the action of these pressures during the initiating phase
of the LOFA (see Reference 5).

- Recriticality Energetics

The general behavior of the post-initiation period was examined (2,
Section I1.5) both in terms of a SIMMER-II integral system calculation
as well as in terms of generic ad hoc evaluations of relevant physical
processes.

The integral calculation was a continuation of one of the SAS3D analyses.
The overlap portions betvieen these two calculations were in excellent
agreement. The results depict a generally active sequence, with regular
power bursts corresponding to fuel reassembly motions. Some evidence
of progressive coherence or "tuning" is noted, however. The power
oscillations in the early portion appear substantially damped. The
effect of the associated pressurization transients to force molten fuel
(and steel mixture) through the axial blankets and, upon melting of
subassembly duct walls that are adjacent to internal blankets, through
inter-subassembly gaps, and away from the core region is evident. The
modelling allows for freezing and plugging of such paths, and indeed
such behavior is observed in the results. Merging of the Subassembly-
Scale (S/A-scale) pools (annular pool geometryg and destruction of the
internal blanket barrier (whole-core pool) occur successively within
only a few seconds. Upon attainment of a two-dimensional character

the power oscillations amplify because of increasing severe sloshing
pool motions. However, homogenization of the internal blanket regions
develops slowly, hence radially focused sloshings are inhibited, the
system's total available reactivity is well below that of a homogenous
pool, and the associated power bursts are non-energetic. This delay is
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sufficient to allow removal of the final small quantity of fuel required
for termination prior to the formation of a homogeneous whole-core pool,
even though the inter-assembiy gap escape paths of the radial blankets
were, conservatively, not modelled in this calculation.

Recognizing that this integral calculation is one of a few ever attempted,
the above results must not be (and were not) taken at face value. The mild
termination potential was evaluated (2, Section I1.6) in terms of separate
effects calculations that model in great detail the flow path, the flow
constituents and thermal interactions including freezing and plugging
phenomena. Prototypic experimental data were utilized to benchmark these
calculations. Even under modest pressures compared to those expected in
view of the continuing neutronic activity, adequate fuel removal to assure
permanent termination is estimated to occur prior to the formation of

a homogeneous whole-core pool.

Gravity driven recriticalities were examined from the point of view of
amplification potential (2, Section 11.7). For the S/A-scale and annular
poo! phases under natural power burst perturbations, the fuel column

will separate initially into a compact lower mass and a distributed upper
segment of approximately material quantity. Reassembly under conditions
of reduced fuel inventory cr low heat losses (minimal boilup) would pro-
duce a growing lower liquid puddlie within which the peak of the axial
power distribution will occur. Hence, reassembly energetics would be
mitigated strongly by single phase liquid expansion feedback during

the power transient. Reassembly under conditions of high inventory or
high heat losses (large scale boilup) on the other hand would produce low
ramp rates and therefore would be effectively controlled by two-phase
dispersal during the power transient. In addition the S/A phase cannot
have a core wide coherence because the time interval to S/A wall
disintegration permits only a few power cycles which are insufficient

to complete the "tuning" of the fluid dynamics. These reassembly

ramp rates would be small. However, even if we assure complete core

wide coherence, maximum ramp rates of less than 100$/s are obtained.
Therefore no physically reasonable threat to the vessel head structure
can be seen from these first two stages of disruption.

For the whole-core, homogeneous pool an amplification mechanism was
calculated. Under perfectly symmetric conditions (geometry and power
distribution) a radially focused sloshing action is observed which,
under certain conditions of material configuration, may produce high
reactivity insertion rates. In most such cases single phase expansions
dominate and negligible energetics result. For example in one such
case we considered an in-slosh with 300 $/s ramp at prompt critical
yielded quick, single-phase thermal expansion shutdown and produced
negligible energy release. However, there is also a narrow range of
conditions over which substantial energy releases are calculated.

This is particularly so when two-phase regions exist. For example

in one high-inventory case considered, prompt criticality was obtained
earlier in the in-slosh and while a two-phase field still dominated

the central pool portion. The resulting reactivity of 125 $/s produced
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the energy equivalent of the 100 $/s two-phase disassembly considered
in our structural evaluation. The importance of symmetry in such
evaluations is highlighted by the integral SIMMER-II calculation of
core disruption. This calculation did enter the whole core pool and
it did indicate radial sloshing and amplification. However, due to
the system non-homogeneity in the early stages of this phase, a non-
centered power distribution results, hence radial focusing is absent
and a non-energetic behavior is observed. Before there was a chance
to obtain homogenization of the internal blanket material, permanent
termination of neutronic activity by fuel removal was indicated.

- LOFA Energetics Summary

Based on the above no physically reasonable energetic event of sufficient
magnitude to violate the vessel head structure can be identified.

A.2.4 The Transient Overpower Accident

The TOP-unique behavior (2, Section I1I) develops during the very early
stage: of the initiating phase. As a result of the reactivity insertion
the power rises quickly and produces fuel melting and pin failure well
before coolant and cladding overheating. For a postulated mid-plane
failure location pin-internal fuel motion can have a significant re-
activity augmentation effect and unless it is mocerated by an equally
rapid dispersal of the fuel escaping into the coolant channels, an
autocatalytic behavior could potentially develop.

The applicants have provided extensive analyses for a variety of core
burnup states and reactivity insertion rates. Our assessment focused,
therefore, on more closely defining the margins for autocatalytic
behavior for assumed mid-plane failures. This behavior is controlled
by the competition between pin-internal fuel motion and pin-external
dispersal usually referred to as sweepout. The relevant time scale is
determined by the core-wide coherence of such pin failures which, in
turn is affected by the core configuration and the imposed reactivity
ramp rate (coherence increases with ramp rate). For the CRBR the
End-of-Cycle-3 (EOC-3) core with the replacement of the six high power
driver fuel assemblies with blanket material is the most coherent. On
the basis of failure modes and effects analysis of the reactor control
system, we concluded that ramp rates of 10-12 cents per second (¢/s)
are more than one order of magnitude less probable than those of 2 ¢/s
or 5-8 ¢/s. Furthermore 15-20 ¢/s ramps are more than three orders of
magnitude less likely than those of 10-12 ¢/s. As a conservative upper
limit we selected therefore the 10-12 ¢/s TOP for this investioation.
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The EOC-3 core CRBR TOP accident was simulated with the PLUT02/SAS4A
computer code. A failure inchoherence (time between failures) of more
than 300 milliseconds (ms) for the first six groups of subassemblies was
deduced. The PLUT02 sweepout calculation was adjusted to available
experimental data from the L8 TRFAT TOP test (L8 is a transient test

run in the Transient Reactor Test Facility). The calculated sweepout

was seen to successfully mitigate pin internal fuel motion reactivity (and
a small amount of sodium voiding reactivity) and to produce shutdown
within the first 100 ms.

Thus, even under the most 1imiting conditions of core coherence and pin
failure location, no energetic behavior could be found for TOPs of up
to 10-12 ¢/s. For TOP cases with higher ramp rates energetic behavior
cannot be precluded. However, the fre?uency of such events is suffi-
ciently low that they can be excluded from consideration.

A.2.5 The Loss of Heat Sink Accident

The LOHS-unique circumstances (2, Section IV) originate from core
disruption occurring at very low power and in the absence of sodium
coolant. The absence of coolant is required since natural convection
boiling has been shown adequate to remove heat at decay power levels.
Core uncovery may occur either due to coolant boiloff or due to reactor
vessel failure at the high temperature LOHS environment. The actual
mechanism is not important, affectin? only the disruption stage power
level which in any case is very small and much more dependent upon the
other aspects of the accident scenario. Characteristically, however,
disruption would not orcur until many hours into the accident, indicating

significant margins for recovery.

At the characteristically low heating conditions all steel within the
core will melt, relocate downward and form a plug at the lower axial
blanket region. The system will remain subcritical, hence will continue
to heat slowly, until fuel settling occurs either due to softening of
the pellets (as the melting point is approached) or simply due to
toppling and compaction at a lower porosity. The initial porosity is
approximately 65% and a porosity of approximately 50% would be required
to approach criticality. This eventual reaching of criticality would
accelerate the meltina rate thus producing, at most, a moderate scale
recriticality estimated at approximately 60 $/s. Such an event would

be sufficient to disperse the core into the vessel and provide permanent
neutronic termination. A smaller recriticality, however, i.e., approx-
imately 10-20 $/s, would be considered more likely under these cir-
cumstances and it would be insufficient to provide termination. A
whole core pool, with homogenization of all internal, axial and radial
blankets would result in this case. The resulting dilution would be
adequate to render the system permanently subcritical even in the
absence of the steel and control rod materials which will eventually
separate.
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Furthermore, in the absence of the sodium pool, even the most severe
recriticalities could provide no challenge to the reactor vessel head
integrity. As an example we considered the 200 $/s discussed in the
LOFA as the energetic level required to substantially challenge the
vessel head integrity. The expansion forces on the UIS, assuming
absence of significant resistance by its support columns, were evaluated
using the SIMMER-II code. An upper bound UIS kinetic energy (in the
upward direction) of approximately 5 MJ was thus estimated. Such a
missile is of little mechanical consequence to the reactor vessel head.

A.2.6 Conclusions

0 We have systematically evaluated the possible progression of all
three classes of CDAs as exemplified by the LOF, TOP, and LOHS
accidents. Non-negligible energetic circumstances were identif’ed
only wi_.hin the LOFA sequences, and, assuming that the plenum fission
gas fuel compaction mechanism becomes inoperative by design, as
recommended, only as a consequence of recriticality.

0 Recriticality events in the S/A-scale and annular pool phases cannot
be excluded. However, thier magnitudes are limited to the order of
50 $/s or less because of incoherence and the absence of significant
amplification. Neutronic activity, throughout both of these stages
of core disruption is substantial and contributes to pressurization
and fuel dispersal away from the core region. Thus, benign termin-
ation prior to entering the whole-core, homogeneous pool phase, 1s
projected even under restrictive assumptions for fuel removal path
availability and fuel removal mechanics.

o Whole-core pool recriticalities exhibit a narrow range of significant
energetic behavior. This energetic regime is associated with idealized
perfectly symmetric geometry and completely homogeneous pools. The
amplification is the result of radial sloshing following a centrally
located and symmetrically distributed power pulse. Even so, the
resulting level of energetics did not exceed the structural capa-
bility of the primary system boundary.

o The levels of energetics required to produce significant structural
damage in the CRBR were evaluated, taking into account, for the first
time, the structural enclosure formed by the Core Barrel/Core Support
Structure/Upper Internal Structure, and the pressure transmission
characteristic of the expanding core medium and other materials found
within. We conclude that an 1130 MJ) accident (expressed as the
isentropic work potential for expansion to one atmosphere) would be
required to fail this inner containing structure, and a 2550 MJ
accident would be required to substantially challenge the reactor
vessel head structure i.e., produce a slug impact kinetic energy close
to the CRBR vessel head design value of 75 MJ. These levels of
energetics roughly correspond to two-phase whole-core disassemblies
with 100 $/s and 200 $/s driving reactivity ramp rates.
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Based on these resuiis we conclude that a CDA-induced energetic
vesse]l head failure is physically unreasonable.

Further, based on the projected absence of significant energetic
events we conclude that the applicants' energetic source term

of 661 MJ (75 MJ slug impact kinetic energy), as applied by the
applicants for evaluating the structural margin beyond design
basis is adequate.
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A.3 EVALUATION OF STRUCTURAL MARGINS BEYOND THE DESIGN BASIS (SMBDB)

A.3.1 Introduction

This section addresses those CDA consequences which are postulat
release sufficient energy in short enough time periods (millisec
seconds) to challenge the structural capability of the primary cc
system through dynamic pressure loads. The evaluation of the po?
for CDA sequences that result in such energy releases was presen
the preceding section. It was found that CDA progressions that
in large energy releases are very unlikely to occur.

In terms of evaluating the capability of the primary system to accommodate
such events the quantity of major interest is the kinetic energy imparted
to the sodium above the reactor by the vapor expansion process. The
kinetic energy is specified at the time of the sodium slug impact with

the underside of the vessel closure head. The studies performed to

date, as reported in the preceding section, indicate that for conservative
reactivity insertion rates, the sodium slug kinetic energy falls below

75 MJ at the time it impacts the head. The 75 MJ value is significant
since the applicants have stated that the CRBR will be designed to
accommodate the impact of slug with a kinetic energy of this magnitude
(Reference 1). The evaluation of the capability of the CRBR primary
system to withstand an energy release of this magnitude is the subject

of the remainder of this section of the SER.

A brief description of the phenomena involved will be useful here.
Reference to Attachment A.1-I Figures 1, 2 and 3 will help the reader
place the following discussion in perspective. As the fuel and sodium
vapor bubble expands within the core region it first loads the structures
surrounding the core. The vapor also expands upward through the upper
core subassembly structures (UCS). This loads the lcwer surface of the
upper internals structure (UIS) which is located a short distance above
the core subassembly outlets. As long as the UIS columns do not buckle
and the UIS remains in place, the expanding fuel and sodium vapor is
dispersed rapidly and is throttled by this relief path.

The ability of the expanding vapor to accelerate the mass of sodium

above the core is thus limited and only a fraction of the total CDA

energy is applied to the reactor head. At some energetics level the UIS
columns will buckle and the UIS will be displaced reducing the throttling
effect and allowing the expansion process to work directly on accelerating the
sodium mass above the core. This sodium slug impacts the upper internals
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structure (UIS) and loads the upper vessel wall and impacts the thermal
shielding suspended below the reactor head. The load path from the thermal
shielding under the reactor closure head goes through the three rotating
plug closure head, margin shear rings and risers and bearings and then
through the reactor vessel support structure to the reactor cavity wall
support ledge. As the compressed sodium loads the vessel walls and head,
the cover gas compresses and sodium may enter the cover gas system. The
latter event is probably of 1ittle importance in the time domain of
concern in the effect of the CDA. The high pressure transient will also
be transmitted into the primary heat transport system (PHTS) piping and
components and into the Overflow and Makeup Systems. Rapid pressure
attenuation occurs with changes in direction, area changes and gas
spaces.

The energy release, for which the CRBR primary system is designed, is
postulated to occur nonmecharnistically by the applicants. It is char-
acterized by a pressure-volume (PV) curve representing a hypothesized
isentropic fuel vapor expansion starting from an initial, highly dis-
rupted core state. The methodology (Reference 2) used by the applicants
have been used by others (FFTF) and is basically a SAS-Venus scenario
followed by REXCO-HEP hydrodynamic analysis. Detailed analysis of areas
of concern are performed separately.

Only a fraction of the energy represented by the area under such a PV
curve could drive a fluid slug to impact the underside of the vessel
head. In the expansion process a large fraction of the energy is dissi-
pated in other ways such as by permanent deformation of other internal
structures in the vessel and in deformation of the reactor vessel and
reactor closure head. Energy is also dissipated through hydrodynamic
turbulence and friction. Ultimately a substantial portion of this
energy is dissipated by raising the temperature of the sodium, and other
materials such as reflectors and structures within the reactor vessel.

If the vessel or head and head mounted components do not fail, then all
components in the reactor coolant system are subjected to a quasistatic
sodium vapor of approximately 300 psi following sodium slug impact on
the reactor head. Then failure of the reactor coolant boundary would
most 1ikely occur in the region of the reactor outlet nozzle piping
subjected to the high pressure transient at elevated temperatures. The
accident progression beyond this phase will be considered in the next
section (A.4) on the thermal margins beyond the desi~n basis. The staff
and staff consultants' evaluation of the applicants' _MBDB analysis and
recent SRI test results is provided in this section. As we shall see
the results of these tests have led to several new considerations with
regard to the current head design.

A.3.2 Criteria for Evaluation of SMBDB

A.3.2.1 Design Requirements

The design requirements for the reactor closure head and head mounted
components remain as stated by the applicants in CRBRP-3, Volume 1,
Revision 3, Section 5.2.2.1, Overall Requirements, paragraph C, pp. 5-
15, they are restated below for convenience.
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The closure head assembly, including head mounted components, shall
remain intact and integral such that containment and leakage requirements
are met. To meet these requirements, the following are necessary:

1. The bolting systems for head mounted components shall maintain
attachment of the components to the head such that no head mounted
equipment or part thereof shall become a missile above the head
capable of impairing the containment barriers.

2. The nozzles of head mount~d components shall accommodate the head
loadings.

3. The response of head mounted ccmponents to SMBDB loadings shall not
prevent head components from functioning as limited leakage barriers.

4. The staff and its consultants add the following requirement: the
reactor vessel head and head mounted components shall accommodate
the longer term mechanical loads from saturated vapor.

A.3.2.2 Structural Evaluation Criteria

In assessing the criteria for use in SMBDB assessments we must remember
that the loads are from a BDBA and the overall requirement is for the
structures not to become missiles and to maintain functional integrity
in containing or controlling the release of sodium and fission products
into the reactor head access area. The most appropriate criteria
available in current codes or standards for evaluation of beyond design
basis accidents are those presented in Appendix F of Section III of the
ASME Boiler and Pressure Vessel Code for Level D Service Limits. The
staff believes that SMBDB criteria should follow the spirit of Appendix
F, but for the reasons given below, those criteria should be relaxed and
expanded. For ASME Level D Service Limits, general deformation may
occur with some consequent loss of dimensional stability and damage
requiring repair. The spectrum of CDAs alsc includes those with Tittle
energetics or damage. That is, the structure is intended to continue in
service after the component is repaired. For use of the upper bound
energetics the structural concepts in CRBR SMBDB evaluations, the
structure will not be in service after the accident scenario is complete
and many of the internal structures may fail well before completion of
the accident scenario. The limits given in Appendix F of the ASME Code
relate only to stresses, strains and deformations resulting from primary
loads. Secondary, or deformation controlled quantities, are not con-
sidered. For SMBDB assessments the maximum applied loads are not
strictly primary and are energy controlled. Therefore, because the
energy release is governed by the CDA, the applied loads decrease as
plastic strains occur and energy is absorbed. Also, the strain limit
restrictions for Level D Service Limits are based on stability require-
ments for primary loads and are therefore low; low enough to preclude
ductile fracture. We can allow higher strain limits for SMBDB analyses
so ductile fracture must also be considered.
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Structural failure modes that would be expected during an energetic CDA
result either from tensile plastic instability or local ductile rupture.
The applicants present criteria in terms of membrane stresses or strain
to protect against tensile plastic instability; and in terms of local
stress or strain to protect against ductile rupture. If stress limits
are used they are derived from elastic dynamic or equivalent static
methods. If stress 1imits cannot be met with elastic analyses, strain
Timits mist be satisfied for dynamic inelastic analyses.

The membrane strain 1imii is based on the work of Hillier (Reference 4)
where the strain criterion is substantiated with experiments performed

on uniformly loaded thin-walled tubes. The criterion is further sub-
stantiated by data obtained from tests performed on pressurized tubes

and disks, cruciform specimens, and a small pressure vessel (Reference
6). A variety of materials were used in the tests including stainless
and Tow-carbon steel. The criterion is comparable to that given in
paragraph F-1324.4 of Appendix F to the ASME Boiler and Pressure Vessel
Code, Section III, Division 1. During the staff review the applicants
provided supplemental information for their structural criteria (Reference
5). The applicants will incorporate this material for additional clarity
and guidance in a revision to Appendix B of CRBRP-3, Volume 1 (Reference
2) for the FSAR.

To preclude local ductile rupture the applicants use a strain criterion
that is an extension of McClintock's hole growth theory for cylindrical
holes in a biaxial, uniform tensile field ?Reference 5). The applicants
have presented data from several tests that substantiate the theory
(Reference 6). Several different test configurations were used where
the triaxiality factor, TF, varied from 1.0 to 4.0. Materials used in
the tests included stainless- and low-carbon steels. The effect of the
triaxiality factor can be seen in equation (1) where

P 0, (SMIAB (em) }
.y = SINH [/3/3 (1-n)TF) (1)

ef is the uniaxial fracture strain and the triaxiality factor, TF, is
equal to three times the first stress invariant divided by the equivalent
stress. The applicants have conservatively limited TF to be equal to,

or greater than, 1.0. This means that for pure shear, where TF is
actually zero, it is artificially set to 1.0 giving an allowable strain
equal to that for uniaxial tension. Based on equation (1), this is a

A.3-4



conservative approach. For some materials tested in pure shear, however,
the fracture strain is lower than in uniaxial tension. The staff and
consultants don't believe this to be the case for materials (stainless
steel and SA 508) comprising the primary boundary for SMBDB. Both the
membrane and local stress criteria are derived from the strain limits
described above. Because they are only used for elastic analyses,use of
these criteria is very conservative.

A.3.3 Computer Codes and Models Used in the Analysis and Assessment

The REXCO-HEP computer code (Reference 3) was used to determine the

dynamic response of the reactor vessel and internals to the CDA. It

was also used to develop the component margin requirements (loads,
displacements and energy partitioning) that are applied to the vessel

head, PHTS and other components of the vessel and attached systems in

order to evaluate the response of these components to transient overpressure.
REXCO-HEP is a coupled hydrodynamic-structural computer code that is

two- dimensional and uses axisymmetric geometry.

REXCO-HEP was developed at Argonne National Laboratory (ANL) and has
been extensively benchmarked with data from the SRI scale model experi-
ments for CRBR (Reference 6) and in the past with similar experiments
for the FFTF reactor. Comparison of pre-test REXCO-HEP predictions with
experimental results leads to several conclusions that are discussed in
Section 3.1.1.3 of Reference 3. One of the most important of these
conclusions is that, because of the general lack of energy dissipating
mechanisms in REXCO-HEP, the predicted pressure loads and resulting
strains in the vessel are predominantly conservative. A rigid head is
assumed which also increases computed loads on the reactor vessel and
internal structures. The supperting CRBR scale model tests will be
discussed in a following section.

In “*he CRBR REXCO-HEP model the vessel and core barrel are treated as
thin elastic-plastic shells along which the coolant is allowed to slide.
The core support structure was represented as a very stiff elastic-
plastic plate. The blanket:, fission gas plena and radial shields in
the model had the same geome :ric configuration and inertial properties
as the actual materials but were considered to have no tensile strength.
The vessel head was modeled as a rigid, circular plate supported at the
edges and the Upper Internals Structure (UIS) were not included.

Transmission of pressure transients in the Primary Heat Transfer System
(PHTS) were calculated separately with the TRANSWRAP (Reference 2)
computer code.




Loads calculated at the PHTS inlet and outlet nozzle locations by REXCO-
HEP were used as input to TRANSWRAP. The code is one-dimensional and
uses a nonlinear method-of-characteristics formulation. The staff and
its consultants concluded that because it was developed to treat only
the hydrodynamic aspects of pulse propagation, fluid-structure interaction
is not considered. This means that some of the structural motions, that
would tend to attenuate peak pressures are neglected, and are calculated
conservatively. The methods used by the applicants for generating loads
on the reactor vessel, PHTS, overfiow and Makeup System and Cover Gas
System are generally conservative and will predict appropriate loads for
evaluation of these components. A1l of the computer codes used in the
analyses neglect several energy dissipative mechanisms and therefore
predict loads that are high in absolute value. This is particularly
true for the systems where TRANSWRAP and PIFITE are used because the
impact conditions as defined by REXCO-HEP are conservatively high. One
case where predictions may not be conservative occurs when the inclusion
of dissipative mechanisms would change the frequency content of load
nistories to tune the loads with dynamic characteristics of the structure.
Evaluation of this factor has to occur when the dynamic response of the
subsystem is calculated. We do not believe the existing structures will
Tikely fall into a category with similar frequencies because of ics
complex design and reinforcement from other structures.

The displacement requirements for the vessel are based on the REXCO-HEP
predictions. Displacement requirements for head-mounted components were
initially based on results from a model developed with the ANSYS computer
code. The analytical model has been found to be overly stiff through
independent analyses by the applicants and staff consultants. As a
result the applicants now intend to define the requirements for head
mounted components from test data to be obtained through new SRI tests
(SM-9 and SM-10) to be performed by 1984. These tests are considered
necessary for confirmation of the final design.

For the Overflow and Makeup System and the Reactor Cover Gas System the
applicants include elbow force requirements in addition to the pressure
and displacement requirements. These forces result from the acceleration
of sodium through piping systems. These systems are not normally designed
to resist these high inertial loads. The piping is allowed to distort

in a new configuration without gross failure.

A.3.4 Evaluation of Reactor and Reactor Head Enclosure

Prior to the start of licensing review in October, 1981, the applicants
used finite element anaiysis to demonstrate the capability of the head
assembly to meet the SMBDB component margin requirements. Two basic
models were used that were developed with the ANSYS finite element code.



The first modeled the three rotating plugs that make up the vessel head.
Shielding plates were not included. The second model was of the local
area around and including the margin shear ring between the large rotating
plug (LRP) and the reactor vessel flange.

Several tests were used by the applicants to substantiate their analytical
results. The first SM series consisted of five scale model tests ranging
from a hydrostatic test of the head without shielding plates to dynamic
tests with all major vessel and vessel internal components present. The
hydrostatic test showed that failure of the vessel head is governed by
disengagement of the intermediate rotating plug (IRP) from the LRP.

This kinematic failure occurred in the test before there was any indication
of incipient material failure.

The last two tests in the first series, SM-4 and SM-5, used scale models
of the complete vessel, head, core barrel, UIS, horizontal baffle, and
core support structure. The dynamic loads were provided by detonation
of a low-density explosive that accelerated water above the core area
towar¢ the head in the form of a slug. The detonaticn was calibrated to
provide the scaled equivalent of 100 MJ of work at time of slug impact.
Kinetic energy in the water slug is the scaled equivalent of a 30 MJ
slug in the full-scale vessel (30% of the energy at slug impact was in
the form of slug kinetic energy). Results of the tests showed significant,
but acceptable, plastic strain in the core barrel and vessel walls and
no apparent plastic strain in the head.

Tests were performed earlier to verify the capability of the margin
shear ring design. These included static, drop weight (impact), and
dynamic tests of models of this portion of the structure. These tests
and results of the static SM series of tests showed that the margin
shear ring area can sustain the SMBDB loads without failing.

After careful review of both the head analyses and the SM series of
tests the staff and consultants determined that we could not accept the
applicants' conclusion that the reactor head enclosure was acceptable.
First, analyses of overall head response could not be accepted until the
analytical model was benchmarked with experimental data. In attempting
to do this, the applicants found that the analytical model was "overstiff"
and did not correctly predict the onset of material yield. Second, the
method for attaching the shielding plates tc the head in the test mode]l
caused it to be significantly overstiff in the dynamic experiments SM-4
and SM-5. Third, the loads delivered to the head in the SM-4 and SM-5
tests were well below 75 MJ slug impact to the head which is the design
requirement.




To help resolve this issue, the applicants performed two additional
hydrostatic tests during October, 1982 (SM-7 and SM-8). The first test,
SM-7, used the same head configuration that was used on the SM-4 and SM-
5 dynamic tests (overstiff head). The other, SM-8, was more represent-
ative of the prototypic head. Both test specimens failed in the same
way as the static test of SM-1; with disengagement of the IRP from the
LRP. The more prototypic head failed at a lower pressure (2010 psi)
than the overstiff head (2600 psi) and absorbed significantly less
energy at failure. Single Degree of Freedom (SDOF) analytical models
were developed by the applicants, using stiffness data directly from the
tests. The models were then analytically subjected to the loads experi-
enced by the head during the SM-J test. Results showed that if subjected
to dynamic loads, the more prototypic head would be marginal. If
submitted to the higher loads associated with the component margin
requirements it would almost certainly fail by kinematic disengagement.

At this point the applicants agreed with the staff and consultants that
the head design would have to be modified if it is going to meet the
required loading conditions (75 MJ). To determine the most appropriate
modification to the design the applicants performed a study of the
primary failure mode (IRP disengagement). By drawing detailed layouts
of the deformed head, as measured just prior to failure for SM-8, it was
determined that disengagement was caused when the gap at the lower
surface of the head between the IRP and LRP closed causing a prying
action that moved the plugs relative to each other laterally. This
lateral motion leads to plug disengagement. Modifications in the form
of machining relief into portions of the plugs that interfere when the
head deforms will eliminate the prying action and thus allow the head to
deform more before failure. As it deforms it absorbs more energy.
Currently the staff and its consultants believe that it can be modified
to deform enough to absorb the loads introduced by a 75 MJ slug.

To evaluate where to machine the head and improve its capability, the
applicants first extrapolated data from displacement histories for the
SM-8 test. Layout drawings were again developed for the head in the
displaced configuration. This displacement corresponds to the maximum
load that the shear ring area can take prior to failure. The shear ring
area is located between the LRP and vessel flange. Simple design
calculations show that the failure mode will change from plug disengage-
ment to material failure in the reactor vessel flange at the shear ring.
However, failure will occur well beyond displacements required to absorb
energy transferred to the head from a 75 MJ slug.
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.3.4.1 Slug Enerc

Before further discussing the evaluation of the modified head, it may

be helpful to discuss the physics of slug impact in the full-scale
vessel, just prior to impact. The postulated CDA generated slug of
sodium moves upward with a velocity of 1180 in/sec. This number assumes
a slug kinetic energy of 75 MJ and a slug volume extending originally
from the top of the sodium pool down to the horizontal baffie ?see

Figure 2 Attachment A.1-1). We can evaluate the maximum initial velocity
of the head caused by the slug impact using the principle of conservation
of momentum.

(1 +e)

initial velocity of head,
velocity of slug impact,
mass of head,
mass of slug, and
= coefficient of restitution (= 0 for inelastic collision).

Assuming that the collision is inelastic we calculate an initial velocity
for the head of

953 (1180) . 398
9E3 + 2698 - 308 in./sec.

The kinetic energy that the head has to absorb becomes

KE = ‘; (M

. B
H + 4H) VHZ 19.5 MJ

S




A check on whether the inelastic collision assumption is conservative

can be obtained using test data from SM-2 where the scaled equivalent of

a 75 MJ slug impacted the simulated head. By equating the impulse

acting on the head (based on pressure measured during the test) to the
change in momentum of the head we obtain an initial velocity less than

that obtained above. This indicates that the momentum exchange calculation
provides an upper bound on initial velocity and thus energy that the

head has to absorb.

Note that only 26% of the original 75 MJ (about 20 MJ) of kinetic energy
needs to be absorbed by the head. The remainder will go into strain
energy in the core barrel, vessel wall, UIS, and UIS columns and into
internal energy in the slug itself. Some experimental and analytical
$v1?en§e of the energy distribution at and after slug impact is given in
able I.

To estimate displacement needed to absorb 20 MJ of energy we used the
pressure-volume curve for the SM-8 hydrostatic test and extend the
relation as a straight Tine (constant pressure) beyond the previous
failure volume. Integrating under this curve we detsrmined that the
head must deflect enough to give a volume of 16.6 in> (Reference 3).
This is equivalent to a maximum deflection of 0.24 in. (4.7 in. for the
fullscale head), which is well below the deflection that would cause
disengagement with the modified head (approximately 8 in.).

Based on the applicants' study and the staff's consultants calculations
performed at Los Alamos the staff believes that the vessel head, with
the proposed modifications as discussed in Enclosure 1 of the applicants'
letter dated February 14, 1983 titled Sodium Slug Energy Absorption
Capability of a Modified CRBR Closure Head, will have the capability for
withstanding an impact of a slug with 75 MJ of kinetic energy. This

will be confirmed by the applicants through development of scale models
ard static and dynamic tests (SM-9 and SM-10). The staff requests that
water released through the head on test SM-10 be measured.

A.3-10



At Slug Impact

Slug

Core Barrel Strain
Vessel Wall Strain
Fluid Internal Energy

After Slug Impact

Total Strain Energy*

ENERGY PARTITIONING

SM-2
66%
3%
27%
3.5%

47%

TABLE

I

SM-5 REXCO (CRBR-3, Vol. 1)
30% 74%
3% 17%
ck 5%
62% 1%
15% 60%

* Does not include any strain energy for vessel head.
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A.3.4.2 Reactor Vessel Appurtenances

In-vessel equipment, including the horizontal baffle and the Fuel
Transfer and Storage Assembly (FT&SA) were evaluated to determine
whether they could become missiles that might violate containment. The
analysis of the horizontal baffle was simplified (static, elastic) and
showed positive margin compared to SMBDB stress criteria. The SRI tests
confirmed this conclusion. The staff and “ts LANL consultants concur
with these conclusions based on the model tests. Even if the vessel
internal component did not meet the SMBDB stress criteria and broke
loose during the accident they would most 1ikely remain in the vessel by
not penetrating the thick reactor vessel closure head.

Evaluation of head-mounted components was based on displacements and
loads derived from a dynamic analytical model of the vessel head. The
staff and its LANL consultants do not currently accept the results from
the analytical model. As discussed earlier in this section the appli-
cants are currently developing a program in which the reactor and its
appurtenances will be based on data from scale model tests. These tests
will be used to derive updated requirements for the head-mounted com-
ponents. The staff sees no apparent reason why head-mounted components
cannot be modified to meet the updated requirements as long as the
strength of the head itself can be proven to be adequate by SRI tests
SM-9 and SM-10.

A.3.4.3 Primary Coolant System

The staff and consultants reviewed the requirements for the primary

coolant system and components. The components included the main coolant
loops, the primary sodium pumps, the intermediate heat exchangers (IHX)

and the reactor overflow system. The applicants have not completed

their final analysis of comporents. The staff believes that these components
will be acceptable or can be made to be acceptable.

The applicants used the pressure source derived by REXCO-HEP at the
reactor inlet and outlet nozzles. These pressure-time histories were
used as input source terms for the TRANSWRAP code analysis to transmit
pressure pulses through the piping and equipment. The pressure-time
histories for the piping, pumps and IHX range between 400 psig to 609
psig for milliseconds. Since REYCO-HEP and TRANSWRAP both conservatively
over-predict the resulting pressures we believe they will be found to be
acceptable in the final analyses.
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A.3.5 Summary

The result of the staff and LANL consultants interaction with the a plicants
culminated in the applicants' letter dated February 14, 1983 from wﬁich

we interpret the following commitments and develop the indicated staff
positions below. Attachment A.l-I provides a discussion of the reactor

and gives figures showing the reactor enclosure system parts and their
arrangement.

1. The applicants' commitment to design the reactor closure head to
accommodate 75 MJ of upward kinetic energy at sodium slug impact
will be met. This design requireaent is stated in CRBRP-2, Vol. 1,
Revision 4, Table 5-2.a.

2. The applicants have committed to appropriately modify the closure
head and shielding plates based on the concept in enclosure 1 of
Reference 1, to prevent leverage and premature plug disengagement and
thereby increase the capability of the head plug system to accommo-
date 75 MJ slug impact without causing margin ring disengageément.

3. In enclosure 2 of Reference 1, the applicants agree to a confirmatory
test program consisting of a static test (SM-9? and a dynamic test
(SM-10). Calibration testing will preceed test SM-10, to ensure
that the equivalent of a 75 MJ will impact the head in SM-10. The
sta{f proposes that the applicants consider either of the following
options:

a) Obtain a simple validated analytical model of the reactor
closure head system consistent with appropriate dynamic test
data including SM-10. At present the applicants have no
validated simple or complex 3D model benchmarked against test
data. We strongly urge the applicants to have even a simple
model that has been validated by test data even if option b is
selected.

b) A second backup test model for SM-10 should be prepared as a
contingency against loss of any essential data from the pro-
totypic dynamic test (SM-10). We request that the water
released through the head,during the test,be measured.

4. Enclosure 3 of Reference 1 covers large releases of sodium through
the closure head. The staff will defer addressing this subject
until after the testing has been completed in 1984. The intro-
duction of spray deflectors or confinement of sodium spray is, in
our opinion, a deferable item.
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5. The staff recommends that CRBRP-3, Volume 1 be brought up to date
concurrently with the completion of SM-10 testing. The staff
recommends that for completeness the applicants should include a
section on evaluation of the load path from the vessel flange
through the reactor cavity wall.

The staff concludes, on the basis of the foregoing information and
commitments by the applicants with respect to dynamic slug impact,
supplemental scale modeling tests SM-9 and SM-10, underside plug (LRP,
IRP and SRP) modification, increased energy absorption capability of the
reactor closure head, and use of dynamic scale model inputs for direct
evaluation of the reactor enclosure system, that the intent of 10 CFR
50.34 Part 3 i1ii relating to "providing reasonable assurance that the
final design will conform to the design basis with adequate margin for
?afety; has been met for Structural Margins Beyond the Design Basis
SMBDB ) .
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A.4 ANALYSIS OF THE THERMAL MARGINS BEYOND THE DESIGN BASIS
{TMBDB)
As explained in the preceding sections the most likely consequernce of
the various CDA progressions considered in this review is the path that
leads ultimately to melt-through of the reactor vessel. In this stage
of the accident the course of events is largely driven by the thermal
activity of the core debris and by thermal effects associated with
chemical reactions inside and outside the reactor cavity. The features

associated with the confinement and control of these effects are
reviewed in this section.

The staff review has included several Technical Evaluation Reports
(TERs) on the TMBDB capabilities of CRBR. These are reproduced as
attachments to this section. The first is the BNL reveiw of the

TMBDB sequence, containing the quantitative evaluation of the CACECO
code and analyses. The second is a report from LANL evaluating the
effects of the TMBDB events on the vital structures and cleanup equip-
ment. The third is a review of sodium-concrete interaction data
prepared by Applied Science Associates. The applicants have provided
their assessment of the TMBDB scenario (Reference 1). The staff's
review will address the applicants' proposed scenario point by point.

The staff's final evaluation of these items has been influenced by
these reviews and also by supplementary material presented by the
applicants in a series of submittals and meetings throughout 1982
(References 2 and 3).

The staff has considered, for the CRBR application, a set of specific
BDBA design criteria based on similar criteria from NUREG-0850,
"Preliminary Assessment of Core Melt Accidents at Zion and Indian

Point Nuclear Power Plants and Strategies for Mitigating Their Effects.”
While these criteria are not considered the final set for LMFBR-BDBA
application, the staff believes use of these criteria in the interim

as general guidance provides a useful basis for evaluating the CRBR
design for BDBA challenges. The proposed criteria are listed below:

Group C quality standards (ASME Boiler and Pressure Vessel Code,
Section 111, "Nuclear Power Plant Components," Class 3) shall

be applied to the mechanical and fluid accommodation systems

or their component parts.

The accommodation system(s) shall be designed to remain functional,
when potentially required, for the design basis environmental
conditions, including the loads imposed by a safe shutdown basis
earthquake (SSE). This criterion is aimed at specific accident
sequences, which at another level of probability, may lead to

BDBA conditions.
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(3) The accommodation system(s) shall be evaluated for design-basis
loads, including the safe shutdown earthquake (SSE}, in order to
ensure that there will be no system interactions which might
affect or impair the functioning of safety-related components
and systems relied upon for design-basis events.

(4) The accommodation system(s) shall be capable of performing their
functions in the most realistic limiting environment estimated
to occur as a result of the accidents they are designed to mitigate.

(5) The interfaces between the accommodation system(s) and nuclear
safety-related ccmponents and systems shall be designed to the
same safety grade (or quality group) and seismic loading require-
ments as the safety-related components or systems.

(6) The accommodation system(s) shall be of reliable design and
construction but need not meet the single failure criterion
unless the component in question is rendered totally inaccessible
by the event to be accommodated; then design reliability enhance-
ment such as redundancy, shall be used.

(7)  The accommodation system(s) shall be capable of functioning
independently of all offsite power systems for a period of time
expected to be required for restoring AC power.

(8) The accommodation system(s) shall be capable of manual operation
and control, with appropriate monitoring capability, from the
control room.

(9) The incorporation of the accommodation system(s) shall not
compromise design basis safety requirements.

(10) The accommodation system(s) shall be designed to allow periodic
inspection and testing to verify the functional performance.

Since we are dealing with events much less 1ikely than the DBA the
considerations associated with the single failure criterion are not
to be used for TMBDB.

In addition to these specific criteria, several general review guidelines
have been developed to assess the adequacy of certain features, systems
and actions necessary to provide adequate design margin to accommodate
the consequences of a CDA to assure protection of the public. These
guidelines are discussed in Section A.1.3.
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A.4.1

In the early part of the accident (before vessel melt-through), the
core material is retained in the primary system except for noble gases
and small amounts of other material that are presumed to escape as a
result of phenomena associated with the initial energetics. Some fuel
may be dispersed radially and among the upper plenum and upper internal
structures (Reference 1, pp. 3-2 through 3-9). Nevertheless, sufficient
core debris is expected to accumulate in the bottom of the reactor
vessel so that the reactor vessel becomes overheated in a localized
area and fails. Failure occurs as the melit front between the fuel

and steel interface heats the steel until it can no longer support

the weight of fuel and structures above it. The expected nature of

the failure is a rapid creep rupture. Failure of the guard vessel

is postulated to occur in a similar fashion very soon thereafter
(Reference 1, pp. 1-2 and 3-15 through 3-17),

Although the assumption of failure of these two vessels may appear
pessimistic, the staff believes that the present state of knowledge
of in-vessel coolability allows no other choice for severely degraded

core geometry in the CRBR. Once failure of the primary system and

guard vessel occurs, the entire inventory of primary system sodium will
then rapidly flush the core debris down into the reactor cavity. It is
believed that this flow of sodium would be great enough to carry with

it some of the debris from the upper plenum and internal structures.

The assumption is made that all the core debris is so transported, which
is conservative with respect to subsequent heat loads in the reactor
cavity. There are differing opinions about the degree to which this
debris would form a self leveling bed on the reactor cavity floor. The
staff believes considerable leveling would occur due to the high tubur-
lence. The applicants have presented examples of different distributions
of debris in the reactor cavity (References 1, pp. 3-19, 3-70 and
Appendix G.1) and expect that they will be coolable and subcritical

as a result of self leveling phenomena. The staff is not convinced that
either of these characteristics is guaranteed by the reactor or reactor
cavity design. We agree with the applicants, however, that if critical-
ity occurred in this configuration there is nc reason to expect it to be
energetic, and mild pertubations would be beneficial to self leveling.
We expect that the cavity floor liner would fail as a result of the
initial impact of the high temperature core debris. The applicants have
included this event in their accident evaluation (Reference 1, p. 1-2).

Following failure of the reactor cavity liner the insulating concrete
below the cavity liner is assumed to be penetrated rapidly, as evidenced
in out-of-pile experiments, and the sodium-fuel reaction zone would

then encounter the concrete structure of the lower part of the reactor
cavity (Reference 1, pp. 1-2 and 3-20).




From this point onward in the accident there remains some uncertainty
in the detailed course of events and in the challenges to the contain-
ment system that result. However, the overall direction is defined.
'he balance of this evaluation will summarize the different viewpoints
concerning these events and will outline our views concerning the
spectrum of consequences that may be reasonably expected to result
from such events,

A.4.2 Sodium-Concrete interactions

Following an initial Toss of coolable geometry the primary system
sodium is expected to be heated above the normal average sodium temp-
erature of about 900°F by the decay heat from core debris. At the time
of primary vessel penetration, the sodium drops to the cavity below

at about 1000°F.

The interaction of the hot primary sodium with the structural caoncrete
of the reactor cavity (RC) plass an important role 1n the sequence of
events following loss of primary system integrity. The most significant
considerations involve the extent of the penetration of the concrete and
the associated production of aerosols and hydrogen, which could be
transmitted to containment through the reactor cavity vents,

Vent paths to the containment building atmosphere are opened through
rupture disks when the cavity pressure reaches about 11.5 psig. The
quantity of aerosols generated and the location where they are formed
has bearing on whether or not plugging of the vents from the reactor
cavity is possible. Plugging of the cavity vent path is important
because it would modify the heat sinks available to reduce the heat
load delivered to the containment building environment.

There are differing views on the origin of aerosols in containment.

HEDL has stated the view that sodium oxides, formed by air oxidation
after sodium vapor enters the containment building, are the principal
source of aerosols. Sandia has noted the production of aerosols even

in inert atmospheres, and consequently a concern was expressed that
these would be generated in the reactor cavity. The applicants maintain
that any aerosols generated oelow the sodium pool surface, from the
sodium-concrete reaction, would be retained within the pool. After
review of their analysis of this matter (Reference 4 and 5), the staff

agrees with this conclusion.

Aerosol production and releases, specifically the amount and size
distribution in the containment building, is a key factor in the sub-
sequent distribution of radioactivity (Reference 6). The aerosol cal-
culations must, therefore, be done over the entire range of possible
sodium-concrete reaction rates. The staff recognizes that the appli-
cants have calculated the aerosol behavior for the cases representing
various penetration rates using the HAA-3B code. The staff has compared
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typical HAA-3B results used by the applicants with corresponding cases
using the NRC sponsored HAARM-3 code and has reached the conciution
that the applicants' aerosol calculations are conservative with respect
to the predicted concentration of suspended materials.

Hydrogen is produced from the reaztion of sodium with the watar released
during the sodium-concrete interaction (Reference 1, pp. 3-21 and 3-24).
The hydrogen produced can present a combustion threat if sufficient
oxygen is present. As will be seen later this becomes a sijrificant
factor in the consideration of the need for containment veniing. Thus
the sndium-concrete interaction rate is important for this reason as
well.

The mechanisms of the thermal-chemical attack of sodium on concrete are
quite complex. Significant experimental efforts over the past decade
have failed to develop simple models that explain the diverse data
results. The early experiments concentrated on effects that occurred
within the first few hours of interaction. Size, geometry, stress con-
ditions, amount of reinforcing, concrete type, moisture, depth of
sodium, the limitations of reactants, temperature and temperature
progression all seem to have influenced some of the results. As longer
term test results became available, some pattern has emerged from the
longer term interaction results, and it now appears possible¢ to place
reasonable upper bounds on the long term penetration rates. Although

a theoretical model unifying all the data has not been deveioped, the
staff believes that penetration rates selected by the applicants are
adequately conservative.

The experimental information on penetration of sodium into concrete
includes a variety of sizes, temperatures and geometry. Experiments

in the size range of one to three feet in diameter did not reveal

any significant scaling effects. However, since the larjer of these

is still smaller by a factor of ten than the linear dimensions of the
reactor cavity, concern has been expressed that turbulence in the large
scale could invalidate the results rf the smaller scale experiments.
The interpretation of the slowing down of the sodium-concrete reaction
with time is based on the buildup of a protective layer of reaction
products. It has been argued that, if this layer were dislodged by
turbulent agitation, the reaction rate might not slow down appreciably.
There are, however, experiments in which the sodium attacks the concrete
on veritcal surfaces which do not collect a protective layer. These
are used to establish a maximum long term penetration rate. This
maximum turns out to be significantly less than one inch per hour
(About 0.2 in/hr would bound the long term effects of all the sodium-
concrete reaction data.)




In view of the experimental data base, the applicants have more recently
proposed a rate of 7 inches per hour for the first 20 minutes and 1 inch
per hour from then to sodium boil-dry as a reasonable upper bound case,
which still provides a substantial margin for additional effects due

to the presence of core material, should they occur.

Since the sodium-concrete reaction rate is a key factor in the rate

ot production oi aerosols and hydrogen, a bounding interpretation of
“his rate must be adopted in the calculations. For realistic upper
beund calculations, the staff has used a sodium-concrete reaction rate
of 7 1:ches per hour for the first 20 minutes and 1 inch per hour
thereafter as in the appiicants' analysis.

As far as the ultimate depth of peretrations is concerned, it is presumed
that some Timit exicts based on the large quantity of reaction products
ultimately produced. The staff has used a 30 inch maximum penetration
depth of reactor cavity sodium for estimates of aerosol and hydrogen
formation. This is consistent with preliminary calculations and modeling
of the sodium-concrete reactions that are being developed at Sandia

and also encompasses all the experimental data.

It is also desirable to analyze accidents based on parametric variations
of the reaction rates 2nd depths that have been observed experimentally.
The two basic parameters to be varied are the rate of reaction and

the cdepth of penetration. The applicants have previously presented
fairly thorough analyses of a base case accident based on low reaction
rates and modest penetration depths (one half inch per hour for four hours).
More recently, a higher reaction rate case (7 inch per hour for three
hours; than 1 inch per hour until hoild dry) has been presented to the
stalf as a margin assessment case consistent with emergency planning
constraints. Thus the applicants' parametric calculations cover a

range “rom the relatively mild sodium-concrete reactions of the base
case to a margin assessment case considerably beyond the realistic

upper bound. The staff considers this range to be acceptable for the
interpretation of the effects of sodium-concrete reactions on subsequent
containment challenges.

The applicants have furnishad the details of timing of aerosol formation
that they have used in the margin assessment case for defining subsequent
radiological dispersicns. These have been used for further confirmation
that the applicants' suspended aerosol concentrations are conservative.

Because some sodium will be boiled off, not all is available to react
chemically with the concrete in the reactor cavity. The vaporized
sodium partially refluxes back into the cavity and refluxing furnishes
a mechanism for involving larger quantities nf concrete in the contain-
ment as a heat sink. Some attention has been given to the possibility
of plugging of cell drain lines by sodium if it should freeze. Since
the sodium in the cells is about 1400°F above the freezing point this
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is not considered likely at this time. The staff believes that it is
feasible to design these return flow channels to prevent sodium freezing,
but will require confirmatory OL analysis to verify that this has been
accomplished.

A.4.3 Further Considerations Regarding Concrete Penetration and
Temperature Transients

Reasonable values have been established for the upper limit reaction
penetration rate and the maximum depth of the sodium-concrete interaction.
These are the realistic upper bound release rates used by the applicants
and the 30 inch depth estimated by Sandia. Patterns of temperature and
pressure in the containment and structures have been developed by the
applicants consistent with these sodium-concrete reaction rates. To do
this, the applicants have used models of heat distribution between the
sodium pool, with and without core debris, and the concrete based on the
following considerations.

Fully oxidized core debris cannot react chemically with concrete, but can
provide a sustained heat source for thermal degradation. If sodium is
present, the core debris can provide a heat source to maintain the sodium-
concrete reaction zone at a high temperature. If sodium is not present,

or is not able to receive the heat from the core debris, the debris can
attack the concrete below the reactor thermally and directly. In the event
that molten metals from the cladding or vessel are present with the debris,
chemical reactions between molten metals and the concrete or released water
vapor or COp are expected. Thus the penetration rate of core debris into
concrete may be expected to depend significantly on the presence or absence
of an effective cooling pool of sodium. Superposed on these situations are
the problems of generation of combustible gases, which require the oresence
of unoxidized metals, principally sodium or steel.

Consicder first the case of core debris with sodium present, As a heat source,
a coolable debris bed is expected to transfer its heat to the sodium so that
sodium will continue to react with concrete at the rates within the realistic
upper bound scenario.

The applicants also have discussed with the staff their views on the effect
of uncooled core debris. Applicants have used the TRUMP heat transfer

code (Reference 1, Appendix C.2 and Reference 3) to perform bounding
analyses of the effect of a core debris bed that transfers the major portion
of its heat in the downward direction., These analyses are applicable to
debris beds which are insulated from the sodium by a barrier of reaction
products, and to debris beds remaining after sodium has boiled-dry. Under
reasonable assumptions of thermal properties, TRUMP analysis of the debris
bed results in a penetration depth of about 60 inches in a boil-dry period
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of 71 hours (less than 1 inch per hour). Subsequent melt penetration
was estimated to reach a depth of 15 to 25 feet into the 26-foot basemat
over a period of months. These variattions in the concrete penetration
scenario produce loadings on the containment and the clean-up system
that are within those assumed for the base case of sodium-concrete penetra-
tion. Note that the base case is Timiting here stnce 1t provides the
greatest time for heat soaking of massive structures. As seen from the
above results, core debris/concrete reactions may or may not stop short
of effectively penetrating of the basemat (26 ft.). If the core debris
should penetrate the basemat the effects of transport of radionuclides in
the groundwater liquid pathway are not expected to be as damaging for the
CRBR as they would be for large light water reactors. This is explained
;n more detail in the FESS (NUREG-0139, Supplement 1, Appendix J) as
ollows:

Surface water hydrologic properties at CRBRP should be similar to
those used for the Liquid Pathways Generic Study (LPGS) small river
site, which was based on the Cl1nch-Tennessee-Ohio-Mississfppi Rivers
system; although the river uses and populations in the LPGS (NUREG-
0440) were based upon national averages and have not been directly
compared to the CRBRP. The groundwater characteristics at Clinch
River do not indicate any unusually adverse transport characteristics.

Additionally, the CRBRP is a considerably smaller plant than the

LPGS case (CRBRP is 1121 MWt vs. 3425 MWt assumed for the LPGS), and
contrary to the LWR characteristics, CRBRP does not contain any large
storage of water that could serve as a potential “prompt source" to
the environmental 1iquid pathways. Therefore, only the radioactive
material lTeached from the core debris by the local groundwater is
likely to be transported to the Clinch River. This source was found
in the LPGS to be considerably smaller than the "prompt source".
Therefore, based on the preliminary appraisal of the liquid pathways,
the staff concludes that the liquid pathways impacts of CRBRP would
be probably smaller than those for the LWRs analyzed in the LPGS
small river site case.

A.4.4 CACECO Modeling of Containment Transients

The CACECO computer code (Reference 7) is the principal tool used to
track the progress of temperatures and pressures in the various compart-
ments of the Reactor Containment Building (RCB). It accounts for the
principle heat sources and energy and mass transfer in containment
during the post melt-through period. The heat sources include decay
heat, chemical reaction heat, sodium-24 decay heat and stored heat.
Initially these are distributed in the reactor cavity and pipeways.
Eventually the volatile reaction products are vented through pipeway
cell number 2 (through one of two redundant rupture discs) to the RCB
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above the operating floor. Each compartment in the CACECO model can
have an atmosphere, a pool of condensed material, heat sinks and sources.
Materials and energy are distributed among the compartments in a series
of time steps that follow the accident progression.

A number of approximations have been introduced into the CACECO code:
heat transfer by radiation is generally disregarded, pool temperature is
equilibrated to atmosphere temperature at each time step, the heat capa-
city of aerosols is incompletely treated. In addition, the backflow
between cells is restricted in some options and emphasized in others,
heat-transfer coefficients through liners are simplified, as are the heat
transfer processes through aerosol-coated walls, and condensation heat-
transfer models inadequately include the effects on non-condensible gases.
It is not clear that the properties of the aerosol as a heat sink are
correctly accounted for in the procedure, especially in view of the
varying amount of aerosol in the containment. Thus there are a number of
areas where the anlysis is quite simpiified and the effect in these areas
may not be totally accurate. However, we believe CACECO is adequate for
making reasonable approximations to the progression of the accident on
the time scale of interest.

A.4.5 The Role of the Annulus Cooling System

The applicants propose an annulus cooling system to remove containment
heat and to limit the temperature of the confinement building under

TMBDB conditions. Principal mechanical components of the system would be
located outside the steel containment shell. The steel containment shell
would be cooled by circulating outside air between the shell and the
concrete confinement building and then exhausting it to the atmosphere.
The capacity of the annulus cooling system is sufficient to withdraw the
necessary heat loads without exceeding TMBDB allowable shell temperatures.
In response to questions about the effect of accumulated aerosols on the
surface heat transfer, the applicants have presented a 8re11minary estimate
that the containment atmosphere temperature would be 80°F higher with

an aerosol layer. Shell temperature would be 30°F lower at the particular
time chosen for the comparison (36 hours).

These preliminary calculations indicate feasibility of the system. It has
been suggested in Attachment 1 to this appendix, the BNL review of CACECO
code, that the accumulation of aerosols on the interior of the shell would
interfere with the heat transfer capability of the annulus cooling system.
This accumulation late in the accident (i.e., beyond 50 hours, in the base
case) might lead to temperatures in the containment atmosphere considerably
higher than those calculated by the applicants. As discussed in Section
A.4.11. the staff does not believe that this effect would be more signifi-
cant than the applicants have estimated during the early part of the
accident, and hence there is no reason to believe that the vent time would
be accelerated. For the OL analysis however, it will be necessary to show
that the necessary TMBDB equipment can survive whatever containment temper-
atures are developed.




A.4.6 Containment Structure Analysis

The containment building and its internal structures have to remain
intact for certain specific times during the TMBDB scenario if the
scenario, as analyzed, is to remain valid. Containment calculations
are carried out to 8000 hours to assure the permanence of the con-
tainment system following an accident. Various internal structures,
including cell liners, must maintain their integrity for different
amounts of time during the scenario up to sodium boil-dry. Signifi-
cant loads acting on the steel containment consist of pressures and
temperatures beyond the design basis. If the annulus cooling system
functions as required, loads after sodium boil-dry, with the exception
of thermal loads in the walls below the operating floor, are enveloped
by those preceding boil-dry. In the walls below the operating flcor,
high temperatures over a long period of time could cause reinforced
structural concrete to creep resulting in enough deformation to over-
load the steel containment boundary. BRecause of the low stresses
experienced by the concrete, the potential for this to be a problem

is low and it is not considered an open issue. The highest loads in
the steel containment shell occur at its intersection with the operating
floor. Specific design features in this area (annulus cooling system
and internal insulation) would keep the steel temperatures well below
those which could cause material yield or local buckling. Large
deformations (several inches) in the steel containment shell from
thermal expansion are being factored into the design of penetrations
and any equipment attached to the shell (Butler et. al., LANL TER
Section L, Attachment 2).

Because the reactor cavity (RC) vent exit is not centered relative
to the containment shell, nonsymmetrical heating of the shell can
be expected from the sodium flame at the vent exit. Asymmetric
effects are minimized because radiation heat transfer is small due
to the aerosols in the atmosphere of the upper containment during
the burning process. Structural loads from nonsymmetric convective
effects have been evaluated by staff consultants and the applicants
and are small.

The applicants have asserted that vital containment internal structures
will not rapidly deteriorate to the point of collapse prior to sodium
boil-dry. This is particularly important for the RC and pipeway cell
structures because earlier collapse would aggravate sodium-concrete

and sodium-water reactions.

Large deflections of structures in these areas could cause failure of
cell liners, pieces of unreacted concrete could be injected into the
sodium pcol and, if failure were severe enough, sodium could flow
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freely into Cell 105 (Reference 1, p. 1-2, and Figure 3-5) where it
would react with concrete and water. It is also important that the
reactor cavity (RC) ledge not fail early causing an unrestricted flow
path for sodium vapor to enter upper containment. Based on a review
of the applicants' analysis the staff accepts that failure would not
occur before 50 hours. The most important structures are addressed
in the following paragraphs.

During the TMBDB scenario the RC wall and pipeway cell structures are
loaded from dead weight, internal pressure and thermal gradients. The
largest stress components come from the thermal gradients and are
secondary in nature. Therefore, as localized material failure occurs
in the form of concrete cracking and crushing, loads are relieved. The
applicants used the ANSYS finite element computer code to perform a
detailed analysis of all critical areas in these structures. Results
show that the floors of the pipeway cells and the base of the RC wall
are the critical areas. For high concrete penetration rates the appli-
cants have suggested needed design enhancements in the RC floor and
lower wall region to prevent failure. (Meeting of September 15, 1982,
presentation by G. N. Freskakis, NRC Accession No. 8212010161.) With
these changes the staff concludes that the structure will be adequate.

The staff was concerned that, late in the accident, the failure of
interior structures might impose strains on piping that penetrates
containment and thus might jeopardize containment seals. It is now
believed that this is unlikely to be a problem, because at this stage
the purge operation is in effect and the reactur is kept at a slight
underpressure. Therefore, the failed seals could allow inflow only.

Cell Liners

Cell liners are evaluated as an engineered safety feature for design
basis accidents in Section 6 of the PSAR.

In the TMBDB context, the cell liners play an important role in the
preservation of the isolation of cells from each other. It is partic-
ularly important that sodium in the reactor cavity not be released to
the air filled Cell 105 (Reference 1, p. 1-2 and Figure 3-5). Cell 105
is also used as the outlet for the water released from the concrete
behind the liners, and therefore release of sodium to this area could
be accompanied by unacceptable energy production. The reactor cavity
floor liner is expected to fail early in the core melt sequence, but
the configuration of the liners prevents lateral attack on the walls
below the floor level. If the reactor cavity wall liners should fail
(i.e., become penetrated), sodium attack on the walls above the floor
level is possible. The applicants have estimated that if the reactor
cavity wall liners remain intact for 50 hours, any subsequent RC wall
1 aer failure would not lead to a release of sodium to Cell 105 prior
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to the time estimated for sodium boil-dry (Reference 1, p. 3-87). It
is therefore a design objective that the reactor cavity wall liners
remain intact for at least 50 hours.

The TMBDB accident consequences do not seem to be so sensitive to the
early failure of other cell liners. For example, the applicants have
calculated the base case scenario with failure of the pipeway cell floor
liner at 30 hours, and have calculated the margin assessment case with
fa:}u:gsat 0 hours, with no apparent impact on the release of sodium to
Ce R

The liners are expected to be satisfactory for TMBDB strains if they
first meet criteria for design basis strains. This is because of the
higher ductility at the TMBUB temperatures.

A somewhat simplified interpretation of the cell liner expansion considers
the Tiners as basically under compressive loads by reason of their being
subjected to high temperatures in a confined space. The yielding that
accompanies such compressive loads at elevated temperature would normally
be expected to relieve the stresses without failure in this ductile
material.

However, it has been considered prudent to examine in more detail the
stress concentrations around penetrations, corners and stud anchors.
Both experiments and analyses have been performed. Although no liner
failures occurred in the experimental mockup, the results are somewhat
inconclusive, since failure of the studs where they were welded to the
liners relieved much of the stress.

The applicants' original analyses of the cell liner strains were audited
by the NRC staff and consultants and were found to be inconclusive in
several important details of non-symmetrical buckling and details of
stress concentrations.

The applicants therefore proposed a program of five analytical cases

examining the strain patterns in more detail using finite element analysis.

The first two analyses covered the typical liner-anchor patterns and the
details of a typical plate section. These are relevant tc the reactor
cavity wall liners, which have no penetrations near or below the sodium
level. The other three analyses cover details of stress concentrations
near penetrations and a composite of all effects.

From the strains computed in these supplementary analyses, it will be

possible to estimate whether the liners satisfy ASME III, level D
requirements, and appropriate design criteria can then be adopted.
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It is the staff view that if level D strain criteria are indicated by the
finite element analyses, then a supplemental experimental program might

be required to corroborate and support the analyses. If the calculated
strains are substantially below the level D limits this may not be necessary.
The applicants have indicated agreement with this general view and will
propose an appropriate experimental program,upon completion of the supple-
mentary analyses,if necessary.

At this time, the supplementary analyses relevant to the reactor cavity
wall liners have been submitted by the applicants. (Letter, HQ:S:83:211
Longenecker to Grace, 2/4/83, Acc. # 8302090326.) The strains appear

to allow sufficient margin so that experimental confirmation will not be
necessary for acceptance of the RC wall liner concept. These are the
most critical liners for the TMBDB scenario. Some further details around
the studs are still required, however.

The second most important liners are those of the pipeway cells. Here
however, the problem of penetration of the floor liner has been circum-
vented by the placement of two feet of sacrificial concrete below the
liner. This is more than enough to react with any sodium collecting in
the pipeway cells and penetrating through the floor liner. Drains are
provided in the pipeway cell floor so that the wall liners will not be
attacked. Thus the concept of the pipeway cell liners also can meet the
TMBDB design requirements.

The staff believes that the overall compressive nature of the loads and
the material ductility, and the lack of liner failure in the experiments,
are supporting but not conclusive evidence of the acceptability of the
liners. With the additional evidence that strains are not excessive in
the new finite element analyses, the staff believes that further evidence
has been developed for the acceptability in the TMBDB context of the
reactor cavity wall and pipeway cell liner design. The applicants have
submitted a program for additional confirmatory analyses and experimental
results before construction of the cell liners (A.4.10).

A.4.7 Considerations Regarding Hydrogen Production

A serious concern for any sodium cooled system is the potential for the
production of hydrogen from the reactiun of water and sodium. Although
all unnecessary water services are excluded from proximity to sodium
systems, the concrete is a substantial source of water if it should come
in contact with sodium. After vessel melt-through the staff expects
sodium and concrete to be in contact on a large scale. Thus substantial
amounts of hydrogen will be produced. Since the reactor cavity is
inerted the hydrogen does not pose a flammability hazard until it is
expelled to the containment building above the operating floor. The
applicants calculate that the hydrogen content of the containment
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atmosphere will rise to 4.4% before sufficient sodium vapor enters the
containment to ensure burning. Two elements that enter into this evaluation
are the holdup of a certain amount of hydrogen in the sodium pool and the
delay time before sodium vapor is evolved at 6 gm/m® to the containment
atmosphere. Neither of these factors is known with much accuracy. Elimi-
nation of the hydrogen holdup would raise the concentration from 4.4% to
5.2% at the time of ignition. Furthermora, the time for evolution of
sodium vapor is strongly influenced by the recondensation of sodium in

its vent path. If recondensation is more effective than expected, ignition
of hydrogen could be delayed until additional quantities accumulate. It

is recognized, however, that other ignition sources may be available or

can be provided if necessary. Also, with regard to structural consequences,
any hydrogen burn produces pressures that act quasi-statically on the
structural system. Preliminary calculations have been sufficiently con-
servative to bracket these effects. In experiments, carbon monoxide

has not been observed in the presence of sodium, but may be expected to

add to the flammable content of the atmosphere after sodium boil-dry.

A.4.8 Control of Overpressure Transients (Venting and Purging)

The applicants' protection against containment overpressure depends on the
abilily to anticipate sudden large hydrogen burns and other sources of in-
creased pressure and to dilute the containment atmosphere to minimize the
hydrogen hazard as necessary. They assert that hydrogen concentrations
can be detected in time to reduce the containment pressure to atmospheric
without ever exceeding 6%, and then to dilute the atmosphere by purging
before a serious hydrogen threat exists.

The applicants propose to commence the venting operation when the pressure
in the containment building approaches a substantial fraction of the failure
pressure, or when the hydrogen content begins to increase without ignition
or in an oxygen depleted atmosphere. The staff believes that it is feasible
to develop criteria of this type that will ensure the protection of the con-
tainment building from excessive hydrogen burns, within the guidelines
discussed in Section A.1.3.

The time required to vent the pressure down to one atmosphere depends on
the initial pressure and may be of the order of three hours. Purging is
initiated after venting. The purging operation provides further air at

a controlled rate to burn additional sodium and hydrogen as they are pro-
duced at a pressure at or slightly below atmospheric. The pressures,
temperatures and hydrogen coricentration are claimed to be manageable

from then on by control of the purging operations from the control room.

This type of system appears capable of providing protection against massive
uncontrolled containment failures during the TMBDB phase of the accident.
The applicants' calculations have been based on their base case with
modifications to take care of the higher rates of sodium-concrete
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interactions. The modifications have encompassed an acceptable range
of sodium/concrete reaction rates to assure that margin exists for
operation of the mitigation features under the anticipated extreme
conditions of the accident.

The staff believes that the key to a successful vent-purge operation lies

in providing the operating management with sufficient training and reliable
and understandable information in the control room so that correct decisions
can be made. This will require a high degree of reliability of the in-
strumentation and information from an extremely hostile environment. The
processing of hydrogen samples is accomplished in the intermediate bay of
the steam generator building (Reference 1, pp. 2-32). Entry to the inter-
mediate bay is not required to perform the atmospheric analysis. However,
entry is feasible during the early or late stages of the accident when a
backup measurement at the sampling station might be desirable.

The staff believes that monitoring for oxygen and other flammable gases
(e.g., carbon monoxide) in the containment atmosphere may also need to be
provided. The applicants are studying this possibility and will reach a
recommendation prior to the FSAR. Assurance th.“ sampling lines will not
become plugged by aerosols must be provided. The processed hydrogen,
carbon monoxide, and oxygen information is then transferred to the control
room, from which overal! management of the vent-purge operation is
accomplished. There are no questions of feasibility in the provision of
additional gas analyses instrumentation, if necessary. Indicators of the
overall pressure and temperature in the RCB are available for further
guidance in controlling the vent/purge operations.

It is essential that the training of operators and supervisors include

an appropriate level of familiarity with the TMBDB phase. The applicants'
Preliminary Safety Analysis Report includes the commitment to fulfill the
training requirements of the TMI Action Plan Task I.A.2 which satisfies
this need.

Although the above scheme is conceptually feasible a more detailed
description of the design of the system, specific venting specifications
and the associated testing requirements will be required for the OL review.

A.4.9 Effectiveness of the Containment Cleanup System

A reliable and effective cleanup system is required so that vented and

purged gases will not produce excessive off-site doses. The applicants

have proposed a system similar in principle to that which has been built

and tested at FFTF. Although the original system was designed to accommodate
the applicants' base case scenario (with some margin), they state that it

can accommodate the high sodium concrete interaction rate (margin assess-
ment case) and accompanying pressure, temperature and aerosol loadings.




The earlier sodium boil-dry time accompanying this scenario must also

be acconmodated. The feasibility of the principles of such a system are
established by the FFTF experience and the analysis and testing directly
related to the CRBR system as presented to the staff.

There are three items that have recently been clarified by the applicants.

1. Concern has been expressed regarding a possible pressure spike from
hydrogen burning in the cleanup system during operation. However,
our present interpretation of the functioning of this system indicates
that this will not be a problem.

Typical atmospheric composition in containment (Reference 1, Figures
3-11 and 3-1z§ when the cleanup system is first brought into use
(during the venting phase) is:

02 8.4 - 3.5%
H2 0.0 - 3.4%
N2 and other inerts 91.5 - 93.0%

This is an inert atmosphere as far as the burning of hydrogen is
concerned. Moreover, this is so low in hydrogen that no flammable
mixture would be produced in the cleanup system, and in fazt, the
system would become inerted during the veating operation.

The staff has therefore concluded that it will be feasible to operate
the cleanup system without the danger of flammable gas mixtures.

2. Nuclear criticality safety must be considered. The quantities of
plutonium that could be collected in the system from the three
releases of plutonium are:

a) The initial release would contribute rothing since this would all
have tfallen out with sodium aerosols prior to venting.

b) A conservatively estimated 3200 g would be released to the atmos-
phere during sodium boiling (Section A.5). Of this, more than
70% would precipitate with sodium aerosols during venting and
purging, as shown by the HAA-3 calculations which are conservative
in this respect. Thus 960 g plutonium would enter the cleanup
system from this source.

¢) Sparging of plutonium during the core debris concrete interaction
could contribute another 26 g, taking no credit for fallout.

The total, 986 g includes 838 g fissile plutonium. Some portion
of this may be in the form of soluble plutonates. The minimum
critical mas of a solution or fine dispersion in water of this
enrichment is estimated to be about 1160 g fissile plutonium
(TID-7016). Thus criticality would not be reached in the cleanup
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system with these quantities of plutonium. The estimates are
considered to be conservative throughout, in regard to releases
from the core debris and in the aerosol calculations. A further
conservatism is the fact that any soluble fraction of the
plutonium would tend to be dispersed throughout the cleanup
system in a very dilute solution, and not subject to being
configured in an optimum geometry.

The staff therefore believes that there is sufficient margin to
assure nuclear subcriticality in the cleanup system.

3. Equations that are used to justify the acceptability of the design
have empirical coefficients determined from model tests. The applicants
have submitted a similutude analysis between the model tests and the
CRBR cleanup system to show that the design equations are valid and
that critical quantities that determine system features lead to a
feasible design (Reference 8). The staff considers this a sufficient
demonstration of the feasibility of designing such a system.




DESIGN FEATURES PROVIDING THERMAL
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SPECIFIC SYSTEMS OR COMPONENTS
FOR TMBDB

. REACTOR CAVITY VENT SYSTEM
. CONTAINMENT CLEANUP SYSTEM
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. CONTAINMENT VENT AND PURGE
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. INSTRUMENTATION
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A.4.10 TMBDB Systems

The applicants have included, or upgraded, twelve features with the
capability to mitigate the progress and the consequences of BDBAs.
The purpose and requirements for each of these systems are briefly
described and evaluated by the staff's consultants at LANL in
Attachment 2 to this appendix. The features included in this group
are listed below and in Figure A.4.10-1

1. Reactor Cavity Vent Sy:tem.

2. Containment Venting Cleanup System.

3. Annulus Cooling System.

4. Containment Vent and Purge System.

5. TMBDB Instrumentation System.

6. Reactor Cavity and Pipeway Cell Liners.

7. Vent System for the Reactor Cavity and Piping Cell Liners.

8. Guard Vessel Support.

9. Reactor Cavity-to-Containment Barrier.

10. Reactor Cavity Penetrations and Recirculating Gas Cooling System.
11. Containment/Confinement System.

12. Reactor Containment Structures.

A brief summary of the findings in the areas of design criteria, maintenance
and testing and issues which remain to be completed are given as follows.

Design Criteria

A comparison was made of the staff's criteria, Section A.4, and the
applicants' "General Requirements" for TMBDB systems. The staff's
consultants find that they are comparable.

Maintenance Testing

The applicants' requirements in this area for the TMBDB features have
been reviewed and found to be acceptable. They are met directly by
design base procedures or simple extensions of these procedures. For
features specifically added for TMBDB, the systems are to be completely
tested for functional capability approximately once a year with tests
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scheduled during a shutdown period when a CDA could not occur. The
features will also be given pre-service full functional tests after
construction.

Equipment Qualification

The staff shall require, for the OL review, evidence that those systems,
components and instrumentation that are a part of the systems to accommodate
TMBDB have been environmentaily qualified. Depending on the particular
item, the environmental testing shall include temperature, pressure,
radiation and aerosol concentrations. Testing requirements shall include
considerations of the need for repeated operation during a TMBDB scenario
and the potential for degradation, warping and clogging (because of

aerosol buildup).

Instrumentation Redundancy

There are six subsystems which are considered in the category TMBDB
instrumentation: Containment Pressure; Containment Atmospheric Temperature;
Containment Hydrogen Concentration; Containment Vessel Temperature; TMBLB
Exhaust Plant Effluent Radiation Monitoring; and High-Range Containment
Area Radiation. The staff believes the double redundancy provided for

each measurement in the category is adequate. The staff believes the

LANL recommendation for triple redundancy for these measurements is
unnecessary since the plant operators should respond to the most con-
servative of the two measurements if there is any doubt.

Of the six instrumentation subsystems both the hydrogen concentrztion and
pressure measurements have a backup means of obtaining data. The two
continuous hydrogen analyzers are located in the Intermediate Bay of the
Steam Generator Building. The applicants claim this area is accessible,
prior to and after the initial venting, to obtain grab sample for analyses.
This *s also the station from which carbon monoxide measurements may be
obtained and the information transmitted to the control room. However,
since multichannel gas analyzers are available, the staff believes that
the carbon monoxide measurement could also be accomplished automatically
and made available to the control room, if necessary. The capability

for obtaining a grab sample should remain a backup.

It is not necessary for both readings to be displayed simultaneously to

the operator. However, a means to selectively obtain each reading must
be provided.
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Remaining Issues

The failure criteria for the cell liners under the loadings imposed
by TMBDB temperatures have not been finalized. The applicant has
however committed to a program of analyses and experiments to
resolve this issue (Reference 9). The applicants' plan

includes a confirmatory test program to ge defined jointly with

the NRC, based on the complete liner - stud finite element analysis.
If the test results indicate that design modifications are necessary,
the applicant has several fall-back design options for consideratiun.
The fall-back options that may be pursued include reduction in the
size of the nelson stud, increasing stud flexibility, or increasing
stud spacing.

The staff has examined the applicants' proposed program and schedule
and has concluded that these represent a satisfactory method of con-

firming the acceptability of the present design or developing an
acceptable fall-back design based on feasible alternatives.




A.4.11 Staff Intreduction to Ssubmitted Technical Evaluation Reports

1.

An assessment of Thermal Margins Beyond Design Basis for Postulated
CDAs in the Clinch River Breeder Reactor, R. D. Gasser and S. Hsieh,
Brookhaven National Laboratory, dated December 1982.

The material presented in Attachment 1 raises a number of questions
about the applicants' analysis of TMBDB. The most prominent of

these has to do with the accumulation of deposits of aerosol materials
on the inner walls of the containment shell. I[f these deposits are
fluffy in nature and thick enough they would create an insulating
effect that could interfere with the efficient functioning of the
annulus cooling system. The BNL calculations for a conservative

set of parameters lead to higher temperatures in the containment
atmosphere (about 2200°F) than the applicants had calculated. This
would be unacceptable if confirmed. They also lead to the suggestion
that venting may have to take place earlier than had previously been
expected due to high containment pressure. The TER authors note that
the calculations are conservative. Since these results would be un-
acceptable for the applicants' design, further confirmation was
undertaken.

The staff reviewed the calculations in the TER as well as supplementary
material from the applicants. The thermal resistance calculated in

the TER are based on deposition of aerosols calculated with the M?PEC
(Reference 10) aerosol code. The principal driving force for wal
deposition in this case is thermophoresis. The staff's examination

of these deposition calculations indicates that the results appear

to be somewhat higher than would be expected from the HEDL tests in

the CSTF facility, (Reference 11) even after correction of the HEDL
data for the nigher heat flux of the CRBR.

The suggestion has been made that the heat flux should be reduced

as the surface deposit builds up, so that thermophoretic deposition
as calculated by the MSPEC code would be reduced in the later stages
of the accident. The staff does not think that a major correction
is warranted due to this effect, since changes in heat flux are
probably minor.

The BNL calculation of the thermal resistance of the deposited layer

(as calculated by MSPEC) is probably satisfactory. An arbitrary 50%
increase in the mass of aerosol deposited has been more than compensated
by a Tow estimate of the porosity of the deposit.
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The BNL calculation is certainly conservative in assuming that the
full thickness of the deposit would be present from the start of
the calculation, rather than building up gradually during the boil-
off period. A re-examination of this assumption has led the staff
to conclude that the buildup of the deposits would not have a
significant effect on heat transfer prior to venting, and hence the
time for venting would not be advanced.

The staff also notes that the presence of sodium hydroxide in the

wall deposit has been neglected in the BNL calculation based on the
interpretation that the concrete floor is the only source of water,
and this would be absorbed in floor deposits rather than on walls.

The applicants have pointed cut, however, that the burning of hydrogen
in the containment atmosphere is a major source of water and that this
water can lead to sodium hydroxide in the wall deposits. Sodium
hydroxide is expected to reduce the thermal resistance of the wall
deposits, especially if the deposits reach temperatures approaching
the melting point of NaOH (around 600°F).

The applicants have recalculated the containment atmosphere temperature
based on wall depositions that they believe are more realistic. They
have modeled the gradual buildup of the deposition to a thickness that
appears to be conservative with respect to the HEDL tests. This model
leads to a maximum temperature in containment of about 1550 F at 110
hours. The applicants suggest that this temperature may be reduced
even further as a result of more careful analysis and testing. Even

if it became necessary to design the critical TMBDB equipment to a
temperature around 1550°F, the applicants believe that this is

feasible (Reference 12).

The vital equipment systems required here are the thermocouples, the
pressure transducers, the purging isolation valve, the atmosphere
monitoring systems and the cleanup system itself. Thermocouples,
valves and pressure transducers are feasible at temperatures of
1550°F; the atmosphere monitoring system merely extracts a sample
for analysis elsewhere and can be designed for 1550°F; and the
cleanup system can be protected from excessive temperature by an
increased water supply reservoir if necessary. The major structural
components would be subjected to lower temperatures because of the
insulation value of the aerosol deposits.

The staff therefore agrees with this assessment and will require
that analysis and possible experimentation be continued to assure
that a feasible limit, of about 1550°F or less, will not be exceeded
in the later stages of the accident.




Another point raised in the TER is that the CACECO code is not sufficiencly
validated. The staff recognizes that the code has imperfections, but

finds that sufficient documentation has heen suomitted by the applicants

to support the major features of the code. Some of the criticisms

raised in the TER are now recognized to be beyond the scope that can

be expected in a code of this nature.

In one other area, the BNL analysis has adopted a different inter-
pretation of the accident procedures than the applicants, leading to
significantly different results. This is the criterion for venting.
The time at which this criterion is met is calculated by CACECO. The
TER notes that a containment pressure criterion for the initiation

of venting is more appropriate in some scenarios than the hydrogen
concentration criterion. The CACECO calculations reported in the TER
used a pressure of 1.5 times the design pressure for the criterion
(1.5 x 10 psig = 15 psig), thus leading to vent times on the order of
15 hours for a realistic upper bound concrete penetration rate. The
staff has concluded that a more realistic failure pressure criterion
can be used in the considerations for TMBDB. Since it has been
determined that a failure pressure about four times the design pressure
can be realistically expected, the staff believes that a venting
criterion about 3 to 3.5 times the design pressure can be used. This
will extend the vent time to the neighborhood of 24 hours, in closer
agreement with the previous expectations on this subject.

The staff believes that the BNL TER has raised questions about the
CACECO calculations that will require some further refinement and study.
Many of these are small corrections that affect the sequence of events
and their timing in minor ways. The two major points that appeared to
represent potentially major problems are the accumulation of aerosols
on the containment walls and the calculated reduction in vent time.
The accumulation of aerosols on the walls has been recalculated based
on the recent experimental data, and found to be less of a problem
than originally thought, so that the feasibility of the system to meet
the design criteria is not in question on this account. The ear'ier
vent time is associated with a pressure criterion that appears to be
more conservative than necessary. The staff has therefore concluded
that neither of these items present major feasibility problems for

the applicants' TMBDB concept.

Final Technical Evaluation Report of Thermal Margin Beyond Design Basis
Features, by T. A. Butler et. al., Los Alamos National Laboratory,
dated January 1983.

In this TER, the authors have evaluated the criteria used to design
the TMBDB features and the feasibility of the applicants' design.
The authors have provided a favorable evaluation of the TMBDB design
requirements.




The extreme containment atmosphere temperatures calculated in the
BNL TER were furnished to LANL too late for their incorporation.
It has already been pointed out that the BNL temperatures are
conservative in several respects.

The staff and the authors of the LANL TER consider that feasible
modifications to the applicants' design could accommodate considerably
higher heat loads at the end of the sodium boil-dry period, if this
should prove necessary. Nevertheless, as these temperature calcu-
lations become refined, the applicants will re-evaluate the key TMBDB
features against whatever heat loads are indicated for the FSAR.

We have concluded that with successful completion of the confirmatory
analysis and testing and consideration of fall back positions, an
acceptable design will be developed before fabrication of cell liners.

Review of the Interaction of Sodium with Concrete and Other Materials,
by D. G. Swanson and J. N. Castle, Applied Science Associates
(prepared under contract to BNL) September 1982.

In this report the authors have collected and summarized a great deal
of information from the background of experiments on reactions of
sodium with various types of concrete. This review, together with
the views of other consultants at Sandia and the reviews presented
by the applicants, have helped the staff to reach its conclusions
regarding sodium concrete reactions in the TMBDB framework. These
conclusions are that the applicants have evaluated this system
against a sufficient spread of conditions to enclose the principal
effects from all the available experimental data on sodium concrete
interactions.

The applicants have proposed the use of a dolomitic lTimestone aggregate
in their concrete because of its availability onsite. The dolomitic
limestone has a higher magnesium and lower calcium content than the
calcitic limestone that has been used as aggregate in most of the
limestone concrete interaction tests with sodium.

At the time of the preparation of the report by Swanson and Castle,
the authors found that there was insufficient information on the
comparability of dolomitic and calcitic limestone concrete to support
the switch to dolomitic limestone. There has now been a very care-
fully controlled set of calcitic and dolomitic comparative tests
between HEDL and Sandia on the 1-ft. diameter scale, plus a number of
smaller independent tests. After reviewing the present state of
information, our consultants at Sandia have withdrawn their previous
objections to the use of dolomite in this application. They believe
that although the chemical differences between the two materials
produce observable changes in reaction rates, that these do not lead
to higher overall penetration rates, or to higher pressure or pressure
spikes in containment. Swanson and Castle now also concur with this
view.




The staff has reviewed the available information on this matter and has
concluded that the use of local dolomitic aggregate will not be detrimental
to the TMBDB aspects of the CRBR concrete. In regard to the recommendation
that concrete protective materials should be further investigated, the
staff now believes thet sufficient testing on ordinary concrete has been
completed to demonstrate that these reactions will not exceed the capacity
of the TMBDB mitigation systems.

A.4.12 Post TMI Requirements

The Post TMI requirements for light water reactors under degraded core
conditions are listed in NUREG-0660. Of these, the requirements of
Section I1.B.8 deal with the production and possible hazards of large
volumes of hydrogen, and therefore their applicability to CRBR has been
reviewed. It has been found that requirements II.B.8(3), on hydrogen
control, and 11.B.8(4), on assurance of containment integrity in the
event of hydrogen generation, are applicable, in modified form, to
CRBR. The staff has reviewed these items and has determined that the
design proposed by the applicants does provide for the fulfillment of
these requirements and is acceptable in this regard.
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1. INTRODUCTION ANG SUMIARY

Upon resumption of the licensing procedures for the (linch River Breeder
Reactor Plant (CRBRP), Brookhaven National Laboratory was requested by the
NRC to Egﬁfonm a review of the T?gak (Thermal Margins Beyond the Design Basis)
report, A praliminary report of that review was supplied to the NRC

in April 1982,

In order to facilitate the resolution of particular 1SSE§i related to con-
tainment analysis, Brookhaven acquired the CACECO code, The CACECO code
was developed at the Hanford Engineering Development Laboratories (HEDL) for
the purpose of analyzing the response of the containment to hypothetical core
disruptive accidents (HCDA's) in liquid metal cooled fast breeder reactors
(LMFBR's). The CACECO code was used to perform “over-check" calculations on
the .RBR Project's “"Baseline" Case, and the "Extreme Penetration" Case. In
addition, sensitivity studies were run for these cases and an attempt was made
to perform the "Realistic Upper Bound" (RUB) cases which were suggested by the
Project and by the NRC to be more reprasentative of the most severe sodium-
concrete reaction rates observed in the experiments. The results of the
CACECN analysis are presented and discussed in Section 3.

Under su?iﬁntract to BNL, Dr. Swanson of Science Applications, Inc. performed
a reviewl®! of the available experimental data related to the reactions of
liquid sodium with concrete. His report is included here as Attachment 3 to
Appendix A,

It has be:n perceived during the course of this review, particularly as a re-
sult of the technical exchange meetings, that a modification has occurred in
the position taken by the Project staff regarding the acceptable time limit
for containment vent initiat‘on. Although a minimum vent time has never bzen
specified in a formal manner, a vent time in excess of 24 hours has, since the
inception of the CRBR licensing procedures, been used. Apparently, the Pro-
ject staff have changed their position regarding a "guaranteed" minimum vent
time criterion to a position which implies dependence on the TMBDB design fea-
tures, namely the vent, purge, and cleanup systems. Presumably, if it can be
demonstrated that the cleanup system can be relied upon under all potential
accident conditions to remove a sufficient fraction of the radioactive source
materials, the requirement for a minimum vent time becomes irrelevant (except
with respect to the noble gas sources which cannot be filtered). This posi-
tion essentially assigns most of the CRBR issues such as sodium concrete reac-
tions, and hydrogen production to positions of secondary importance. If the
Project's position has been correctly interpretnd, the primary issues now re-
late to the reliability of the vent, purge, and cleanup systems as well as the
reliability of the TMRNDB-related reactor containment building instrumentation,
The TMBPB instrum:ntation will be called upon to supply the operator with
swift and accurate information regarding the conditions (temperature, pres-
sure, Hp concents ‘tior) within the RCB upon which subsequent operator action
will he based.

In view of the above assessment of the Project's position, those issues which
have been identified, both elsewhere and in this review, related to the func-
tioning of the vent, purge, cleanup, and TMBDB instrumentation systems, are
the most critical issues. These issues (see Sections 2 and 3) include; sizing
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of the cleanup system to account for greater thermal loading (Section 3), the
potential for plugging in the cleanup system vent lines and in the instrumen-
tation sampling and sensing equipment, the accuracy of extrapolating experi-
meritally obtaired scrubbing system efficiencies to full scale equipment, and
the reliability of the TMBDB instrumentation in the RCB environment.

With respect to the TMBDR assessment of the post-accident containment environ-
mental conditions, a number of issues remain (see Section 2). However, one
issue seems to take precedence over the others. In their CACECO code analysis
of the containment conditions in beyond-design-basis situations, the Project
has not considered the effects of the presence of “plated-out" sodium combus-
tion profgcgj on heat transfer processes. There exists plentiful experimental
evidencel?,%] suggesting that these combustion products will be layered ex-
tensively on both vertical and horizontal surfaces within containment. The
analysis performed at BNL and reported in (Section 3) seems to demonstrate
that, if these combustion product layers are considered in the CACECO analy-
sis, the post-accident containment conditions are more severe than those re-
ported in the TMEDB assessmen.. The primary factor is the insulating capabil-
ity of the loosely consolidated materials. The result is that heat transfer
from the containment atmosphere to the passive heat absorbing structures in
containment is inhibited, so that atmospheric temperatures and pressures are
correspondingly elevated. These more severe conditions will impact the acci-
dent sequence in several ways. DNue to higher containment pressure, venting
must be initiated earlier. If a venting criterion based on 1.5 times the
design pressure is used, the Project's baseline case, for example, should be
vented at 22 hours compared to 36 hours for the uninsulated configuration,
Similarly, the "Extreme Penetration" case would require venting at 2.5 hours
as opposed to the Project's estimate of 10 hours. Clearly, the vent initia-
tion times are significantly effected. What is also clear is that venting
should be initiated not solely on the basis of hydrogen concentration, but
also on the basis of containment pressure. In fact, all the insulated cases
studied in this analysis required venting on the basis of overpressure rather
than hydrogen concentration. Because less of the energy, both nuclear and
chemical, is absorbed by the structural components of the containment build-
ing, much lTarger thermal loadings will be placed on the cleanup system. Thus,
both the capacity and the reliability of the cleanup system may require re-
evaluation. An insulating layer of combustion products on the containment
shell will almost certainly inhibit the efficiency of the annulus cooling Sys-
tem, and may, in fact, render it essentially ineffective. The largest differ-
ence seen between the Project's cases and the insulated cases occurs Subse-
quent to the initiation of the vent/purge systems when the annulus cooling
system is functioning. Finally, the containment conditions appear to be suf-
ficiently extreme that doubt may be cast on the survivability of the currently
proposed TMBDB-related instrumentation and sensing devices. For example, the
peak temperature in the baseline case is increased from 917°F to 2188°F, while
the average temperature subsequent to vent initiation was increased from about
750°F to approximately 1850°F. These differences are not insignificant and
impact the design of the TMBDB systems. On the other hand, by virture of the
insulating effect of aerosol plateout, the thermal loading on the containment
building structure is to some extent mitigated. Although the higher contain-
ment pressure requires somewhat earlier venting, as Tong as venting occurs
soon enough to save the structure from failure by over-pressure, the threat to




the containment building itself (due to high temperature 1in structural mem-

bers) 1s less severe.

Witk regard to the baseline scenario, 22 hours has been recommended as a rea-
sonable vent initiation time based on the analysis in Section 3. This still
leaves a margin of 13 hours over the est imated 9 hour evacuation time, ana, if
a design pressure factor of 1.75 is used (rather than 1.5) the vent time can
be extended to meet the 24 hour venting quideline.

2. DISCUSSION OF ISSUES
The purpose of this section 1s to re ]ﬁw the 1ist of issues that were identi-
fied in the preliminary TMBDB rpvwwr with the intention of resolving as
many of these as possible, identifying those that remain unresolved, and per-
haps recognizing new areas of concern that have appeared in the interim. The
be to restate each issue verbatim as they appeared in the pre-
(identified by Item) foliowed by a section which gives the
of resolution (identified by

procedure will
liminary review
status of the issue with regard to 1ts deqgree

Status).

Temerature

2.1 Heat Transfer and Factors Directly Affecting RCB Pressure anu

In the absence of an active containment heat removal systems for CRBR, the

Project's thermal analysis relies heavily on the collective heat capacities
of the passive heat structures in the RCR in order to meet the 24 hour ventina
(130 hrs), nearly 80% of

. criterion. By the time that boil-dry has occurred
: the original sodium inventory has been transferred into the RCB and at least
. 166,000 1bs of this is oxidized (the quantity of Na needed *v remove all the
= 7 oxygen). The plate-out of this quantity of aerosal on the containment shell
and other passive heat sinks will form an insulating layer of porous material

that may significantly inhibit heat transfer to these structures. A large
fraction of the containment heat capacity lies in the reactor confinement
structure outside of the RCB steel shell. Effective insulation of the steel
shell by aerosol plate-out would not only 1imit the heat storage capacity of
the shell itself, but would limit the radiative and convective heat transfer
to the large concrete structure behind the shell.

Such an insulating layer has not been considered 1n the Project's thermal

analysis.

Status

The insulating effect of aerosols plated out on the containment walls and pas-

sive heat structures in the RCB is seen as one of the more important 1Ssues
which has not been satisfactorily resolved. The preject responded to this

jssue by performing a CACECO run 1n which the RCR structures were coated with

a laver of aerosols, Unfortunately, the case was only run out to the point a
»

ircrease 1n the pres-
)4

L

which venting was initiated. Their results indicated an
sure at 36 hours (venting time) of about 3 nsi and a temperature increase



about 80°F, Evidence exists[5.,6] that thermophoresis plateout will be con-
siderable on structures in the containment building and that the 1E311at1nq
effect r:y he more pronounced than that calculated by the Project. A
CACECO cese (given in detail in Section 3) was performed at BNL in which the
Project's baseline case (1/2"/hr for 4 hrs Na-concrete penetration rate) was
modified to include a layer of aerosols on all RCB structures. This case
showed a peax temperature at 39 hours of about 2200°F as opposed to 920°F for
the baseline case. Because more of the heat generated by fission product de-
cay and by the various chemical reactions is retained in the atmosphere and
not absorbed into containment structures, the heat load on the containment
cleanup system may be considerably greater than previously predicted. Also,
the higher temperatures may adversely effect the structual capability of con-
tainment and reduce the usefulness of TMBDB instrumentation. These results
should be considered in the final cleanup system design.

cele?2

Item

In terms of the solution of the atmospheric eneirgy equation; the solid sodium
combustion products remain in the atmosphere in the sense that they are as-
sumed to be in thermal equilibrium with the atmosphere. This is non-conser-
vative on two points. First, as pointed out in 2,1.1 above, plate-out of
these materials will inhibit heat transfer to the passive heat sinks.
secondly, the presence of this large mass of aerosols in thermal equilibrium
with the atmosphere provides the atmosphere with a large and instantaneous
heat sink which will artificially depress the containment temperature and
pressure,

This issue has not been resolved. The project has verified that in the CACECO
code modeling the sodium combustion products are held up in the atmosphere and
are an integral constituant of the atmospheric energy equation. In terms of
the atmospheric temperature and pressure, this modeling is non-conservative.
The Project feels that although the error is on the non-conservative side, it
1S not a significant one. They have, however, done no calculation to deter-
mine the extent of the error.

Redsd
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In the baseline case (Chap. 3, Ref. 1), the thermal analysis of the contain-
ment shell and the confinement buildina is carried out in two steps outlined
in Section 3.2.2.2. There is some confusion as to exactly how these calcula-
tions were performed. The statement is made that the CACECO code calcula-
tions determine the heat load to the containment shell and the TRUMP code cal-
Cculates the response of the shell and the confinement building to this load.
To start with, this is a coupled problem and apparantly no attempt was made to
iterate between the two codes to insure that enerqy is conserved, Secondly,
it is not clear whether this uncoupled analysis commences immediately (at the
veginning of the CACECO analysis) or only when the annulus cooling system is




turned on. It appears from the nodalized structure (Fig. 3-27, Ref. 1) that
the air space is treated by the TRUMP code as a stagnant air volume. Clearly,
this is not appropriate when the annular cooling system is initiated at 36
hours.

Reference to the CACECO input parameters for the baseline case prior to 36
hours indicates that heat is transferred by natural convection from the RCB
atmosphere to the shell and frcm the shell to the confinement wall by radia-
tion. This is not consistent with Section 3.2.2.2 which states that heat is
transferred from the shell to the confinement by radiation and from the shell
to the annulus air space by convection. Subsequent to 36 hours, a constant
convection heat transfer coefficient is added, but the bulk temperature to
which the shell transfers heat by convection is not defined in the input. If
the undefined input parameter is initialized to zero, the heat transfer rate
out of the RCB may be grossly overpredicted even when the insulating effect
discussed in (2.1.1) above is neglected.

More information is needed regarding the use of the TRUMP code in connection
with the CACECO code for thermal analysis of the containment-confinement
walls,

Status

The use of a separate code to model the annular area between the containment
shell and the surrounding concrete structure was necessary due to the fact
that CACECO is limited to 4 separate containment volumes, and to the fact that
it cannot model the forced convection due to fan flow in the annulus cooling
system. However, the criticism of the calculational approach remains valid.
This is a highly coupled heat transfer problem which has been uncoupled in the
solution. It is not clear whether the approach is conservative or non-conser-
vative. The issue, therefore, at this point remains open.

2.1.4
[tem

Heat transfer between the cavity atmosphere and the non-submerged cavity walls
is via natural convection until "depletion of non-condensible vapors" occurs
(p. 3-33, Ref. 1). Subsequently, a sodium condensation heat transfer coeffi-
cient is used. It is not specified what is meant by "depletion” in the pre-
sent context. It is a well established fact that very small quantities of
non-condensibles (less than 1 volume percent) will strongly inhibit the con-
densation heat transfer rate. On the other hand, condensation processes in
the presence of quite large volume fractions of non-condensibles can produce
effective heat transfer coefficients considerably in exc:ss of those typical
for natural convection. Since the temperature drop, across the condensing film
is neqligible, no iteration is necessary and it is a relatively simple task to
calculate the condensation heat and mass transfer rates as functions of the
atmosphere-to-wall temperature difference and the concentration of non-
condensibles.
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Status

Updates to the CACECO code which were not present in BNL's version of the
CACECO manual (and were, therefore, unknown to us) have supplied a condensa-
tion heat/mass transfer model to the code. That a model does exist in CACECO
for condensation is no longer an issue. There are, however, some minor ques-
tions regarding the details of the model. A cursory review of the model re-
veals that it is strictly a diffusion model in which convective effects are
ignored. In the present application, this drawback seems to be relatively in-
significant, so that this point may be considered to be resolved.

2.1.5
Item

There exists a gap between each of the steel liners and the concrete walls
which the Tiners are designed to protect. Heat transfer from the cavity at-
mosphere to the wall is modeled by a single heat transfer coefficient which is
input as a tabular function of the temperature difference between them. In
reality, several heat transfer processes are involved. Heat is transferred to
the Tiner by convection (hyc), condensation (hjc), and radiation from the

pool (hir)° Heat is trans}erred from the liner to th~ concrete wall by nat-
ural convection before significant out-gassing cammences, by forced convection
(hic) afterward, and by radiation (h2,) during the entire process. Since

the radiative component on the cavity side is a function of the pool tempera-
ture and not the AT between the atmosphere and the wall, and since the conden-
sation heat transfer coefficient is a function of the cavity-to-wall AT as
well as the concentration of non-condensibles, the heat tranfer coefficient
cannot be accurately cast into the form described above. These individual
heat transfer coefficients should be mechanistically evaluated, and the over-
all coefficient calculated by:

1
h =
eff
_‘_.l__+ _____l__+_6_
h1c*h1c+hir h2c+h2r K
where k is the equivalent heat transfer coefficient through the steel liner.

5
Status

The primary concern in this issue is the time at which pool boiling occurs or
more specifically the time at which sufficient sodium vapor pressure exist to
self-ignite the hydrogen as it is vented into contaimment. If heat could be
transferred from the pool®to the surrounding cavity walls more rapidly, pool
boiling could be delayed long enough to build up higher Hp concentrations in
the RCB before ignition occurs. The Project performed sensitivity study by
increasing the thermal conductivity of the concrete in the cavity walls by z0%
(.12 to .14 Btu/ft-hr-°F), This allows more efficient transfer of heat away
fram the pool. In order to ascertain the effect of even more efficient heat
transfer, a similar case was run at BNL in which the thermal conductivity of
the perlite concrete was increased to 0.2 Btu,ft-hr-°F (67% increase). The
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time required to reach pool boiling was not significantly increased. Appar-
ently, the decay heat and the chemical energy inputs to the pool overpower the
heat losses so that even pessimistically high heat transfer rates do not re-
sult in significantly greater Hy concentration in containment.

2.1.6

Item

Some of the graphs show calculated data out past 130 hours which is the time
at which the CACECO analysis was terminated. How were the pressures and tem-
peratures obtained for these times?

Status

This question has been resolved. The graphs in question were temperature
plots of heat structures. The data was obtained by the TRUMP code not the

CACECO code.
2.1.7

[tem

Other than the first “spike" in the temperature history which is due to an
adiabatic hydrogen burn, it is not at all clear what causes the wildly fluc-
tuating RCB atmospheric temperatures (Fig. 3-6, Ref, 1). These temperatures
appear to oscillate between about 600°F to about 900°F with a period of
roughly 20 hours subsequent to incipient pool boiling. In the absence of any
active or passive cycling phenomena, this behavior is not understandable.

Status

This issue is resolved. The shape of the temperature curve can be explained
by various events such as Hp burns, oxygen depletion, and cell liner fail-
ures.

2.1.8

Item

It is stated (p. C.1-2, Ref. 1) that additional sodium that may be pumped into
the vessel by the makeup system is ignored and that this is conservative in
terms of containment loading. This is not obvious particularly in light of
point (2.1.1) above.

Status

This remains a legitimate issue. In addition to the extra aerosols that would
be generated, a larger sodium pool would heat up slower with a correspondingly
larger Hp concentration in the RCB. This is the same sort of effect dis-
cussed in 2.1.5 above.



2.2 Sodium-Concrete Reactions

2.2.1
[tem

The issues regarding the sodium-concrete reaction rate and total penetration
have not yet been resolved. It is apparent that a number of parameters such
as pool depth, mass, initial sodium temperature, and scaling factors, among
others, effect the sodium-concrete reaction kinetics. In some of the large
scale tests performed at Sandia, penetration rates were observed considerably
in excess of the most rapid rates used in the present analysis (1/2 in/hr for
4 hrs in the baseline case, and 1 in/hr for 12 hrs in the most extreme case).
The present analysis, therefore, must be considered incomplete and non-conser-
vative since the penetration rates characterized by these experiments have not
been considered. Prototypical experiments should be performed to finally (if
possible) resolve the differences between the HEDL and Sandia experiments,

Status

It is concluded that, although none of the present models which have been used
to describe the reaction of sodium with concrete are entirely adequate, there
is sufficient experimental data available to make a reasonable estimate of the
sodium-concrete reaction rate and total penetration distance (see Ref, 4 for a
review of the Na-concrete experimental program). The Project has analyzed a
case (the "extreme penetration case") in which the penetration rate was 7 in/
hr for 3 hours with 1 in/hr thereafter. This rate is much higher than any-
thing that has been observed in the experiments. A penetration rate of 7 in/
hr for 20 minutes followed by 1 in/hr has been suggested by the Project to be
a "Realistic Upper Bound" (RUB) rate which adequately bounds the experimen-
tally observed data. The NRC would prefer the RUR rate, in the interest of
conservatism, to be 7 in/hr for 1 hour and 1 in/hr thereafter. Both of these
cases were calculated at BNL and the results appear in Section 3.

2.2.2

[tem

A final decision has not yet been taken with regard to the basemat material,
although the Project has seriously considered the use of Dolomite concrete
rather than the calcite based concrete, which was considered in the present
analysis. If Dolomite is selected as the basemat material, this type of ag-
gregate should be experimentally investigated with respect to its chemical
behavior in the presence of sodium. There are indications that those reac-
tions may be considerably more severe.

Status
Several experiments have been performed and several more planned in an effort
to normalize dolomite concrete to calcitic concrete in terms of the sodium-

concrete reaction. No significant differences have been noted and, although a
statistically significant data base is not available for dolomite concrete, it
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is felt that, barring any unexpected results from future dolomite experiments,
the data established in the sodium-calcitic concrete reaction experiments will
be applicable. (See Pef. 4 for further comments).

2.2.3

Item

The TMBDB analysis utilizes a reaction heat for the sodium-concrete reaction
of 331 Btu/1b (concrete). This number was obtained from a calculation made
utilizing data acquired from a Differential Thermal Analyzer. It is our un-
derstanding that this equipment is not an appropriate instrument for olt ining
heats of reaction. This data should ideally have been obtained using a cal-
orimeter. If the heat released by the reaction of the water vapor and the

CO, present in limestone concrete is added and the heat of vaporization is
subtracted, the result is about 1350 Btu/1b of concrete. Obviously, some of
this energy is used in breaking the bonds to release the C0O, from the car-
bonate radical and the water from the hydrate bond. Nevertﬁeless, this reac-
tion heat is over 4 times that used in the TMBDB report. There exists a de-
gree of uncertainty in the reaction heat, and since consideration of penetra-
tion rates consistent with the Sandia tests must ultimately be made, the
energy released in the Na-concrete reaction may be comparable to the decay
heat, and a reasonable estimate of the heat of reaction will be important.

Status

So far as we know, the differential thermal analyzer is not the instrumenta-
tion of choice for determining reaction heats. Criticism of the experimental
methods for “measuring" the heat of reaction of the sodium-concrete reaction,
therefore, remains in place.

2.2.4
[tem

The CACECC code modeling allows for the addition to the pool of heat generated
in the “sodinm concrete reaction." This heat is specified through a "heat of
reaction.” In addition, water vapor and carbon dioxide, which are out-gassed
from the concrete (behind the failed floor liner), are bubbled through the
pool. The vapor and gas are in turn reacted with sodium, and their reaction
heats are also added to the pool. This modeling appears to be inconsistent,
since a large component of the sodium-concrete reaction heat comes precisely
from the reactions of these constituents with sodium. It is questionable
whether the concept of a "reaction-heat"” can be applied to the attack of so-
dium on concrete. As the reaction front proceeds into the concrete, it will
encounter concrete which has been progressively more "degassed" by the earlier
passage of the thermal front (unless the pentration rate is greater than the
thermal front propagation rate). The effective sodium concrete reaction heat
must, then, be adjusted according to the quantities of reactants still present
in the local reaction zone together with the quantities of reactants that are
diffusing into the zone due to the thermal front propagation. It appears,
therefore, that the CACECO treatment of the sodium-concrete reaction may be
accounting for reaction energies redundantly.
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Status

This issue has been successfully resolved. Apparently *he "heat of reaction"
for the Na-concrete reaction does not include the heats or reaction of water
vapor and COp which are constituents of the concrete. The heat of reaction
includes the reaction heats for all the reactions except the iast in which
Hy0(V) and COy react with the sodium pool.

2.3 Chemical Reactions in the RCB

- Iy |
[tem

The TMBDB report assumes that sodium vapor entering the atmosphere is reacted
only with oxygen if the mole fraction of water vapor is less than that of oxy-
gen. The rationale for this assumption is unclear. It is equally as reason-
able to assume that sodium will react with oxygen and water vapor according to
their mole fractions. If the calculation is performed with the latter assump-
tion, two things can happen depending on the temperature of the reaction zone.
[f the reaction zone temperature is low enough, the hydrogen produced in the
sodium-water reaction may not be burned. In this case, the CACECO modeling is
non-conservative in that it does not allow for the accumulation of hydrogen
from this source. If the reaction zone temperature is high enough and the hy-
drogen is burned, then the assumption is still non-conservative in that, al-
though the heat of reaction is slightly larger in the event that only oxygen
is consumed, the inventory of gases remaining in the atmosphere after the
reaction is greater with the latter effec. dominating the former.

Status

The Project basis this criterion on experiments conducted at HepL[8] in

which a jet of sodium vapor was introduced into a chamber containing varying
quantities of Hp0(V). In these experiments, the formation of hydrogen was
observed to be negligible for Hp0(V) concentration less than the 07 con-
centrations. Our position is that the sodium vapor was probably combined with
water vapor in proportion to its concentration but that the reaction zone was
sufficiently hot so that the Hy thus formed was itself burned in the oxygen
present and therefore, not observed in_the exhaust gas measurements. The so-
dium vapor density in the jet (20 qm/m3) was not varied to determine if a
slow accunulation of Hp might result from a lower concentration of Na ia the
jet or from a slower f?ow rate of sodium vapor into the test cell.

N W
Item

Water vapor entering the containment building is constrained to react with
Nap0 to form NaOH rather than accumulating in the atmosphere (p. 3-4, Ref.

3, Item C). The arqument is that water entering the RCB atmosphere from the
concrete heat structures must pass through the layer of sodium combustion
products plated out on these structures. This arqument is inconsistent. As
pointed out in (2.1.1) and (2.1.2) above, such a layer is not accounted for in
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terms of heat transfer to the structures, and the reaction products are as-
sumed to remain in thermal equilibrium with the atmosphere (as if suspended,
therein). A further argument maintains that even after the oxide is consumed,
water will be preferentially held up in this layer due to its affinity for
NaOH. However, the accumulation of water in such a layer cannot exceed that
which is allowed by saturated conditions. In addition, some of the water
vapor that enters the containment comes through the vent system from cell 105.
The effect of this modeling is that water vapor does not accummulate in the
containment building. This is non-conservative with respect to hydrogen pro-
duction since water vapor is rendered artificially unavailable for reaction
with the sodium vapor that is being vented into the RCB from the pipeway cells
with the possible accumulation of hydrogen from this reaction.

Status

This question was transmitted to the Project staff before the first technical
exchange meeting (3/17/82) and they responded during that meeting. The Pro-
ject's response that this item is not an issue and that if water vapor 0p

or COp exists in the atmosphere they will react with Na first before reac-
ting with Nay0. Basically, the Project staff answerad the wrong question.
As long as Na;ﬂ exists in a cell, water vapor will not accumulate in the
atmosphere. The order in which chemical reafgﬁons are calculated in the
CACECO code is outlined in the User's Manual Ep. 3-4, Item ), The
Ho0(V)-Nap0 reaction is caiculated before the Na(V)-Hp0(V) reaction

and it goes to completion in each time step so that as long as an excess of
sodium oxide exists, water vapor cannot enter the atmosphere in order to be
available for reaction with sodium.

2.3.3

Item

The presence of electrical cable insulation materials, thermal insulating ma-
terials, and other material composed of hydrocarbon or halogenated hydrocar-
bons can decompose in the post-HCDA containment environment and/or react with
sodium vapor. The range of reaction products is quite extensive. Some of
these products include solid compounds which are explosively unstable. Some
can react with water vapor to form acetylene which can decompose explosively
even without the presence of oxygen. A careful inventory of these classes of
materials should be made for the containment building in order to assess the
potential danger from the more exotic reaction products.

Status

This question has not yet been addressed by the Project. In view of the re-
sults obtained in the "aerosol insulated" cases, the temperatures in contain-
ment may be higher than reported in the TMBDB report so that the potential for
the formation of some of these materials may be greater. This concern, there-
fore, remains.
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2.4 Hydrogen
2.4.1

Item

The CACECO code modeling for hydrogen flammability is outdated. There is a
great deal of readily available information obtained in LWR hydrogen-related
investigation. One of the criteria for venting and purging is based on a 6%
hydrogen concentration. The flammability 1imit for hydrogen is about 4%, and
more recent data indicates that a Ky burn occurring at 6% would burn about
53% of the available hydrogen. In addition, CACECO modeling does not provide
for the formation and accumulation of carbon monoxide. The presence of CO
together with hydrogen could result in burns which occur at lower Hz con-
centrations. This may be a problem, particularly after sodium boil-dry when
the debris begins to re-melt.

Status

In general, the comment regarding the Project's overall treatment of hydro-
gen flammability is still appropriate. The hydrogen flammability 1imits used
by the Project do not reflect the latest available information, and the com-
bined effects of hydrogen together with other flammable gases such as carbon
monoxide have been ignored in the TMBDB assessment.

2.4.2

Item

After the release of hydrogen from the sodium-water reaction, the CACECO mod-
eling provides for the hydrogen to cambine with sodium to form the hydride,
NaH. The hydride is retained in the sodium pool until some specified tempera-
ture and/or pressure condition is obtained at which time it is decomposed,
thus releasing the hydrogen to be carried into the RCB. It is probably no
coincidence, however, that this criterion keeps the hydrogen confined in the
pool until enough sodium vapor is available (pool temperature approaches the
boiling point) such that the mixture will ignite and burn upon reaching the
containment atmosphere thus avoiding any significant accumulation of hydro-
gen. There is no indication however, that this is a credible mechanism by
which the desired end may be obtained. Reference to the inorganic chemistry
texts (Appendix II) reveals several important facts regarding the formation
and stability of the hydride. First, when the conditions are right for the
formation of the hydride, actual formation is strongly controiled by kinetics
and by the transport of hydrogen through the pool (pool depth, etc.). Sec-
ondly, the decamposition of the hydride is not kinetically controlled, but
rather is specified by tne equilibrium conditions. Third, the temperature
range is extremely narrow over which the hydride can exist. In the neigh-
borhood of atmospheric pressure, the hydride will not form until about 350°C
(6€2°F) and will be almost completely dissociated at 430°C (806°F). Since the
sodium enters the cavity at about 990°F, there is little, if any, potential
for the formation of sodium hydride.
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The Project employs the results of experiments performed by Hhittingham[4]

to "estimate"” the equilibrium quantity of sodium hydride in the pool. (See
Appendix 11 pp. 50 and 51, Ref. 2 for a more detailed discussion of these
experiments and their application to CRBR). In general, these experiments
were performed at low temperature where the sodium hydride concentration is
relatively high. The temperature range was extremely narrow (610-677°K). The
project has extrapolated the results of the Whittingham experiments to temper-
ature far beyond the range of application justified by the experiments and
into a temperature range to which the assumptions of the model do not apply.
No direct measurement of sodium hydride concentrations have been made over the
appropriate temperature range. It is our opinion that only trace quantities
of this comoound will exist in the post-HCDA sodium pool and that before
credit can be taken for its existence under these conditions, the appropriate
direct measurements must be made to establish the actual concentrations under
prototypic conditions.

If the quantity of water vapor entering the sodium pool before incipient boil-
ing (as calculated by CACECO for the baseline case) is reacted and the result-
ing hydrogen is released to the containment building, a 6% concentration would
be predicted. This implies that by the Project's criterion (6% Hy), the
containment would have to be vented and purged at or about 9 hours.

If this quantity of hydrogen were completely burned adiabatically in the RCB,
the peak pressure would be about 5(.3 psia (33.4 psig) and the temperature
would be 1320°F. This is in excess of the estimated failure pressure (30
psig) and even if the containment boundary was not breached, it is doubtful
that necessary instrumentation and equipment would survive.

Status

The Project maintains that although sodium enters the cavity at a temperature
well in excess of the NaH decomposition temperature, a finite concentration of
NaH will exist in the pool fVﬁn at or above the boiling temperature (1618°F).
The Whittingham experiments 9] were referenced as evidence for this posi-
tion. In addition, the Project staff claims that even without the formation
of NaH the hydrogen concentration would not exceed 5.2% and would, thus, be
acceptable (below the 6% venting criterion).

This question has been discussed in detail above. Essentially, our point is
that since the sodium temperature is, at the lowest point, several hundred
degrees above the decomposition temperature, only trace quantities will exist
under these conditions. With regard to the experiments, they were conducted
at a low temperature (within the narrow temperature range in which NaH is
stable), and the sodium hydride concentration was not directly measured,
Without direct measurements of sodium hydride and dissolved Hp in the ap-
propriate temperature range, there is no basis for the quantitative calcula-
tion of equilibrium hydrogen holdup in the pool. In addition, we estimate
that the Hp concentration at the time of incipient pool boiling is about
5.8% and that other sources of hydrogen may be present during the course of
the accident that local or bulk Hp concentrations may rise to high levels,
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2.5 CACECO Modeling
- |

Item

The POOLR subroutine remains inactive in the present version of the code so
that the atmosphere in the cell is kept at the same temperature as the pool.
This modeling has several drawbacks; a main one is that the transport phe-
nomena (heat and mass) between the pool and the atmosphere cannot be mecha-
nistically treated. The transfer of heat from the atmosphere to the wall by
convection and condensation is over-estimated because the atmosphere is held
at an artificially high temperature. Prior to incipient pool boiling the con-
centration of sodium vapor in the cavity atmosphere should be calculated from
the appropriate source and sink terms, i.e., evaporation from the pool sur-
face, condensation at the boundaries, mass transport out of the cell.

Status

Although the criticism that the heat and mass transfer between the sodium pool
and the atmosphere and heat structures above the pool is poorly modeled (due
to the assumption of thermal equilibrium), is certainly an academically rele-
vant issue, a suitable treatment of these rather complicated problems would
render the code economically unfeasible to run. It is felt that the thermal
equilibrium assumption probaoly yields a conservative result in the calcula-
tions, and that what little could be gained in accuracy by more precise mod-
eling would be purchased at a rather high cost.

2.5.2

Item

A number of errors and modeling deficiencies were identified in the CACECO
code in an earlier evaluation (Ref. 5). Most of these were called to the at-
tention of the Project, but no feedback was subsequently received regarding
corrective measures. It would be advantageous that the resolution of these
problems together with those identified by other users be demonstrated.

Status

The question of i8df 5valuation remains unresolved. The Project has issued
several reports[ »111 on the subject of CACECO code evaluation, but to our
knowledge no 1ndfgsnd53t evaluation of CACECO has been performed other than
the cursory ones »13) performed in earlier studies at BNL.

2.6 Mass Transfer Between Cells

2.6.1
I[tem

Apparantly, the CRBR pipeway cell design provides for & drainage system
whereby the sodium condensed on the walls of these cells after accumulating to
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a specified depth (equivalent to 8667 1bs of Na) will be returned to the cav-
ity via gravity flow. This provides an effective increase in the condensing
surface and heat absorbing capability before venting the sodium vapor into the
RCB. Without this recirculation capability, boil-dry would occur somewhat
sooner. What would be the effect on the accident scenario due to the failure
of the recirculation system? What potential exists for failure of this
system, i.e., plugging of piping? DNoes failure of the cavity floor or wall
liners pose a particular threat to the integrity of the recirculation system?

Status

This question has been resolved. Apparently there is no piping involved. The
cavity and pipeway cells are open for direct communication. When the sodium
level in the pipeway cell reaches the overflow level, it merely overflows back
into the cavity. There is, therefore, no potential for plugging of the flow
pathway.

2.6.2
Item

As outlined in (2.1.4) above, the condensation of sodium vapor on the surface
of the walls and structures in the cavity is not mechanistically modeled. Pre-
sumably this criticism also holds true for condensation in the pipeway cells.
Since the condensation process is so critical to the sodium recirculation sys-
tem described above, a mechanistic model for transport phenomena in these

cells is vital if the czpacity for the holdup and refluxing of sodium is to be
demonstrated.

Status

As discussed under Item (2.1.4) above, the CACECO code now contains a condensa-
tion model so that this question is resolved.

o W
Item

An orifice equation is utilized in CACECO to simplify the rather complex prob-
lem of determining the exchange of gases and vapors between cell atmospheres.
Experience with CACECO and other containment codes has shown that this approx-
imation leads to unstable flow patterns, which often exhibit oscillating flow
directions. Particularly with systems in which transfer of chemically reac-
tive materials between cells results in strong positive pressure feedback, the
use of an orifice equation leads to diverging solutions and requires prohibi-
tively small time steps to approach a convergent solution. A solution to this
problem which has been used by the Project in previous analysis consisted of
allowing flow to proceed in only one direction. This is an artificial solu-
tion (as opposed to a mechanistic solution) and obviously prevents flow in a
direction which may naturally occur in the system. For the analysis of chemi-
cally reactive systems such as the CRBR containment, a more sophisticated flow
model should be developed.




Status

The flow pathways between cells in CACECO are al)l modeled in such a way that
flow can occur in only one direction. This is clearly seen, for example, in
the baseline case where a partial vacuum is seen in the cooler room (cell 105)
after containment blowdown. This is obviously incorrect, but one-way flow is
the simplest method of suppressing the numerical instabilities which result in
most codes that employ AP driven flow using orifice equations. Again, solu-
tions are available for this problem, but the minimal gain in accuracy may
well be over-halanced by the increase in cost.

2.6.4

Item

Table Al-1 contains a tabulation of all the concrete structures and the

cells or locations to which the degassed water vapor and/or COp contained in
those structures are vented. In this table, if the venting destination is un-
changed from one period (Column 1) to the next, that structure is not reiter-
ated. It is noted that structures with intact liners are vented to cell 105
(except #5) and the only failed liner (the cavity floor, #10) is vented to the
sodium pool. The obvious exception is heat structure #3 which is the reactor
containment building floor. For this structure the water vapor and COp gen-
erated therein simply disappears down the “drain" (CACECO manual's nomencla-
ture). Evidently the mass and energy contained in these gases and vapors does
not reappear in subsequent calculations. Since one of the basic laws of phy-
sics maintains that mass/energy cannot be destroyed, it is difficult to jus-
tify the existence of such a "drain" (Section B.22, p. B-19, CACECO User's
Guide, Ref, 3). The net effect is that neither water vapor nor C0» from

this structure (which is in direct contact with the RCB atmosphere) is added
to the RCB cell atmosphere (nor any other atmosphere or pool). Thjs is clear-
ly non-conservative. This structure has a floor grea of 24,179 ft*~ and a
depth of 6,33 ft for a total volume of 153,125 ft°, That quantity of con-
crete contains 1,475,000 1bs of water and (if it is 1imestone concrete)
8,040,000 of C0». The net result is that credit is taken for this huge
structure as a heat sink, but the “"penalty"” is not payed in terms of the
gases generated.

Also note that the structure 17 liner (a pipeway wall liner) is vented to the
"drain between 30 and 31,2 hours and then re-directed to cell 105 at 30.2
hours. What is the reason for this?

Status

The Project maintains that for concrete heating rates lower than those encoun-
tered in the cavity, the dehydration and degassing rates are smaller. And
since CACECO contains only a single temperature-dependent concrete degassing
table that corresponds to the high heating rates characteristic of the cavity
walls, that table is not directly applicable to the concrete structures within
the RCB. Therefore, in the TMBDB cases analyzed by the Project, the water and
COp vented from these structures was directed into a "drain" and simply dis-
appeared from the calculation. It is clear that this procedure is not conser-
vative. FEven assuming that the degassing rates are slower for lower heating
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rates, the water vapor and CO, must still be degassed and, thus, pressurize
the containment, notwithstand?ng the heating rate. In personal communication
with CRBR project personnel, it was learned that a case was subsequently run
in which the heat structures were divided into degassing and non-degassing
concrete structures in an effort to show the effect of partial dehydration.
The result was that containment venting was required several hours earlier.
A case was run at BNL (see Section 3) wherein the built-in CACECO degassing
table was used for the RCB concrete floor. As expected, the level of water
vapor and CO in the RCB atmosphere is higher and it was confirmed that,
considering only this effect, containment venting shouid be initiated about
2 hours earlier (34 hours).

2,6.5

[tem

Presumably the reactor cavity floor liner 1ike the other liners is vented to
cell 105 which is a non-inerted cell used (in the TMBDB scenario) to contain
and condense water vapor and contain the CO; generated behind the various
liners., The assumed failure of the cavity %loor liner, therefore, opens a
pathway between the cavity and the cell 105 atmosphere. Relief of the cavity
pressure through this pathway may result in two rather serious problems.
First, the initial pressure differential may cause the injection of 1iquid
sodium into the non-inerted cell 105 resulting in a rapid spray fire. Second,
since a pathway exists for relieving the pressure between the cavity and the
RCB (cavity through liner vent to cell 105 and by existing vent pathway from
cell 105 to the RCB) the reduced differential pressure between the pipeway
cells and the RCB may not be sufficient to activate the blowout disks and open
up the pathway through the pipeway cells to the RCB. Thus, the condensing and
refluxing capability of the pipeway cells may be lost. In addition, if the
liner vent pathway remains open, the hydrogen problem could be much more
severe due to the injection of sodium into cell 105 vhich is simultaneously
receiviing water vapor from the other liner vents.

Status

Unlike the other cell liner vent systems, the reactor cavity floor liner vent
is directed into the RCB rather than into cell 105. This, of course, elimi-
nates the sort of problems which were envisioned if this liner had been vented
into the cell 105 atmosphere.

2. 606

Item

Table Al-2 shows the histories of the venting pathways between the four cells
used in the TMBDB baseline case. Inspection of the table raises a number of
$uestions regarding the way in which the cell-to-cell flow was handled in the
MBDB analysis. The flow areas for the vent pathways betwsen the cavi%y, the
pipeway cells and the RCB were both increased from 0.15 ft¢ to 0.25 ft
(1.5 in. diameter hole to a 2 in. diameter hole) at 30 hours. What physical
justification exists for changing the flow areas? What are the actual flow
areas? Again at 50 hours the cavity to pipeway flow path was closed (made
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very small, O'Gftz\ agd an entirely new pathway opened between the cavity
and the RC’ of 0.25 f+ Figure 2-33 of the TMBNB report shows the flow-
paths between the cavity, pipeway cells and RCB, and no such venting pathway
is shown! How is it possible for the rather large flow path from the cavity
to the pipeway cells be suddenly closed?

In the RCB-to-cell 105 vent pathway, what is the significance of a negative
flow area? Negative areas are not defined in the CACECO user's manual.

Finally, it is observed that the area of Ehe containment venting system is
steadily increased starting with 0,365 ft¢ when it is originally opened at
36 hours to a final area of 1.0 fté at 80 hours. Does the design for the

containment venting system include a variable flow valve?

Status

The apparent anomaly associated with the changing of cell-to-cell flow orifice
cross sectional areas has been resolved by personal communicating with Project
personnel. Apparently due to numerical instabilities in the intercampartment
flow modeling, the orifice flow areas must be selected such that pressure 0s-
cillations are avoided. Most of the vent pathways are large enough so that
very little AP can be maintained between cells, and the primary concern is
that cells which contain the driving functions (decay heat sources, sodium
vapor sources, etc.) can transmit flows to receiver cells with a reasonable
pressure di fferential and without numerical oscillations. Probably a somewhat
more accurate and perhaps more analytically correct procedure would have been
to decrease the time step increment to maintain numerical stability. Unfor-
tunately, this would also have greatly increased computing cost.

In terms of the periodically increased containment vent flow area, a different
problem was encountered. The purging system consists of a fan that is located
on the exhaust side of the cleanup system with a check valve located on the
far side of the containment where outside air is ingressed. Thus, the flow of
purge air into containment is achieved essentially by holding the RCB at 3
slight vacuum. The CACECO code cannot model this process. The code provides
for air _injection sc that a positive gauge pressure must he maintained to
eject the appropriate amount of RCB gases out through the vent. It is neces-
sary, therefore, to change the orifice flow area periodically in order to
match the rated cleanup system flows.

2.6.7

Item

What potertial exists for the failure of the containment purge system such
that radioactive material from the containment escapes unfiltered out through
the purging inlet?

Status
Apparently the purge system contains 2 check valve at the RCB inlet location.

There remains some concern that the check valve mating surfaces may become
encrusted with aerosol such that the seal will not be airtight.
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2.7 Active Containment Systems

2.7.1

Item

No data or design information is available for the venting and aerosol scrub-
bing system or for the purging system, Safe operation of these systems are
absolutely crucial to mitigating the effects of a core meltdown accident. The
scrubbing system must operate under extraordinary temperatures (800 to 1000°F,
Fig. 25 of TMBDB report) and perhaps in the presence of hydrogen. In addi-
tion, it may be called upon to remove tons of radioactive aerosols. A tenta-
tive design should be made available for these systems and a detailed study
performed to assure that the designs are feasible and reliable.

Status

A detailed description of the cleanup system was given by the Project at the
last technical exchange meeting (9/15/82). Several questions regarding this
system remain unresolved. The most serious are related to the scaling assump-
tions made in extrapolating aqueous scrubbing system experimental data to the
full sized system. Another concern is the potential for aerosol plugging in
the pipeline which carries aerosols from the RCB to the cleanup system. As
alraady mentioned, there is also some concern about the possible introduction
of elemental sodium into the scrubbing system with the ensuing formation of
hydrogen.

3. CACECO ANALYSIS

The CACECO code was obtained by BNL in order to perform "over-check" calcula-
tions for the cases presented in the TMBDB report as well as to performm sensi-
tivity studies. The sensitivity studies were intended to determine the ef-
fects due to correcting what were thought to be weak or non-conservative as-
sumptions in the CACECO code modeling of CRBR.

The baseline case was run as ar over-check calculation and selected graphs
for that case, although they are p~esent in much greater detail in the TMBDB
report, are presented here in order to facilitate comparison with the other
cases. The results obtained on the BNL computing system agree exa tly with
the Projects results except perhaps in round-off. The results for the base-
l1ine case are shown in graphical formm under the case number CRBRO1 (pp. Al-30
to A1-35), Table Al-3 contains a summary of all the cases that are discussed
in this section.

3.1 RCB Concrete Floor Dehydration

As discussed in Section 2 Item 2.6.4, the Project in its assessment of the
baseline case failed to direct the gases and vapors which would be generated
by heatup of the uniined RCB concrete structures into the contaimment. Al-
though they are correct in maintaining that the rate at which this concrete
would be degassed must be lower than for the civity and pipeway concrete, it
is by no means reasonable to assume that the RCB concrete does not dehydrate
as a result of increased temperature. A case was run, therefore, to detemine




the effect of venting these gases into the RCB. The input deck for the base-
1ine case was used except that the concrete degassing destinations (2600 &
2800 series cards) were changed so that these gases would be directed to con-
tainment., The results of this case are shown in the graphs labeled CRBRO2
(pp. Al-36 to Al-41).

The Project has run a case in which they directed part of the concrete degas-
sing products into contairment and their results for the baseline case config-
uration indicate that contaimment venting must occur a couple of hours earlier
than for the TMBDR baseline case. The case that was run at BNL was vented at
the same time as the TMBNB baseline case (36 hours) so no comparison is pos-
sible on the relative effect of earlier vent-down time. However, a compari-
son of the time at which venting was initiated relative to the same Hp con-
centrations in each case, would indicate that venting should have occurred for
the present case at 34 hours as opposed to 36 hours in the baseline case.

This seems to agree well with the information which the Project supplied in
personal communication.

Comparison of the plots for the baseline case (CRBRO1) and case CRBRO2 reveals
that the peak temperature and pressure are higher for the latter case. The
peak temperature difference is more radical than is seen in the plots. Be-
cause the containment was not vented until 2 hours after hydrogen began to re-
accumulate in containment, by the time purging was commenced (3 hours after
vent-down), an Hp concentration of 10.3% had accumulated in the RCB at the
point of purging. Since the containment was vented, the pressure did not go
very high, but the temperature during the burn went up to 1235°F. This tem-
perature excursion could have been prevented by venting at 34 hours and purg-
ing at 37 hours. The net difference hetween these cases is that containment
must be vented 2 hours earlier. The main point to be taken from these com-
parisons is that the accident scenario may be extremely sensitive to operator
action. Specifically, timing of the venting and purging operations and,
therefore, the instrumentation upon which these operations are based, is ex-
tremely critical.

3.2 Insulating Effect of Aerosol Plateout

In Section 2, Item 2.1.1 is discussed the fact that the TMBNB analysis did not
take into consideration the plate-out of aerosols on containment building
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