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DESIGN CRITERIA FOR A
SELF-ACTUATED SHUTDOWN SYSTEM

ABSTRACT

Safety-based functional requirements and design criteria for a self-
actuated shutdown system (SASS) are derived in accordance with LOA-2 success
criteria and reliability goals. The design basis transients have been
defined and evaluated for the CDS Phase II design, which is a 2550 MWt mixed
oxide heterogeneous core reactor. A partial set of reactor responses for
selected transients is provided as a function of SASS characteristics such
as reactivity worth, trip points, and insertion times.



1.0 INTRODUCTION

The objective of this document is to identify design criteria for a
Self-Actuated Shutdown System (SASS) using a systems engineering approach.
The first step in the criteria evaluation process was to define the role of
the SASS system within the overall Plant Protection System. In this docu-
ment, it was assumed that the function of the SASS system is to assure limi-
tation of core damage consistent in the requirements of Line-of-Assurance-2
(LOA—Z).(I'l‘l) The Safety Program Plan definition of LOA-2 (see 1.1-1) was
used to define generic, core-design-independent, SASS-design-independent
safety functional requirements which are believed to be applicable to any
self-actuated shutdown system with a function to 1imit core damage (LOA-2).

If the same system is also required to perform a second function, such as
to ensure the accommodation of design basis events (LOA-1), additional, more
restrictive requirements would be applicable.

Functional requirements are described in Section 2 of this document.
Generic design criteria that are necessary and sufficient to meet these
functional requirements are defined in Section 3. These design criteria
depend upon plant and core design but they do not imply a specific SASS
design. To some extent, the design criteria are influenced by the choice of
design-basis normal and off-normal operating conditions. The plant design
chosen as the basis for this document is the CDS Phase II design, which is a
loop-type, 1000 MWe LMFBR with a heterogeneous, mixed-oxide core. The
design-basis transients considered in this study are defined in Section 5,
and the core thermal response to these events is described in Section 6.

Several related documents have been issued jointly by AI, GE, and W-ARD
during the past few years. (1.1-2) The present document represents a
refinement of the earlier reports in two areas:

a. The current document attempts to clarify the relationship between

safety-based SASS functional requirements and the Line-of-Assurance
approach to LMFBR safety.
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b. Design criteria are based upon the CDS Phase II heterogeneous core
instead of a homogeneous core design.

In addition, more specific guidelines concerning the treatment of
uncertainties in design calculations are defined than were provided in pre-
vious documents.

Once design criteria are developed in terms of upper 1imit values for
core conditions, such as fuel and coolant temperatures, fuel pin failures,
and core component deformation, performance requirements for the SASS system
can be defined. Typically, performance requirements specify values for the
scram parameters, such as the delay time between a change in core tempera-
tures, flows or fluxes, the time of control rod insertion, and scram worth
of the SASS system that must be achieved to assure that core conditions will
be limited as specified in the design criteria. While the primary objective
of this document is to establish design criteria, a preliminary specifica-
tion of SASS performance requirements is presented in Section 6.5 to aid the
designer in selecting among conceptual SASS designs.



2.0 FUNCTIONAL REQUIREMENTS FOR SASS DERIVED FROM LOA-2
SUCCESS CRITERIA

As an initial step in defining performance requirements, design re-
quirements, and reliability requirements for a self-actuated shutdown system
(SASS), it is necessary to define the top-level function of the system.

Once this is done, it is possible to derive a set of requirements to be
imposed on the system that will assure the function is achieved. In this
section, the top-level function of a SASS is defined, and the functional
requirements are derived. The top-level funcion is summarized in Table 2.2-
1. Necessary and sufficient SASS functional requirements are summarized in
Tables 2.2-1 and 2.2-2, while Table 2.2-3 1ists detailed requirements de-
rived from Tables 2.2-1 and 2.2-2.

It is essential to note that the functional requirements derived here
apply only to the self-actuated mode of any shutdown system. As a result,
the functional requirements presented in this document do not include re-
quirements derived from non-safety considerations (e.g., reactor availabil-
ity requirements, post-actuation, reactor operability, etc.). Functional
requirements derived from these non-safety considerations would have to be
added to the list presented in this document provided they are consistent
with safety-related functional requirements.

Before proceeding to a discussion of the function and functional re-
quirements for a SASS, it seems desirable to place the current document in
perspective relative to prior work and to activities planned for the near
future. Functional requirements and design criteria for SASS systems have
previously been issued jointly by AI, GE, and WARD. This earlier work
established requirements based on a SASS function definition that was inten-
ded to assure inherently actuated shutdown with core damage essentially
within Line of Assurance 1 (LOA-1) limits. In addition, design requirements
were based on a homogeneous core design. The present document is based on
the CDS Phase II heterogeneous core design, and the SASS function is to meet
LOA-2 goals. LOA-2 goals, rather than LOA-1 goals, were adopted as a basis
for defining SASS requirements because the less restrictive LOA-2 goals
should provide greater latitude for the SASS designer to add diversity to
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to the system. This reflects the desire to protect against common-mode
failures of both the primary shutdown system and its backup systems. It is
recognized that increased diversity may be obtained at the expense of relia-
bility. It is not the purpose of this document to determine the compatibil-
ity of functional requirements based on LOA-2 protection and other function-
al requirements.

2.1 Definition of “LOA-2 Success" and SASS Top-Level Function

As noted above, the primary objective of this document is to identify
functional requirements that are necessary to meet the objective of protect-
ing LOA-2 integrity. Therefore, the top-level function considered here may
be stated as:

"Given that the primary shutdown system(s) have failed to terminate
an accident sequence (so that LOA-1 has been penetrated), the SASS
must assure LOA-2 success with reliability > X."

This statement of the SASS function is useful in developing functional
requirements only if "LOA-2 success" is defined in terms that can be ex-
pressed and evaluated quantitatively. The definition adopted for the pre-
sent study is discussed in the remainder of this subsection and in Appendix
A.

LOA-2 success is most commonly defined as limited core damage. While
the concept of limiting core component damage to a small portion of the core
(e.g., a few subassemblies) is straightforward, its usefulness depends on
one's ability to define damage in clear and quantifiable terms. Only after
this definition is established is it possible to establish an upper 1imit on
damage that is clearly consistent with LOA-2 success.

Definition of Limited Core Damage

The approach used in this study to define "limited core damage" was to
focus on the intent of LOA-2, and to derive from that intent a working defi-
nition of LOA-2 success. The working definition is intended to be entirely
consistent with other definitions of LOA-2 success and limited core damage,
while providing clearer guidelines to be used in the design process.
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The kev step in developing an adequate working definition of the
phrase, "limited core damage", is to perceive correctly the intention behind
this phrase. We believe the intention is to define a set of reactor states
within which there is very high confidence that the energy content of the
core (and the rate of increase in core energy content) is much lower than
that required to challenge the capability of the reactor pressure vessel and
containment building. This is similar to the LOA-3 goal. The difference
between the LOA-2 goal and the LOA-3 goal is the desired level of confi-
dence. Very high confidence that the core energy level will remain accept-
ably low is achieved in LOA-2 by assuring that the accident sequence will
not propagate from an event involving loss of component structural integri-
ty, material phase changes, or abnormal material motion in a few assemblies
to involvement of a significant fraction of the core in such phenomena.

This confines potentially autocatalytic or energetic phenomena to a small
fraction of the core mass, such that the maximum theoretical thermal-to-
mechanical energy conversion will not challenge the reactor containment.

In order to confine potentially autocatalytic or energetic phenomena to
a small fraction of the core mass with the required Tlevel of confidence, it
is necessary to avoid two situations:

1. Significant insertion of positive reactivity via material motion or
phase change, and

2. Core component geometries, or rates of change in geometry, that are
so different from the normal envelope of conditions that subsequent
changes cannot be described with confidence.

Item 1 must be avoided because positive reactivity insertion can lead
to large increases in core-wide energy content. Item 2 must be avoided
because significant departures from normal geometry imply reactivity
changes, a potential for energetic events, and the loss of assured coolable
geometry. In addition, both items lead to increased uncertainty in the
outcome of the accident sequence.

Items 1 and 2 provide a working definition of "Limited Core Damage".
Item 2 limits the extent of disruption in the worst few assemblies in the
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core, while Item 1 1imits the amount of disruption in the whole core. While
Item 1 can be interpreted clearly enough to be useful in the design process,
Item 2 is too ambiguous to be useful to the designer. Therefore, the
following guidelines are provided to aid in interpreting Item 2:

2a. Expulsion of molten fuel into voided or unvoided coolant channels
is to be avoided but molten fuel motion within the original enve-
lope of the fuel pin cladding is allowable.

2b. Cladding melting of the entire circumference of any fuel pin is to
be avoided at all axial locations. This does not preclude cladding
melting of a small fraction of the pin circumference at a local hot
spot.

2c. Stable coolant boiling is allowable, but coolant voiding and clad-
ding dryout are to be avoided.

2d. Small-area cladding failures are allowable, but large-area breaches
that could lead to coolant voiding or molten fuel expulsion from
the pin must be avoided.

Items 1 and 2, supplemented by guidelines 2a through 2d, form the defi-
nition of "Limited Core Damage" that was adopted in this study as a basis
for defining SASS functional requirements and design criteria.

Item 2, and Items 2a through 2d, are believed to be sufficient to as-
sure coolable geometry throughout the accident sequence. However, these
conditions are more restrictive than are required to produce a reasonable
expectation of coolable geometry. The more restrictive conditions listed
above are necessary to preclude the Tocalized occurrence of potentially
autocatalytic or energetic events that could propagate into core-wide phe-
nomena. By prohibiting localized occurrences of these events, one eliminat-
es the need to consider a number of mechanisms (e.g., coolant flow redistri-
bution between assemblies, duct melting and distortion, etc.) by which lo-
calized events might propagate throughout the core. The analyses presented
in Sections 5 and 6 of this document suggest that the more restrictive
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requirements should not penalize the SASS design unduly, so that relaxation
of requirements to assure coolable geometry alone is unnecessary.

Required LOA-2 Success Probability

Quantitative determination of a required value for the probability of
LOA-2 success is beyond the scope of this document. For design purposes,
the high degree of confidence required that Items 1 and 2 (defined previous-
ly in this section) are satisfied, combined with the conservative nature of
these items, is believed to be adequate. For the present study, it has been
assumed that a target value for the probability of LOA-2 success may be
imposed on the designer at some point in time, so that design requirements
defined during the current study might have required probabilities associ-
ated with them at some future time. To allow for this, the requirements
described in Section 2.2 have been arranged in a logical structure designed
to facilitate a probabilistic risk analysis, and probabilities (values to be
determined) have been included in each statement of requirements. Some
initial thoughts describing one approach that might be used to establish
probability and reliability goals for individual engineered safety systems
based on a target value for LOA-2 success probability are presented in
Appendix A.

Although a firmm value of LOA-2 success probabiiity has not been derived
for use in this study, and the analysis required to assign probability goals
to each requirement in Section 2.2 has not been performed, it is important
to note that reliability goals are iimplicit in all requirements. There-
fore, the design criteria defined in Section 3 of this document are to be
regarded as initial estimates of deterministic (i.e., non-probabilistic)
design criteria that are believed to assure satisfaction of the rigorously
derived probabilistic criteria that assure LOA-2 success. For example, one
design criterion in Section 3 specifies a deterministic 1imit on the amount
of fuel melting that can occur in the fuel pin with highest fuel temperature
in the core. This limit is defined deterministically for one fuel pin in
order to avoid imposing on the SASS designer a requirement for core-wide,
probabilistic evaluations of transient fuel temperature. However, this
1imit is established to satisfy the core-wide probabilistic criterion of
real interest.
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Simplification of design criteria from core-wide probabilistic criteria
to single-pin deterministic criteria helps the designer, but penalties are
also incurred. First, the simplified criteria are valid only for a given
core design (the "CDS Phase II" core in this study). Second, the determin-
istic criteria must be more restrictive to account for the simplifying
assumptions used to replace the probabilisitc analysis. An example of this
latter effect is the conservatism introduced into engineering hot-channel
factors to simplify temperature calculations during the fuel pin design
process.

2.2 Role of SASS in Assuring LOA-2 Success

The purpose of Section 2.2 is to provide perspective regarding the role
of SASS, and the contents of this document, in assuring LOA-2 success. As
indicated in Table 2.2-1, SASS is one element of a system of engineered
safety systems and procedures that affects LOA-2 integrity. SASS has pri-
mary responsibility for protecting LOA-2 integrity against some intitating
events, and only secondary responsibility for other initiators. The primary
focus of this document is on events for which SASS has a major protective
role.

While this document is intended primarily to establish SASS design
requirements that will assure adequate response of the system when called
upon, it is important to recognize that LOA-2 may also be violated if SASS
does not respond at all when called upon, if SASS is not called upon, or if
it is called upon too late to protect LOA-2. Consideration of these possi-
bilities leads directly to SASS requirements that are unrelated to response
time and sensor capability requirements, provides a convenient framework for
identifying the roles of other safety systems in protecting LOA-2, and pro-
vides a framework for identifying the initiating events that SASS protects
against.

As noted above, there are just four ways that LOA-2 integrity can be

lost, given that a SASS system is present, an initiating event has occurred,
and LOA-1 integrity has been violated. These are:
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[ SASS Responds Inadequately When Called Upon
IT SASS Is Not Called Upon

III SASS Does Not Respond When Called Upon

IV SASS Is Called Upon, But Too Late

Table 2.2-1 identifies possible causes for each of these possibilities,
and identifies the causes that must be eliminated by SASS design. The
causes that are outside the control of the SASS designer are of interest,
because they indicate areas that must be confronted in the overall LMFBR
Safety Program in order for the SASS effort to be effective in protecting
LOA-2 (i.e., areas that could lead to violation of LOA-2 integrity, event if
SASS operates perfectly). However, the requirements identified in this
document are those derived from the parts of Table 2.2-1 for which the SASS
designer provides the principal protective function.

As shown in Table 2.2-1, the SASS designer can play an important role
in protecting against all four possible LOA-2 failure paths. Requirements
presented in this document reflect this fact. Although analytical results
focus primarily on areas I and IV of the table, requirements are also
presented in Section 2.3 that are derived solely from the reliability consi-
derations noted in areas II and III of Table 2.2-1. For example, some
requirements stated in Section 2.3 are based on judgment concerning design
features that are needed to avoid common-mode or common-cause failures. In
this area, and in other areas related to SASS reliability, the requirements
presented here represent a starting point. A more complete list of relia-
bility-related requirements can be derived when specific SASS designs are
considered. The present document is intended to define requirements that
are independent of the SASS design concept.

Although it is not explicitly mentioned in Table 2.2-1, the definition
of "limited core damage" is central to Items I and IV, because these items
refer to the amount of core disruption that occurs prior to the time that
SASS responds (Item I) or is called upon (Item IV). The definition of
"Timited core damage" is used in Section 2.3 to define SASS functional
requirements that block failure path I. Functional requirements derived
from the need to block failure paths II and III are stated in Table 2.2.3
without further discussion. Failure path IV is important only for
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initiating events that have very low probabilities of occurrence, and the
primary sources of protection are the FEDAL system and inherent core pheno-
mena. Therefore, no SASS functional requirements are defined to block this
failure path. Similarly, failure path I1.D leads to no SASS functional
requirements, because SASS has no protective function during RBCB opera-
tion.

2.3 SASS Functional Requirements

The purpose of this section is to define SASS functional requirements
such that failure of LOA-2 by any of the failure paths affected by SASS
action is a low-probability event. These functional requirements are
intended to be independent of both reactor design and the design of SASS.

Table 2.2-3 lists the SASS functional requirements needed to prevent
LOA-2 failure by the paths identified in Table 2.2-1. To show that each of
the possible failure paths is covered by at least one SASS requirement, each
item in Table 2.2-3 is referenced to a failure path from Table 2.2-1. In
addition, each requirement in Table 2.2-3 is arranged in order according to
the failure path confronted by that requirement. Thus, requirements 1
through 8 in Table 2.2-3 refer to failure path I, requirements 9 through 18
are intended to block failure path II, and requirements 19 through 23 are
needed to prevent LOA-2 failure by failure path III. As noted above, no
SASS requirements are derived from failure path IV.

Table 2.2-2 is included in this section in order to show explicitly how
the section 2.1 definition of limited core damage influences SASS functional
requirements. The two-part working definition of limited core damage is
expanded in Table 2.2-2, and detailed 1imits on specific aspects of core
damage are defined. Since Table 2.2-2 is an expanded version of failure
path I, requirements in Table 2.2-3 that are based on path I are referenced
to items in Table 2.2-2 rather than to items I.A and I.B in Table 2.2-1.

Consistent with the Section 2.1 definition of limited core damage,
Table 2.2-2 shows that three classes of phenomena must be limited or
prevented in order to assure accident termination with limited core damage.
First, positive reactivity insertion must be limited so that core-wide
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energy content is too Tow to challenge containment integrity. Limiting this
type of core damage establishes bounds on integral core-wide conditions, but
does not explicitly limit the extent of damage in the worst few assemblies.
Second, damage in the worst few assemblies must be limited to maintain high
confidence in the progression of the accident sequence. The third category
of core damage considered in Table 2.2-2 is damage to engineered safety
systems with some responsibility for preserving the integrity of LOA-2, LOA-
3, or LOA-4.

Given Tables 2.2-1 through 2.2-3 and the preceeding discussion of the
relationships between these tables, the considerations leading to each of
the SASS functional requirements in Table 2.2-3 should be reasonably clear.
Therefore, the remainder of this section is devoted to discussion of nomen-
clature and items that require clarification.

The phrase "called upon" in Table 2.2-1 must be defined carefully in
order understand the table. This phrase refers to a change in core condi-
tions (such as power or temperature) to which SASS is expected to respond.
If SASS is provided with sensors that are theoretically able to sense a core
operating parameter, and that operating parameter changes, the SASS is
regarded as having been called upon. For example, if an earthquake occurs
and SASS is not equipped with accelerometers as part of its sensor
system, SASS is not regarded as "called upon" un]esé other core parameters
change. If core parameters change enough to challenge LOA-2 integrity, and
sensors designed to respond to those core parameters are present, SASS is
regarded as being called upon, whether or not the sensors cause SASS action.
A related item is the distinction between failure paths I.B, III.A and IV.A
in Table 2.2-1. Failure paths I.B and III.A include the situation in which
SASS responds too slowly to a design-basis event to protect LOA-2 integrity.
Path IV.A includes the situation where the design basis event progresses too
rapidly for SASS to respond. Clearly, the distinction is a matter of defi-
nition of the events used as a basis for SASS design. In this study, it was
assumed that SASS design basis events would be defined by those responsible
for funding SASS development. Presumably, SASS must be capable of protect-
ing the reactor against some minimum set of initiating events in order to
make SASS development cost effective.
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In Table 2.2-2, the phrase "structural failures" in item 1.3 refers to
pin failures in which the pin breaks into two or more unconnected pieces,
pin failures in which a substantial fuel area is exposed to the coolant, and
failures of the upper and lower support structure. These failures are to be
prevented because they could lead to motion of solid fuel that is sufficient
to produce positive changes in reactivity. The phrase "pin structural inte-
grity" in item 2.2 refers to the ability of the cladding to restrict move-
ment of solid fuel and to maintain fuel pins in one piece.
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II.
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TABLE 2.2-1
POSSIBLE LOA-2 FAILURE PATHS AND
THE ROLE OF SASS IN BLOCKING THESE

SASS RESPONDS INADEQUATELY WHEN CALLED UPON
A. Insufficient Reactivity Insertion

B. SASS Response Too Slow

SASS IS NOT CALLED UPON

A. Human Error (Sensors Disconnected or

SASS Bypassed)

B. Accident Initiated After Shutdown
(SASS Affects Decay Heat Level and Degree of
Subcriticality)

C. SASS Malfunctions and Acts As Accident Iniator

D. Excessive Radioactivity Due to Fuel Failure and
RBCB Operation

SASS DOES NOT RESPOND WHEN CALLED UPON

A. Human Error (Mechanical Design, Maintenance,
Sensor Design)

B. Common-Mode Failure of A1l Shutdown Systems
SASS IS CALLED UPON TOO LATE

A. Beyond-Design-Basis Initiating Event

B. Sensor Placement Too Localized in Core
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Source of
Protective
Function

SASS Designer
SASS Designer

Computer-aided
Operation and
Maintenance

SHRS

SASS Designer

Reactor Operator
and Containment

SASS Designer,
Computer-aided
Operation and

Maintenance

SASS Designer

Inherent Core
Phenomena

SASS Designer or
FEDAL

SASS Designer



1.0

3.0

TABLE 2.2-2
CONDITIONS THAT MUST BE SATISFIED TO ASSURE
ACCIDENT TERMINATION WITH LIMITED CORE DAMAGE

LIMIT CORE ENERGY CONTENT BY LIMITING POSITIVE REACTIVITY INSERTION

1.1 Limit fuel melting to less than 2% of the fuel mass in the core
with > 95% probability

1.2 Limit amount of coolant in core with < 95% quality to < 10% of
total core inventory with > 95% probability.

1.3 Prevent structural failures of reactor components that could lead

to positive reactivity changes with probability [TBD]. (Prevent
material motion without phase change).

MAINTAIN HIGH CONFIDENCE THAT LOCALIZED DAMAGE WILL NOT PROPAGATE
BEYOND A FEW SUBASSEMBLIES

2.1 Prevent expulsion of molten fuel from any pin with probability
[TBD].

2.2 Limit cladding -melting such that pin structural integrity is
preserved and molten cladding movement is neglible with probability
[T8D].

2.3 Limit coolant voiding in any coolant channel to be consistent with
Item 2.2 with probability [TBD].

2.4 Limit solid fuel and fission product release from failed pins to <
2% of subassembly contents (by volume)

MAINTAIN FUNCTIONAL INTEGRITY OF ENGINEERED SAFETY SYSTEMS THAT
INFLUENCE INTEGRITY OF LOA-2, LOA-3, OR LOA-4

3.1 Avoid SASS environmental conditions that could prevent SASS action
3.2 Prevent damage to SHRS

3.3 Maintain conditions at pressure vessel within appropriate ASME
limits
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TABLE 2.2-3
LIST OF SASS FUNCTIONAL REQUIREMENTS DERIVED FROM
‘ CONDITIONS NEEDED TO ASSURE LOA-2 INTEGRITY (see Tables 2.2-1 and 2.2-2)

Source of
Requirements in
Tables 2.2-1 and 2.2-2
Item No. Functional Requirements to be Imposed on SASS Design (Item No)

1 The SASS system must limit fuel melting to < 2% of 1.1
fuel mass in the core with probability TBD (see
Table 2.2-2).

2 SASS must 1imit the extent of coolant vaporization 1.2, 2.3
in the primary system such that pressure acting upon
the pressure vessel remains within ASME 1imits in the
absence of rapid pressure transients, and such that
positive reactivity insertion is counteracted by inherent
mechanisms. Suggested 1imit is that less than 10% of
the coolant in the core should have < 95% quality with
probability TBD (Table 2.2-2).

3 The SASS system must 1imit the number of fuel and 1.3
blanket pins in the core with gross (non-pinhole) breaches
to < 15% of the pins in the core with probability TBD
(see Table 2.2-2).

4 The SASS system must 1imit maximum core power to 1.3, 3.1, 3.2, 3.3
maintain the rate of core material vaporization
at rates low enough to preclude missile generation,
pressure wave phenomena, or other pressure transient
events when the reactor is not prompt critical. SASS
must §ccomplish this with probability TBD (see Table
2.2-2).

5 The SASS system must prevent cladding melting of the 1.3, 2.2, 2.4
entire pin circumference in any pin. Cladding melting
over an area greater than 20% of the outer surface
area of a single fuel pellet shall be limited to less
than 10% of the pins in any subassembly (see Table 2.2-2).

6 The SASS system must prevent gross (non-pinhole) 2.1
breaches in pins with > 20% axial peak molten fuel
area, or must 1imit all pins to less than this amount
of axial peak fuel melting. (see Table 2.2-2).

7 The SASS system must 1imit fuel pin failures such 2.2, 2.3, 2.4, 3.1,
that the amount of fuel and fuel-coolant chemical 3.2
interaction product expelled into the coolant in
any subassembly is < 2% of the contents of the
assem?]y (by volume) with probability TBD (see Table
2.2-2).
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TABLE 2.2-3 (Cont)

Source of
Requirements in
Tables 2.2-1 and 2.2-2
Item No. Functional Requirements to be Imposed on SASS Design (Item No)

8 The SASS system must insert sufficient reactivity 3.3
soon enough to maintain pressure vessel wall and
seal temperatures below the ASME limiting values
with probability TBD. (see Table 2.2-3).

9 The SASS must be available to operate during the I1.A
approach to critical and during all critical
operation including 0 to 100 percent of full
power. (see Table 2.2-1).

10 The SASS shall provide an actuator to detect ground IT.A, III.A
' accelerations greater than or equal to those defined

11 The SASS system must insert enough negative reactivity I1.B
when actuated to maintain the total energy in the core
and primary heat removal system to a value consistent
with the design of the Shutdown Heat Removal System
(SHRS) with probability TBD. (see Table 2.2-1).

12 The SASS system must insert the reactivity defined in 11.8
Item 11 early enough to be consistent with the design
basis and functional requirements of the SHRS with
probability determined as in Item 11.

13 The SASS system as a minimum should provide Timit II.B
location indication (i.e., full-in - full-out) to the
reactor operator in the control room to allow verifi-
cation that decay heat levels will be obtained that
are consistent with SHRS capabilities. (see Table 2.2-1).

14 The SASS control assembly shall be designed so that I1.C
unplanned control removal from the core region connot
occur during shutdown, including maximum achievable
primary heat transport system pump coolant flow. A
mechanical orifice zone discriminator shall be
provided. (see Table 2.2-1).

15 The SASS shall be designed to fail safe (i.e., with the I1.C
absorber in the full-in position) for failure modes
such as electrical supply failure, component failures,
etc. (see Table 2.2-1).
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Item No.

TABLE 2.2-3 (Cont)

Source of
Requirements in

Functional Requirements to be Imposed on SASS Design (Item No)

16

17

18

19

20

21

22

23

The absorber material shall be chemically compatible I1.C
with the coolant to preclude unacceptable absorber
loss. {see Table 2.2-1).

The SASS shall not produce material from structural I1.C
failure of its components that could cause flow

blockages or primary heat transport system damage

within or outside of the control assembly. (see

Table 2.2-1).

The SASS system must be maintainable and testable in IIT.A, II.C
situ, in order to demonstrate reliability throughout
its life. In-situ testing of parts of the system based

on

natural or inherent phenomena such as melting point

or magnetic saturation may not be necessary provided
adequate testing has been performed to confirm that
performance is as designed in a reactor environment.
(see Table 2.2-1).

Each individual SASS control assembly shall be capable I1I.A
of independent operation.

The SASS shall accommodate top head rotation of (TBD) 111.B
degrees and severe core distortions such as might be
caused by a seismic event or any Class A, B or C event

as

defined by the plant Overall Plant Design Specifi-

cation (OPDS). (see Table 2.2-1).

The SASS shall provide an actuator to detect ground IT.A, III.A
accelerations greater than or equal to those defined
for the SSE. (see Table 2.2-1).

The self actuating mode of operation of SASS must be I11.8
independent from, and different from, that of the PPS

in

order to minimize the probability of common-cause

or common-mode failures between the two systems. (see
Tab]e 2.2"1) .

The SASS should trigger scram with components located I11.8

in
of
1.
2.
3'
40

the following regions which are listed in the order
their priority. (see Table 2.2-1):

Within the SASS control assembly duct envelope,

in and/or around the SASS control driveline envelope,

in and/or around the SASS control rod drive mechanism envelope,
exterior to the reactor vessel.
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3. SASS DESIGN CRITERIA (DAMAGE SEVERITY LIMITS)
3.1 Primary and Secondary Shutdown System Criteria

Before proceeding with the specification of the SASS criteria, it is of
interest to review the design criteria (damage severity limits) to be met by
the primary and secondary shutdown systems. These damage limits are given
in Table 3.1-1. It should be noted that the next higher level of damage is
allowed for the secondary control system. As stated in the CRBRP PSAR, this
hierarchy reflects the rationale that the damage 1imit can be increased with
decreased probability of occurrence. The above rationale has been coupled
with the LOA-2 safety objectives to arrive at a set of preliminary damage
limits for SASS.

3.2 SASS Criteria

The severity limits to be accommodated by SASS are established in
accordance with the LOA-2 objectives as stated in Section 2. Because of the
limited understanding of reactor events associated with fuel-coolant inter-
actions, gross fuel pin failures, and boiling, the criteria for preliminary
evaluation of LOA-2 events have been selected to restrict these phenomena to
isolated localized events within subassembly boundaries similar to the
"major incident" severity level. However, consistent with the philosophy
established for the primary and secondary shutdown systems, the damage
severity limits are relaxed by using nominal, rather than 3¢ hot-channel,
temperatures in the analysis. In addition, nominal values are used for the
Doppler and other reactivity feedback rod worths, drop times, detection
times and delay times. These assumptions lead to higher failure probabili-
ties than the secondary shutdown system 1imits; this is consistent with the
less restrictive LOA-2 success criteria. Specific accident scenarios are
discussed in Section 4. If the specified guidelines outlined in this
section are exceeded, additional more detailed evaluations would be required
to determine if the SASS design and functional requirements adequately meet
the LOA-2 functional requirements discussed in Section 2.
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TABLE 3.1-1
PRIMARY AND SECONDARY SHUTDOWN SYSTEM DAMAGE SEVERITY LIMITS?

Damage Severtiy Limit

Primary System Only Functioning Secondary System Only Functioning

Without With Without With

Stuck Rod Stuck Rod Stuck Rod Stuck Rod
Normal: Operational (2) Not Applicable Not Applicable Not Applicable Not Applicable
Upset: Anticipated Faults Operational Incident Operational Incident Minor Incident (1) Minor Incident (1)
Emergency: Unlikely Faults Minor Incident Minor Incident Major Incident Major Incident
Faulted: Extremely Unlikely Major Incident Major Incident Not a Design Not a Design

Faults Basis 93) Basis (3)

(1)

(2)
(3)

Failure of the primary system to scram when required for an anticipated fault is defined as an extremely unlikely
event (faulted condition). However, the damage severity limit for the secondary shutdown system is conservatively
specified to assure fuel pin integrity even for the concurrent anticipated fault and failure of the primary shut-
down system.

No action required by Plant Protection System during Normal Operation.

Combined probability of two independent failures (extremely unlikely fault and failure of primary control rod
system) is exceedingly low and not appropriate as a design basis. However, as an exception, upon concurrent loss
of off-site power a safe shutdown earthquake with a consequent step reactivity insertion and failure of the
primary control rod system, the secondary shutdown system shall be capable of shutting down the reactor with
exceeding major incident limits.



Since the power level following scram is initially determined by the
amount and rate of the reactivity insertion and power then decays relatively
slowly, it is important to ensure that enough negative reactivity is provid-
ed that the generated power including the decay heat is adequately removed
by the flow coastdown and long-term natural circulation. The worst combina-
tion of heat generation and coolant flow may occur relatively late in the
transient. The present SASS criteria are being derived for the "CDS Phase
II" core with the CRBR flow coastdown to a minimum flow of 3% of full flow.

The reliability requirements for SASS are determined consistent with
the LOA-2 criteria. Acting in the self-actuated mode, SASS should meet a
goal unreliability or failure rate of 102 per event, considering only those
events included within the SASS design basis. This requirement impacts on
the number of required SASS assemblies (see Section 4).

A summary of the preliminary core design 1imits for SASS to meet the
top-level LOA-2 requirements as specified in Section 2 is presented in Table
3.2-1. These limits are: no sodium boiling, no cladding melting, no fuel
melting and approximately $3 negative reactivity worth. These local point
limits applied to nominal conditions are considerably removed from the
general LOA-2 requirements presented in Table 2.2-3. The reason for this
point 1imit approach is to simplify design analyses and parametric studies
so that multiple SASS concepts can be investigated. Table 3.2-2 describes
how each of the requirements of Table 2.2-3 are met by the more simplified
point limits.

The no nominal sodium boiling 1imit provides assurance that voiding of
the core has been precluded and cladding melting is unlikely. Voiding of
the core usually results in a positive net reactivity addition of $2 to $5,
which can melt potentially large portions of the driver fuel and release
potentially large amounts of energy. The no-nominal-boiling limit helps to
meet requirements 2, 4, 5, and 8 of Table 2.2-3.

The no-nominal-fuel-melting 1imit was selected because if no fuel

melting occurs, reactivity insertions from fuel movement should not occur
and energetic molten fuel-coolant interactions (MFCI) will be precluded.
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TABLE 3.2-1
SUMMARY OF PRELIMINARY SASS DESIGN CRITERIA AND DAMAGE SEVERITY LIMITS

Event Classification Damage Severity Limits Preliminary Design Criteriat
Hypothetical Event LOA-2* No sodium boiling
(failure to scram) No cladding melting

No fuel melting**
$3 scram worth

*The LOA-2 damage severity limit (1imited core damage) is defined in Section 2. As
specified in the above table, it resembles a major incident except for the reduced
reliability and the use of nominal values in the design criteria. In the CRBRP, a
major incident is defined as an occurrence which results in 1) substantial fuel and/or
cladding melting or distortion in individual fuel rods, but the configuration remains
coolable; 2) plant damage that may preclude resumption of plant operation, but no loss
of safety functions necessary to cope with the occurrence; and/or 3) radiocactivity
release that may exceed the 10CFR20 guidelines but are well within the 10CFR100
guidelines.

*These 1imits apply to the nominal values.

**In nominal peak-power pin at beginning of equilibrium cycle.
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Table 2.2-3
Requirement

1

10

TABLE 3.2-2
RELATIONSHIP OF SASS OVERALL REQUIREMENTS
TO POINT-LIMIT TYPE REQUIREMENTS

Requirement

Limit Fuel melting to < 2% of
mass in core.

Limit vaporization such that
< 10% of the Na has a quality
of < 95% with a TBD probability.

Limit the number of fuel and
blanket pins in the core with
non-pinhole breaches with a
probability of TBD.

Limit core power to limit rate
of material vaporization to pre-
clude missile generation which
could fail the vessel with a TBD
probability.

Limit cladding melting.

Prevent failures in pins with >
20% fuel melt, or limit fuel
melt in worst pins to < 20% of
area.

Limit the amount of fuel/coolant
chemical interaction product to
be < 2% of the volume of the
fuelT assembly with a probability
TBD

Timing of reactivity insertion
must be rapid enough to ensure
that vessel temperature 1imit
is met with TBD probability.
Operation at all power levels

Provide ground acceleration
actuator.

3-5

Simplified Requirement

No fuel melting in nominal peak pin.

No boiling prevents vaporization.

No boiling prevents clad dry out type
failure. No fuel melting should re-
duce probability of crack type
failure due to FCMI caused by volume
expansion upon melting.

No sodium boiling and no fuel melting
preclude vaporization.

No cladding melting.

No fuel melt.

No sodium boiling should prevent clad
dry-out type failures and no fuel
melting should prevent clad failure
due to FCMI caused by volume expan-
sion of fuel upon melting.

No boiling limit should be more
constraining since core aT is »15.%
higher than the reactor bulk aT.
Addressed by design.

Addressed by design.



Table 2.2-3
Requirement

11

12

13
14

15
16
17
18

19
20

21

22

23

TABLE 3.2-2 (Cont)

Requirement

Total worth must be sufficient
so that decay heat can be
removed.

Timing of reactivity insertion
must be rapid enough to insure
requirement 11.

Limit location indication.

No hydraulic control rod
ejection.

Fail safe

Absorber/coolant compatability
No particle/object generation
The SASS system must be main-
tainable, testable, and replace-
able during refueling shutdown.
Independent operation

Accommodation of head rotation
and core distortion.

Maximize use of inherent mecha-
nisms.

The SASS must be independent and
different from the PPS to esta-
blish the probability of common
cause/mode failures to be <TBD.

Trigger component locations
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Simplified Requirement

Since the hot-operating-to-cold
(400°F) power coefficient is between
$2.48 and $3.29, the $4.2 system
(i.e., 4 out of 4) will shut off
fission power very rapidly so that
only decay power levels will be
seen. $3.15 system (i.e., 3 out

of 4) also should provide adequate
shutdown. However, the shutdown
temperatures may be somewhat higher
(~700°F).

Boiling and melt limits are more
constraining, therefore this item
should automatically be met provided
SHRS works as designed.

Addressed by design, 3 out of 4
requirement verification.

Addressed by design.

Addressed by design.
Addressed by design.
Addressed by design.
Addressed by design.

Addressed by design.

Addressed by design.

Addressed by design.

Addressed by design selection and
failure mode/cause analysis.

Addressed by design.



The no-nominal-fuel-melting 1imit helps to meet requirements 1, 3, 4, 6, and
7 of Table 2.2-3.

A no-nominal-clad-melting limit is imposed. However, since the boiling
temperature of sodium is approximately 300°C below the melting temperature
of D9 cladding (approximately 2400°F), the boiling 1imit is more constrain-
ing than the clad melt limit.

The $3 scram worth lower 1imit ensures that the temperature reactivity
defect can be overridden to guarantee power reduction to decay heat levels
which are small enough to be removable by the shutdown heat removal system.

A1l of the above limits have been imposed on the nominal or best-esti-
mate temperatures and core design conditions. The reason for selecting
nominal conditions is that SASS is a device to ensure LOA-2 termination of
the transient rather than LOA-1 termination. Since LOA-2 allows a limited
amount of core damage to occur, using a nominal 1imit implies that there
will be some probability that the Timit will be some probability that the
Timit will be exceeded in some instances for the hot channel. the magnitude
of this probability has been investigated for the boiling limit and fuel
melt Timit to demonstrate that the hot channel also has a fairly low proba-
bility of exceeding the point limits and to estimate the magnitude of poten-
tial core envolvement and damage.

Assuming that the SASS system allows temperatures to approach the boil-
ing 1imit, then the nominal peak sodium temperature is 1800°F. Based on the
CDS semi-statistical hot channel factor, the standard deviation is 41°F
based on the steady state aT, and 113°F based on the transient aT. The
statistical steady state standard deviation has been estimated to be 20°F
using the PACT code. The boiling temperature mean value is estimated to be
approximately 1900°F for CDS with a standard deviation of approximately
30°F. Assuming that the peak temperatures and the boiling temperature are
normally distributed gives a probability of hot channel boiling of .198 for
the standard deviation of 113°F on the peak sodium temperature. For peak
sodiun temperature standard deviations of 41°F and 20°F, this probability
reduces to .025 and .0027 respectively. Thus the chance of hot channel
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boiling is between 0.20% and 20%. This means that 80% of the time no sodium
boiling in the hot channel would be expected. Local boiling of hot channels
is acceptable with respect to the overall LOA-2 objective. The potential
for the average core fuel assembly to boil can be estimated for a mean fuel
assembly sodium outlet temperature of 992°F at beginning of equilibrium
cycle. The standard deviation estimate varies, depending on the stitistical
model. The standard deviation could have a value of 32°F, 88°F, or 20°F.
The probabilities of core wide boiling are estimated to be 3.60 x 10-7,
1.078 x 10-* and 3.5 x 10-7 for each of the sodium temperature standard
deviations. Thus, there is l1ittle likelihood of the average assembly
boiling.

For the fuel meiting limit a 40% overpower criteria was set (see
section 6.5) to ensure that no nominal peak pin melting would occur. At 40%
overpower the peak pin nominal centerline temperature is 4830°F. The semi-
statistical standard deviation is estimated to be 110°F and the Monte Carlo
standard deviation is 40°F based on the PEFT code. The mean fuel melting
temperature is estimated to be 4937°F with a standard deviation of 50°F.
Again, assuming a normal distribution the probability of the peak pin fuel
melting is .19 to .05 for the semi-statistical and Monte Carlo approach,
respectively. Thus approximately 80% of the time that SASS responds there
will be no peak pin fuel melting. For the average fuel pin the peak center-
line temperature is approximately 4530°F at 40% overpower with a standard
deviation of between 110° and 40°F. The melt probability for the average
pin is between 3.70 x 10-* and 3.6 x 10-7, which means that there is little
likelihood that the average pin will get involved in fuel melting if the
core relative power is constrained to be less than or equal to 140% of nomi-
nal. Figure 3.2-1 shows the time dependent nature of the fuel centerline
temperature for the 6.1¢/sec TOP event to a total of 60¢ for the CDS Phase
II core. The 20 values and the nominal values are plotted to show the
amount of overlap of the fuel temperature probability distribution with the
distribution of the melt temperature. At 40% overpower the nominal peak
temperature is just below the -2¢ melting temperature. This provides some
conservatism to cover potential heterogeneous core modeling inadequacies
related to power shape changes for control rod withdrawal events.
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Based on the relatively low probabilities of sodium boiling in an
average assembly and average pin fuel melting, it is concluded that the
. nominal temperature point limits of Table 3.2-1 should be adequate to ensure
that the LOA-2 goals of Section 2 are met.
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4.0 PRELIMINARY DESIGN OF THE SASS ASSEMBLIES AND CONTROL WORTH
ESTIMATES

4.1 SASS System Design

The design of SASS is guided by the following criteria:

1. Provide the capability to limit the consequences of selected
hypothetical events such that the LOA-2 success criteria are
satisfied;

2. Provide for adequate long-term shutdown;

3. Improve the licensability of LMFBR's;

4, Minimize impact on plant performance;

5. Justify in terms of risk-benefit considerations.

Given an assembly design and criteria, a shutdown system {(number
of assemblies and locations) can be determined. The following considera-
tions pertain specifically to the "CDS Phase II" core. The core layout is
shown in Figure 4.1-1. It contains a total of 30 primary and secondary
control assemblies. Such a core can readily accommodate a self-actuated
shutdown system with negligible impact on reactor performance.

Preliminary SASS assembly designs have been developed for the
one-piece and articulated-absorber concepts. The present analysis applies
to the one-piece absorber design. The SASS assembly design is more conser-
vative than that of the secondary control assembly; it allows for a larger
radial gap between the outer duct and the guide tube. This design is
capable of accommodating relatively large duct bowing and distortions. The
effective absorber volume fraction is approximately 34%.

A number of different approaches have been considered for the
self-actuated shutdown system:
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1. Three fully enriched (92% 10B) SASS assemblies are sub-
stituted for three of the middle-row primary control
assemblies;

2. Four fully enriched SASS assemblies are substituted for four
of the middle-row primary control assemblies;

3. Four fully enriched SASS assemblies are judiciously inserted
in the outer fuel rows, leaving the primary and secondary
shutdown systems intact;

4, SASS is combined with the secondary system.

The "three-assembly-SASS" configuration has been analyzed in
detail., The results reported below indicate that it does not meet the
design criteria. It is concluded that a minimum of four SASS assemblies are
required. The operating 1imits can be met with three SASS assemblies, but a
(3/4) system is required to meet the reliability goals. Because of the
strong control rod interaction effects and the sensitivity of the power
distribution, detailed analyses need to be carried out in support of the
"four-assembly-SASS" configurations.

4,2 The "Three-Assembly-SASS" Configuration
4,2.1 Control Worth

Detailed 2-D (X,Y) diffusion calculations have been performed for
the "three-assembly-SASS" design. The control worths are as follows:

a) end-of-equilibrium cycle (EQEC)
- 3 fully inserted SASS assemblies, 3.15%;
- 2 fully inserted SASS assemblies, 2.02%;
b) beginning-of-equilibrium cycle (BOEC)
- 2 fully inserted SASS assemblies with 12 outer
primaries inserted to criticality, 1.64%;
- 3 fully inserted SASS assemblies with one of the
outer primary assemblies assumed stuck in the with-
drawn position, 3.11%

4-3



- 2 fully inserted SASS assemblies with the outer
primary assembly adjacent to the stuck SASS assembly
assumed stuck in the withdrawn position, 1.15%.
From the results reported in Section 6, it is apparent that two
SASS assemblies do not adequately shut down the reactor for an unprotected
SSE. A minimum of approximately 3% is required to prevent boiling given the
CRBRP flow coastdown.

4.,2.2 Reliability Considerations

The probability of failure of a single CRBRP primary or secondary
shutdown assembly in case of an SSE is estimated to be of the order of
10'2 (typical values are p » 2-3 x 10'2). This probability
increases significantly (to approximately 10'1) for seismic events
greater than the SSE. Although design variations can reduce this failure
probability, it is likely to require a major undertaking with respect to
testing and design innovations. CRBRP values (p £_10'2) are therefore
assumed for SASS. With respect to the above reljability considerations, it
is important to emphasize that SASS can only provide a significant risk
reduction if one assumes failure of the primary and secondary systems, which
is most 1ikely during highly unlikely or beyond-design-basis events.
Although the LOA-1, or operating, envelope is highly. reliable, the reliabil-
ity of the shutdown system decreases with the severity of the event and it
is eventually limited by common-mode and beyond-design-basis-event fail-
ures.

The probability of failure for a (3/3) system is 3p while for a
(3/8) system it is approximately 4pZ. It is then apparent that if SASS is
to have an unreliability of less than 1072 per demand given p «» 10'2, and
(n-1/n) system is required. Given the required reactivity worth and the
requirement of minimum impact on plant performance, a (3/4) system for SASS
is appropriate.

4.2.3 Long Term Shutdown

The proposed (3/4) SASS layout would provide adequate long-term
shutdown in combination with the SHRS. For the "CDS Phase II" core a reac-
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tivity insertion of 3% yields an isothermal temperature of approximately
370°C (700°F). This compares favorably with the "hot-standby" temperature
of 340°C (650°F) or the inlet temperature of 335°C (670°F). This tempera-
ture reactivity defect is readily accommodated with only three SASS assem-
blies. Since most SASS concepts have their trigger device located in or
around the SASS assembly, this device is usually designed to trigger only
this particular assembly. However, a single assembly will not be sufficient
to shut the reactor down to the power levels required by the shutdown heat
removal system. If the heat removal system cannot remove sufficient heat,
then temperatures will rise again until another SASS would be triggered.
However, this will require very long-term and expensive transient analysis
to demonstrate that eventually at least 3 SASS rods enter this core. There-
fore, it should be required that when one SASS assembly is triggered a
signal to trigger the release of the rest of the SASS assemblies be provid-
ed. Note that this is not a necessary condition to meet the LOA-2 require-
ments but it is a sufficient condition. If no signal is provided to the
other SASS assemblies, then sequential actuation of the SASS rods will be
required. In the case of sequential rod drops, higher temperatures will be
reached more often. This will probably increase this number of fuel
failures relative to the number of failures that would occur with coupled
triggering of the SASS assemblies.



5.0 ACCIDENT SCENARIOS
5.1 . Introduction

SASS is to be actuated if both the primary and secondary shutdown
systems fail. The probability of such an event is extremely low, but within
this frame work a wide range of conditions can be postulated for determining
the SASS requirements. The list of events considered here is not intended
to be exhaustive, but it includes representative reactivity insertion and
undercooling events within the classes of anticipated, unlikely, and
extremely unlikely events combined with failure of both the primary and
secondary shutdown systems. The response characteristics of the reactor to
these events needs to be determined to establish design criteria for SASS
which are consistent with the functional requirements. Reactor response is
also needed to derive SASS response requirements from the design criteria.
Selected accidents have been analyzed as a function of SASS characteristics
such as reactivity worth, trip points, and insertion times. The results are
reported in Section 6.

In generating these hypothetical accidents, it is assumed that the
primary and secondary control systems fail completely. This is a highly
conservative assumption, since in reality at least partial control insertion
is 1ikely to occur. The severity of the event is further compounded by
assuming that only (N-l-out-of-N) SASS assemblies scram. Finally, consis-
tent with the LOA-2 criteria, the analysis only is performed using nominal
values. This is in sharp contrast with the analysis of the design basis
events which are performed at 2¢ or 3¢ conditions.

The selected SASS design basis transients are summarized in Table

5.1-1. These transients represent the set of bounding or umbrelia tran-
sients that should provide the designer sufficient detail to provide a
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Plant Condition

TABLE 5.1-1

SASS Design Basis Transients

Transient

Transient Features

Flow Conditions

Anticipated event
without scram

Unlikely event
without scram

Extremely unlikely
event without scram

Control assembly
withdrawal at max-
imum design speed
(9 in/min)

Loss of off-site
electric power

Control assembly
withdrawal at max-
imum mechanical
speed (72 in/min)

Safe Shutdown
Earthquake (SSE)

Ramp rate of 0.76¢/sec
up to 60¢

CRBRP type flow
coastdown

Ramp rate of 6¢ sec
up to 60¢

(i) flow coastdown
(i1)20¢ step insertion

for 10 sec

(i) constant flow
(at 100% of nominal)
(ii)pump trip at
15% overpower

no pony motors, 3%
natural circulation

(i) constant flow
(at 100% of nominal)
(ii)pump trip at 15%
overpower

CRBRP type flow
coastdown

(iii)oscillatory reactivity
insertion +60¢ at 3.8 Hz



SASS concept that will respond successfully to a broad range of off-normal
events. The SASS concept cannot protect against reactivity events of
greater than 4% which could be caused by a core support failure or a failure
of the plant control system causing a banked withdrawal or consecutive ele-
ment withdrawal of the primary control rods. It is believed that the proba-
bility of such events can be controlled by the plant designer to be suffi-
ciently small so that they contribute very little to the overall risks to
the plant.

5.2 Control Assembly Withdrawal at Full Power With and Without Pump
Trip Maximum Design Rod Withdrawal Speed

For this event, it is assumed that the reactor is at full power at
BOEC and that, as a result of a malfunction in the circuit, one of the
control rods is withdrawn at the maximum design withdrawal speed. The maxi-
mum design rod withdrawal speed is limited to approximately 23 cm/minute (9
in/min). (5.2-1)

For the CDS Phase II core, 2-D (X,Y) diffusion calculations indi-
cate that for a critical reactor at BOEC the rod run-out worth is approxi-
mately 35¢. This value is essentially the same as the average worth of the
partially inserted control rods. Because of the ambiguities associated with
modeling partially inserted control rods, it is recommended that a run-out
rod worth of 60¢ be used. This value was obtained by multiplying the
average worth of a partially inserted rod in the outer primary ring {approx-
imately 33¢) by a first-out rod interaction factor of 1.785, as suggested in
the "CDS Ground Rules Document.“(s'z'z) The purpose of this assumption
is to provide the highest expected reactivity insertion.

For the above event, the reactivity insertion would have a maximum
rate of 0.76¢/sec up to a total of 60¢. Depending on the plant protection
system design, pump trip may or may not occur at 15% overpower. Both cases
were examined in this study.
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5.3 Loss of Offsite Electric Power Triggered Flow Coastdown

The loss of all off-site power trips all primary and intermediate
sodium pumps, commencing a flow coastdown. The CDS plant is assumed to be
designed with CRBR-type flow coastdown. For the resulting short flow coast-
down, this event if left unprotected is a major safety concern with respect
to hypothetical core disruptive accident (HCDA) initiation.

5.4 Control Assembly Withdrawal at Full Power-Maximum Mechanical
Speed

This event is similar to the continuous rod withdrawal incident
described in Section 5.2 with additional failures resulting in a withdrawal
rate equal to the maximum mechanical speed capability of the CRDM, which is
approximately 183 cm/minute (72 in/min). (5.4-1) In the CRBRP PSAR
this event is classified as extremely unlikely. Consistent with the discus-
sion of Section 5.2, this event results in a maximum ramp insertion of
approximately 6¢/sec up to a maximum reactivity of 60¢. This event was
evaluated with and without pump trip at 15% overpower.

5.5 Safe Shutdown Earthquake (SSE)

For the CDS Phase Il core, the SSE is postulated to result in the
following severe combinations of conditions:
(i) 1loss of off-site electrical power resulting in a flow coast-
down,
(ii) radial compaction with a step reactivity insertion of approx-
. imately 20¢.

(i1i) axial acceleration of the core and vessel resulting in an
oscillatory reactivity insertion ranging between + 604 with a
frequency of approximately 3.8 Hz over an assumed interval of
10 seconds.

The SSE is an extremely unlikely event. Assuming additional
failure of the primary and secondary shutdown systems, the SSE is likely to
be the bounding event for determining the SASS design criteria and response

‘ requirements. This is substantiated by the analyses reported in Section 6.
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The basis for the Safe Shutdown Earthquake (SSE) with Flow Coast
Down (FCD) event is a 10 second duration earthquake which is postulated to
cause vertical oscillation of the core relative to the control rod and a
stick-slip core compaction. The oscillations were assumed to be at 3.8
cycles per second based on PLBR plant studies. (5.5-1) The stick-slip
positive reactivity step insertion and the osciilatory ramp reactivity
insertion due to relative vertical motion of the core with respect to the
parked control assemblies were super imposed. A loss of pump power is also
assumed causing a flow coast down as in the LOF event.

Figures 5.5-1 and 5.5-2 show the core geometry used in the evalua-
tion of the stick-slip step reactivity insertion. The material properties
used for the core former and assembly ducts were those of SS-304 and D-9,
respectively. For this analysis the core assemblies and the former pads
were allowed to expand from cold geometry to the hot operating conditions
using the known assembly average duct wall outlet temperatures for MOEC
conditions of each core zone and former temperatures of 955°F for the top
load pad (TLP) former and 730°F for the above-core load pad (ACLP) former.
The resulting clearances between the outer assembly duct load pad and the
core former ring were evaluated. Forcing the closure of this gap by bowing
of the assembly ducts as shown in Figure 5.5-3 defines the displacement (aR)
at the core midplane. AR was then used to calculate the stick slip step
reactivity insertion as follows:

$ 0 e an

where
% - .338
g = .003647

R = 80.5 inches
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Uncertainties in dimensions were added to the nominal values for
Figures 1 and 2 to obtain the maximum stick-slip AR possible under the
assumptions of this model.

Nominal + Uncertainity

Interassembly gap (mils) 10+8 = 18
Lower former pad gap (mils) 60 + 10 = 70
Upper former pad gap (mils) 120 + 10 = 130

A stick-slip step reactivity insertion of 12.2¢ was obtained.
Accounting for an estimated 50% uncertainty in the Rdk/dR value, the maximum
expected stick-slip reactivity is calculated to be 18.3¢. From this, the
value of 20¢ was then chosen for the stick-slip positive reactivity step
insertion. Several effects have been neglected in this analysis which will
require further work and they include 1) clearances at the inlet nozzle
which would probably contribute less than 2 to 4 cents, 2) effects of
reverse temperature gradients which could increase the core midplane aR, 3)
effects of above core former removal which could increase the core midplane
AR and 4) 3-D reactivity effects of the heterogeneous core which can only be
investigated using the NUBOW-3D code.

The value of 60¢ for the oscillating reactivity was selected to
allow sufficient margin from prompt criticality when combined with the
stick-slip step reactivity and analysis uncertainties. The 60¢ requires
that the 12 partially inserted outer ring primary control assemblies not
move more than 1.69 inches. Due to control worth uncertainties, such as the
small worth of the control rod in the upper axial blanket of 1 to 2¢ and
uncertainty in the initial insertion distance of 17.2 inches, CDS currently
requires the relative motion to be less than 1.5 inches.

It should be pointed out that the reactivity effects and the flow
coastdown are taken to represent the upper bound core response to the SSE.
It may be possible to have no reactivity insertion and no flow coast down
combined with a hypothetical common mode failure of the primary and secon-
dary control rod systems. Although the event would appear to be benign for
the short term, long term effects of unknown common cause failures in the
SHRS could pose significant problems if the core power is not shut off. It
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is for this reason that SASS should include a seismic actuator as well as
thermal and neutronic actuators, since it is the purpose of the SSE evalua-
tion for SASS to demonstrate safe shutdown for this event. The seismic
sensor should probably be mounted on the reactor vessel head and should
detect vertical or horizontal accelerations that are greater than or equal
to those calculated for this position during the SSE. This will also
provide protection in the event of a non-conservative analysis of the
amounts of amplification provided by the plant systems to this point during
in SSE.
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6.0 CDS PHASE II RESPONSE TO SELECTED TRANSIENTS AND SCRAM PARAMETERS

6.1 Transient Event Descriptions

For the SASS scram parametric study, the following four transient
events, further described in Section 5, were initially chosen:

1.

4,

Transient Undercooling (TUC) Event

The relative flow coastdown (FCD) versus time is shown in
Figure 6.1-1. This curve has the form of F/Fo = 1/(1 +
0.2788t), where t is in seconds, until the time where natural
circulation flow of approximately 3% take over at approxi-
mately 116 seconds following pump trip.

Anticipated Transient Overpower (TOP) Event

The reactivity for this event was modeled as a ramp as shown
in Figure 6.1-2. For the with pump trip case, the flow
coastdown of the TVC event was assumed to begin at 29.8
seconds which correspond to 15% overpower plus 0.4 seconds
delay time for the pump trip signal to be sent.

Unlikely Transient Overpower Event

The reactivity for this event was modeled as a ramp as shown
in Figure 6.1-3. For the with pump trip case, the flow
coastdown was assumed to begin at 2.15 seconds which corres-
ponds to 15% overpower plus 0.4 seconds delay time for the
pump trip signal to be sent.

Safe Shutdown Earthquake (SSE)

The reactivity and relative flow for this event was modeled
as shown in Figure 6.1-4. The relative flow for this event
is identical to that of the flow coastdown event.

A1l analyses were performed at BOEC using nominal values, as dis-
cussed in Section 3.
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6.2 Transient Responses Without Scram

The core responses for the selected transient were analyzed using
the heterogeneous core version of CORTAC. (6.2-1) CORTAC is a
transient analysis code with a core restraint response capability. The
thermal-hydraulic modeling includes interassembly heat transfer. Sodium
boiling is not treated. Neglecting the structural response and the differ-
ences in the thermal models, CORTAC has been validated by comparison with
the accident analysis code SAS-3D (6.2-2)
boiling for both TOP and TUC events.

up to the point of sodium

The four transient events described above were analyzed first
assuming no scram using sodium boiling as the transient time 1limiting con-
dition. The relative power and flow histories as well as the maximum
coolant temperature versus time for each of the events are described below.

Relative power and flow histories

a) TUC - Figure 6.2-1 shows the relative power for this event
decreasing as a function of time while the relative flow
follows the form described in Section 6.1.

b) TOP (9 in/min) - Figures 6.2-2 and 6.2-3 provide the relative
power and flow histories for this event. The power eventual-
ly stablizes at a relative value of approximately 1.4 for the
without-pump-trip case.

¢) TOP (72 in/min) - Figures 6.2-4 and 6.2-5 provide the rela-
tive power and flow histories for this event. For the with-
out-pump-trip case the relative power increases with time
until the rod is fully out at 9.8 seconds and then goes to an
equilibrium value of approximately 1.36.

d) SSE - Figure 6.2-6 shows that the oscillatory relative power
responds with the same frequency of 3.8 cycles/second as the
oscillatory reactivity insertion; but it goes down in magni-
tude inside an envelope which levels off somewhat more slowly
than the flow coastdown.

6-6
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Maximum coolant temperature histories

a) TUC - Figure 6.2-7 shows the maximum sodium temperature going
up with time. Sodium boiling occurs at 8.6 seconds.

b) TOP (9 in/min) - Figure 6.2-8 shows the maximum sodium
temperature for this event without pump trip going up with
time until about 4 seconds past the time when the rod is
fully out. The maximum sodium temperature then stablizes at
1275°F, and no sodium boiling is predicted. Figure 6.2-9
shows that the maximum sodium temperature for this event with
pump trip will reach boiling in 36.2 seconds.

¢) TOP (72 in/min) ~ Figure 6.2-10 shows the maximum sodium
temperature for this event without pump trip going up with
time until about 2 seconds past the time when the rod is
fully withdrawn. The maximum sodium temperature than stabil-
jzes at 1270°F and no sodium boiling is observed. Figure
6.2-11 shows that the maximum sodium temperature for this
event with pump trip will reach boiling in 7.8 seconds.

d) SSE - Figure 6.2-12 shows the maximum sodium temperature for
this event will reach boiling in 6.1 seconds.

6.3 Scram Parameters

The parametric cases investigated in this study include two scram
worths ($1.60 and $4.00), three SASS insertion times (1, 2, and 4 seconds)
and up to four SASS delay times (including detection times) depending on the
event. The $1.60 scram corresponds to approximately two SASS rods inserted
while the $4.00 scram corrsponds to approximately four or five SASS rods
fully inserted.

The peak sodium temperature that is reach for a given transient is
plotted to allow this parameter to predicted for various SASS concepts.
Figures 6.3-1 and 6.3-2 show the peak sodium temperature for the TUC event
as a function of delay time and insertion times for scram worths of $1.60
(initial peak) and $4.00 (absolute peak), respectively. Figure 6.3-1 only
provides the initial peak sodium temperature since the $1.60 scram eventual-
ly leads to sodium boiling.

6-15



91-9

RABH PAPER] GRAPHIC CONTROLS COAPDRATION  Buftslo New York SQUARE 10 X 19 TO THE CENVIMETER AS-8034-60

Printed inU S A

8 1 [ ! HH i
N HEH i H gigaig Rianiaiingsnidnd
LT susslgnbgruedn HHTH T 1 1 a8 837
s T
HH 1 asus BER anws -1+ + -H Hitlire1H H 5 HH 2 Rp8s.
H HiH : Ehegest H
graispsa 3 s, awsgguan
AT s T H 4 1] ¥ 11 snsgefignpdliaagss b HHT HU T
HH J $-4-1 1 11 & H H-+ ] 1]
ainsd H T H 111 il - 4 T wdiy H 41 1137 -4 # 444 {1
HETHHTT sad Rassgiggs ibe paugsialbgpaaugftnaiieayddin gddngre 3 ] =g pagans JasegRuand
2= ge = s H T H H maNgEwa zgen =gages TR ETET
I 11 s £ H 1 akfRenny fhanh ]
u RN amasgagn: 3 H
3 H 5 1 sk HAHTE at | HHTHTHH 3
I efdesqf pipasfufid pakaasnugyhn 1 sgsfsentife gt 1 i F AT EHES
4 BEgaEyp - HHIH H HA 18 I H I THIER T HITHUHES agRul s A H VR HAHTHEH
EQihgghanai agiuaephasngngiis 1 [ s
ssgsae ns = H MTHH mpa sy
HHH HHHH HHHIE R fpadalal Hi § 2 i H HHAR R T R HEH T H
sgussygas R H - sasaanguesgesappngs SEgSgaggassangenagasanzmspagps -
sus i ] HHPRFHHHHHERH FHH H L I adigalndl hegs: afpdn I Y H a
T an Subl FRandgon rHH B R TH {1 Agd giu.
o & B u sn IR U HAT 1 11 apasgupondugatabasiinlabinttpin 13 aGspeaman
T HHThT saEsazassgusypun HITHET H 13 g A 1 TR =a T 212g20c 8 A ypaiis g
BEERRER1S sappandif8ikss HIHHTH siifedissielly HHEH H REp0sduseiRi Enghititas It 3 T f)asiigd 88, 511185 Bekis
H spiiles yastsfakisbiny Insbiiad 3 1 031 H -t 1 sefaddgies [ piss geesn sy HAH G- T RiEEsdialis:
zzgm H = h T a2 parayganaypynpusea H H T gageasgasngas TR HH T A 2 pasgs JRastaangesenue
S afil Rapaihsazes U BifRsakegin aildies 1 8 uidns - H g 1111 Engsbppusnzdsesunnlifi 1Tt i
wan raan s THITH 1pags 3 % H a8 gus asgsan =y yun ma gu .
L £l HHHHIBHA 3 B HiH 11 H H O TR HIHE H . T e
HiHH u:

;s
T
1
T
T
T
1
1
1

it
't

T
"

1
T
T
13
t
T
T
.t
1
+—
s
T
T
T
T
T
-
I
+
1
T
1
T
T
T
1
1
"
T
REA ¥ e
1
T
e
1
T
1
"l
+
1
T
Aiyaax &
1
1
T
1
T
T
w,
1
T
=T
1
T
1
I

] 14 gas p HIHHT- uagiagddgphsnan gy ] HHH saypRnabghangaplnt 11 HHEH NS EER 8! agy BAREGRASE sn i s an sedppub H
gEgsiSadnt iR (11 B pEan 14 THHETH H {141 3 DEREE SR ] » syghidehiaian dsniySsgusfnntns 1 1 11711 i1
s3dfuggt ERARES ' {1 gyagaglgagn HHH U HTE ] ppagy tH H gRgsnspungisy (H L & undgpluy dlassghanngs paud suuig 1T pagauiml
| epggusngpy g 1 axes HHIHT r T 3 e e aangans HHH F H AR T i
s | k H [T HITTHHEE T H a8 HHH sgel] RS AR AHTH C SE4 N THH H
! TSR R P B R B R R H R TR 2288888 LU RH T Han 1] e AL 8
AP T ] H HI s8uy HINT . DHBIHBPH HHIHTHIN ] S HIFF EHEE S NGeEESE) AN, {HH H FHEH ggpens 5

T
T T
1208 B
" 1
T
T
"
1
rms
TTIT
T
T ¥
ien ans
.
1
1 T
rs
T
)
+
T
1
"
T
T
5T
s
T
T
T
T
T
"
T3
nme
! 1
=
T
T
1+
!
I
1
T
f
T
1
1
¥
T
1w
H
T
1
T
1
T
18881
1

-

T
I
yo SRN

§ 11 T IR T E B R H 1 HH Hitt i FHAHH HH
sgasgrsuses ey aan HHHHH T H HHHHHH HHH H H HH
HIEH BTR I H A HDTH HHHE T HH A e H e Y & HHU R LH HH HHH
. B sparupasras H H HHT HHHHH H o HHHH
H 1 HHHEH Hii ] HH T 13 H Hi 114 HHTH JA H 1T HRHH T HIHHHET T HEHEHILE HH §
i H R BB i HIHH HTHHHRH HiH HHA 1 HHTHH T H H
SuRi I s gaxsasus i r H LTI 11 i t L 331 1l gkt A HE gass
FHH T H] Hid h HHHETH T T HE HHTH 15883 Rt TR HE I HITHH T T R T H R HHH
4
HHH . =s gums HHHHH -+ H HHHHHTH HHHHHH HHHH HHH- H
THIHNHE gigiele U HEAT R T giE i AT TR T T HRHTTT i TR HEHHT fiigs Y
g : HilEHY ! HHH : H : HH e 3 ks £t HEH T
F H H HHH H H a8 3 H = ] gaux gEgege T H »
1 1 4+ I : i A
HHHHHH R HHH dbdeas § H T T %1 tH HitH I T
i HHTH HHTHH HH A HH H e H AT T EHHTTH A H I B 3
HHR R HEH {H1 1 b HHH HHHH i
HHi § H HEHHT T | H HH HH E H HHHHTH
1 HHH H HH HHH- HHH HHHHH HHHHHH HHHH : H HH HiH
H i L HTRY R AT R EET H
. : H g g H FHHE T TR AT H H HHHHH
i HHHHTT H HITH HTH R T 138303 ERRE0ES T i
1133 (11 H 4 4 ] 1 L s3ewn ] Sudn RS
FHHH TR bt i TH HH ﬁ it Hisl 1 R "6 g" f R e R H
. NRGE PR = 481 g J\ ZPERY BE: 113 11 T a ¥ H 117 s sEgRyw Ienguz:
HEH HHT H T T HHH i HH il tHiH + E gigeysini
ResssgrEmLyFEsEasun 1 H ‘i e . BgrassEysRansgn H
5 TR 1 g \ g T ITH TR R T
H it HHH I i | H TH t HH B
aRafiats jhdRd H 3 ] H H i
H HH i HRHTTHH HHTHITTHTH HiT TR 1 HH AT ] S R H HH] H
] il HH it T 1 ] LI £l ERE81 Aaset 3 A ShRNeps dRREd HAH
S5t S ARSRIRNRStIRRR R Ty pRTRE RIS 5 saan g T i T HRHTR AR 1] T
| T H HHHTHH ] a 3 3 HiH H sk ] 1 L saripe H 3 H T . TR
H H T HHH H H THTHHT T HH 2 HH
d ] 2 T HI 3 H HH . T - Y B34 HE {1 .
L EE HITH Hi HEEH T H Hil I H Y T HA HH HiHdtHit 3 HHHHHE




8 CEASH PAPER] GRAPHIC CONTROLS CORPORATION  Buffalo New York SQUARE 10 X 16 70 THE CENTIMETER AS 8014 -60 ‘

Prted U § A 4

I H maua 2 7
figen ] | & ol dalans 1 11 e H i gad H
H HHH HHEHHHTH H HitiHH H 1T FHHTH
1 1 HHEH B L a H (rgit H
sgguEnsyran 2 . . T am
H H 5 1

Kgupansss I 0 I 3 1 Hi] H HHHH s HHH
] HH dfdnaal spndyiassr oy 1 Stiggstls sesget

HTHHH 53 puSE: HHTH A gagfs ageypnk Lay

Syaies 1 H T

N
:
:
:
s
:
:
:
==
:
:
:
1
:
:
:
o
=
:
35
=
1T
:
DN
—
=
:
By
:

iy
I
1
2
-8 ARSI
"
b W
Tt
I
e
L4 §
c4
1ol

4o
L
(gj
Y
103
e s ¥
i
T IfTT
=
Yar
g
T
i on §
=
X
-
s
+
i
T
T
4
'
T
7
nuT
e

LL-9

= estsa sgeese azas sprres » . T T gaarss agns g
1 B HHiH A R HHER R HH HHE 3 11! HHHHHEH T g iggasiangy pyageglans rqudangan
4 H 1888 T HTH THHH HH 1 LT (1 Sgids PN AR U ¥
§ Hiir i : L] 1 . 8 sfibs gajjassyingatdice) asilisins I
s 1 8 2 yagieies 1t H H H T haaiga L HEHFH THH H
§ B t X RESfRAsEY I8 H 1 1"_ ags 1 THHIHE i HHHT 1)8gaadygs]udgadusa
e jge » . = . 1 N HEITH T ETHH T . s2ges HHATE sgs!
': ] I 1 | 3 11 9! f t111 g sigia 1 t H 1T H 1] 13 11 &8 111 sy 1111
i 1 i T sfigsksiyaafisaepiopnsipaitifanshiapalintatie: ] SiEastisetabakintpesie diis P HHH 8
[ [ sifasqfuaiyfapdsfhdnsgiusiif sdiiipuipdasiagining s aSiiifagves H 1
s 38n H sus . o 2a
] gigegisaud pidagogans yapnssndyi san I ] H 4 i giagasiisuiadongd I ’: it R HER R ghtesisys 2 H
m. . szspasgs:gun wzase ppEnsgu r T F ] i s r n
B HH sfasgask a § T b s a8 I
& siisgs ] shusiesgali sRRISasad Batbl :L i Bapabhgige Sgadigshs il I 3 3 1 59 5pgdpadsi
FEH ETT T sjddsgy tH 11 ] »»” b ] _:—1 T ::» it . H M- : 11 1 f‘ :‘_u . Re :" f_’; L] 8 |4 a
L H CHTHH Y adl oy Ll 11 hingdf Jpsdusa 1 o4 fapagpgest
T [ it F HiH HITHHAS | & [ 1 P H 3 I HHE THTTHE AL H
] 4888 ] H Tt Ry §asai ] 111
b H H 1 L 8 53he dsds
I 1 F g i 5. . a HHE agas a8
i {11 K HH ashtihe L] T apisintetpaes HH gestpisgishaaapiiagenins e T
B B & - H H H 'F‘ (1 H 44 Haus H e 1 8 j{ }- anye
H 1 SiRgnal iy 43548 1d 84 L] aigeisty 1 ] & by 8358881 si0adkaln peabdsolfslyiBissisd sadsasndge
2 T F I r . ’ a9 per: . T r gagea 1 .
b 1 ” s
& ] H H- T HE T tHTH T H T ThHiHHN gefigay yeals fasas
[ 8 L N H1 r s MMIHIH OEd B HHHEH I - bipodineen 3 g gingelid o
g5 T 1 ESasseEaliasiisgsatiae 3ialls i sgd 11 i geElassEb aad s THH 58 -
11 11 +
F H1H s 5 15 d b . 'l HH 1 E THAH H HTHET g | T 1
H . gaspu sagpEsgiens T : . r THHTH 2 gEpaEas FFHT NI
] 19148 a5g bys 1L / H s | H iadagp Jesadjin T B R 288 ualsn sl adgsus
11 ¥ HH T TTHEHH I L 1 IO H THHDHAT EEE HHE Shafpatagaiceg iu P H HEHH T B
HH 1HL tHH L L] zdflise s L ] HH H ugud SaBpuRaase |8 i
F i Hie § § T F : sssbilal i T TH geiasie W I EHTH H 2ugn
ry 18 ] H HT 8 4"' T i Hif r SSper0d Mhseifsgse jis syl deidglng gsigagi dhngdipasy uydedugy 1
o & H HHN Shansh {11 HH T !!' P 3 411 111 ] - THHT I TE I tH s T FHT nd ph e
I g ueqpaunygn 115” FHT T geagys sg8 SIE T T H AT g T
i B AR o i
e

B H H H S aeaagsnises H
= 11 ol I558 5 ;“ HITHIH H ¥ r K ! THIHE TR R T HH T
1 H il 3 1 i i Hill tH S THIE T
r 3 'l LA 1 L | FHH BHTH TH HB A
g W | 3 t Baftaniiqdtabuins epnaduncyrdblionsassapny 1
13 7 HITF 7 T T myas 1 T a8 N TTHA 3 THIT
d L it 1H H HiHH] HH anefpast iisaldls ghiaiiiatajeted fasas
caidl T I T R T T HiH HH R R
frarit i H i § H 8 T 3 I 0 il Nus
' H asy H & 1] v I 1 4 [1411 280 SEBRNE Sgdaly aoansduk I B :
ORI FiiE R I R sk R RS R L BRSNS RETNOER TR bR ERR! RS HHIT IR R TR

t
o
T
+
T
T
T
ol
g‘
T
g
s 1
o3
T
T
T
T
1
t
ve
T
T
t
N AR BE
1
+
t
1
t
T
T
g
¥
T
T
1
1

HH H 1 4 I L H H RSRgER MU HAH {1
i E 8 L4113 o n FHEry H H 8
3 B 1111 H 1 H HH [+ 8 3 T

1
e
T
T
1

4 H . o = H ma| . , H ag g 51
H B H H H SERRNNE FNARE R




K3 GRAPH PAPER] GRAPHIC CONTROLS CORPORATION  Bulfolo New Yok SQUARE 10 X 10 10 TSE CENTIMETER AS 8814 -CD o '

Primed MU S A

HHHH T HE T HHH T i 1 {158 HH i [ Ifaisadisangagasis ans H

HH T R HTHH T HTTHIT HH H HHH H H o
HH H H 5 T :[ S I H HH signissfaa SEgqsgaNad Suaks dnsas

ximumi faplliant | naLine v L Tig/ded et Wi CHerRm HEHHHT
» 1 wy ppun '3 map NEAEE, 3= T sy wy gupma 2

s H tH i Hi HH T L HH U R R £ HHIHTHH R T B

B R e R i s s s R s

S H HHHIHN T HHTH R HH i HH T HH ] HHLRH T
i £ T _—:”: ] ——;_11 H HH 5 .1_4 g j: HH J_; (11 i 1] —i & B i :l:: gil i 1:1-»_ HH M H '--M it 1-'5—‘ ‘\—‘ F HH

i HHHRTH T HEH T HEH HHHH I HiH HEHHEHH H HH i HH

81-9

i H T HTHHH ajigis o HO T jeitpe 1 T
R : i B R shiticiaiatanaRass dnntRhens ehaatact Iesatinhtsdeniiphastshitasst Rt il § Befsesgedsi
T DR R R R R A R e T fadzsal a1 skt el fidisalisgiansia bastdannitantiisas
- agun M » - = - = = - F H Y HIFHT H F & H H1 & A
HHEFHH iSRSt ] i ililiths f AT i MO HEH s R H RN HE H
- -4 3 1 = 1117 F -4 -+ 3 - H 1 11 H . H H {4 St il
T ) n s T EH m: T H I = n® mas gags T »
HH H Hiln H1 HIHH B § B HH L O
2ReRRsRy ynnds N B FETH H y H L T H dnfagd Jugassanps
1 | HifE HH R T | e Fitet HHsRieaget spbe H I Hhi i ]
I f s THHIHTH i F HY 138 2 3 H
H HH - an, H H ” 4 a -
t H 1 T 1 HH i § L e R R i
3 JRidedsataty saaatanaas 1antiseant RAMIIRRALERANS RS DRRES H i HHH HHH R ERRT B2 ot { fhia8dss feckiceasddianatact iiagacciiiy R Y
% HH it i HiTHH 5 i AT i 1 T i HERE SHISRERINDRES 1R03S H
- H P H H L] ] HileAtthirar S8l i2ansRgungdnshianta] fuRatains aejaceicisas dhanadadts
31 H =

13 i [ 1 I & L [ L ] ] F H 1 ] 11 T
b
H H b B HTH I FT 3 1§83 SEEasEsRRssy 198% 3 H sEasiiiyaises R o RS
I} T S R s R s gt s SRR I i | i Lt i eEa] deace it
] ] H r Rians hi3uiiste B ‘!f" g LT AT Ssagnibf2dndnng 1 HH T
g 1 HH r 3 1 § [ § HHRTH Y s 3 T
rH agts d4iss 3 it 1 H pRiResugfians iy T HF H L H

Y

[l 1 RBERE RN C. viu i SRRERS B T THET £ 1
Tl i L : ! HHERR T 1 i
T T seapepespea e ssgsip=ysgases =g HH 1
HAHG R g HHT T frasbies dHHHHHHE T T Iekigstiniceze HAH H _5'“{‘ N T
H aa e oy (1313 1 ] ) I spu: yudy It & oy 13 [ apsapugiadg dnknabidaige 3 g el
CHHEHH R el T R ik 4 T FHE IR R TR IR R ST St R
H 33 Hil HHTRTH EHTTR 1 T R AT H tHE TR HE bH R HHHH
H HHhH . " HHT A e T e T T gusspeyumsssamaprnazEsEs T H
i i il L T R B R Hig
s I s R R R R e




6L-9

po—y
. B GRAPH PAPER] GRAPHIC CONTROLS CORPORATION  Buftalo New Yark SQUARE 10 % 10 10 THE CENTIMETER AS 4914 -60 .

Printed inU S A

"
1
'y
mRE i
T
T
1
my
T
I
T
I
T
t
1

1

T

T

T

T
T

T
T
T
T
T
I
1
T
t
1ot
T
m
-
=
"
i
.
193
=y
Y
T
(ww
*"31
R
T
)
B+
T
T
v
Y
T
T3
T
T
+
T
T
T
T
T
1
t
1
+
H
T
1
T
T
T
T

AP Hus T Tima HHFa HHH
I | yaldntihennanntiind vsiTine) foy b i ! i b
TTHH g 1 gifaggelgule  he HIHHT i T H [ T HT & M1 1HH HHEHIHHH A H T Set i S

I
T
e
1
T
T
T
on
1
"
T
T
T
T
1
1
=t
t+
;
s
Soe
u
;e
T
s
T
-t
=
e
1
T
1
1
1
1
1
1
;

1 [ & 1 aiikssgyas I ¥ adsss T 1]
FTF ey ge ® 8 H r 8 1 = H » SEges sasngsn HTHHE i T
H Hit s 5 { H TN 1 HiL H HI T HH HEHH H TR i P T
L : 138 L L 8. B H G n8s ganasEn LA ] 1Y Ssgpiiss:
= = an zeam THT Sssgagsnsypausssys! = . H ! . 3 e Suw I
{1 I 3 11 RS ANE L ! 1111 111 [ U 111 ] 11 ARG INASESABUEANQRE B 1T rl s 3 P - (4153 ¥ na us
HIE 8 1T SREEQANLY ANQRS R A B I I 8 H i B! H HI1H H ' ! H agse 3 FE
0y pas Saqgasesgn H H H H 1H FHHH i au gus! sga Bugen NI =2 1
1 Ba3 phadh H S8 ¥ r} [ L L1 1] A Hit 1] L & BgRagay puesRERE
HHTHTHTH R H R HY HHRHHH R 1 B R HH At R HH R HHH T
T H gaapsuggan FHHH . zaauavasl 13 ” sauyassn R sa 5 T
8 T EH HHH 288 H HH HHTH Hi1Y 53 49" H
1 R H HHHHTHH HH i L sifsatal i3hileeas IR RN A R HE T i
Hi 3 Hr D HHIHH T A HrHH ] B R H AR HI N A T AR H A TH H HHraT H
8 8 H ¥l . B d1H 2 3 v} H BEERS H 3 " & ans R
s 2 i E H LT ] I’ i e 8 7 sgiganglfss LT saungagan]yyas: H H
F H T 1 288135333 5a2

T
T
T
T
—
=
T
Ik
T
1
B
T
T
ue
nag
T
+
1
T
-
T
T
.
T
X
X
X
X
'y
T
1.
3
T
")
3
an suani

T i I S R it R R TR B SR T S R S e
il O L HHHE M ' ’ S R i s Gy
sitlinal Aikhitaind ‘ EeTA RS AR T RSO AR R R R gt A RRRE 1 ekl buteiSaats Hscdtitis hictead ccatititi s Accan bt Cast] tecdiningt i ol
Ct At gk och b Skqdatich AR bR LR RS A ARRER Lo st Wi I R R R il s
T T a0 L R R R e AR e
I i s R R T i L R R G I R R R U U B e
Entii AHHH R HHIHITH HH et i itatdnakaebie dbIShanant HRRESH JEisREhyatgstatdt abneqetn) sasnsiaat idqnedtece shepitictstedtys 5

I
.l
1
i
.y
T
T
e

vs

T

I

I

T

"
.+
-
T

1

T
\
t
—
-
v
1

T

1
1
t

M aenmi

P i H BIESE) [RBstinnnt bsastshaet sbehisy Behiabsatiy) i SitHliny HiH R H T JaEsaitaans ibquiecest RaNdaqaihi RRAESRaR] dantatnhe sdRae shst: SeaRtinasIng HH
il I L e TR R T e e R e R TR R

1
r
T
1
>
.
T
1
1
7
T
+
T
T
b1
"
158
ans
+
Tt
T
T
ST
T
pare
1
"
T
1
t
T
T
sman by

44 . H H - -,J SRS 8 F FH ] 1 3 H i HHH 111 H 3 T
H ] ] LA T g L g8 g ¥ 3 SOEASE g H § H spnde na s haups B, L S A E HEHE
H H H H H 1 3 H H dsd}esnviaisssdalaipua)indage 1 - dsabgs san

T
;
;
s
el
:
T
:
i
T
I
s snman
T
=
o
z
T
=
.
I
T
pos
t
e
m
7
T
t
e
-
T
pu i
ADe!
T
=
t
1
T+
!
T

H 8! H HH H IR HITH T HiH K 1 silly g T 1 g uigy 1 1 Lt HHHTE
L H L & L & 3 H | SSpgan & ixs
IR R R A RGBT A S
t H HtHiE H HHHI T H AHITHIHH H HHH T ] Hi{fTH HH
{ i L I 1 P H 1 IR 111} ] a L . . 13
7 T T i i T TR T T T i

T
T
T




0¢-9

‘ 8 GRAPH PAPER] GHAPHIC LONTROLS CORPORATION  Buffalo New York SQUARE 10 X 18 10 THE CENTIMETER AS 81L-00 ‘

Ponud nU S A

sogl 8l | sesligdfgth A Eidde s ] H 11318 Seasdenghiatal iis pasas HH
istitisinlile 11l RedN Bod ium| Tempera s vsil Deitay Thime | fon| the) TUCHE it il St e e i

H HH HHHA T HHH A
] 1 HIH H Fi e = - B HH HT+ = T TH H - anya ags A 3 » a a2
HTHH L T EEHH H I R E R B R D H I e R R T T T Bt A H Dt i T T 17

233 : S pesssasqas yesaige HHT T 2 T E A TR FH AT D T ATTHH T
£ H U 28 11 SEnisudft pus T 1 1H E H RSk a8 1 L4 .
aysgRansugagsnwgai pen HHEE ugsguRngpEES 1 H CTHTIHH s
] RiH H . H H 8 H
Suy yaadisng 11 3L ERRREFNED H1H . i I 1134 TE Sgnkispnad isy 3 afghyanis i 1 }
T ] seggaeas gon OHITH N
gungaudns anesgpnd H guppsaeage ggnas
gons 1] UER SR sasypEe Ny 13 1 gpngdnadiany 1113 B3 SASHA PUB, F
b HEH 1k t r HiHH L h H 2 dHTHHHHHH I T e H
T [ I ¥ I NansNgs ] 1 a8 Ls g rl T HHE gagd THIHT H1H1 >_.C: :“:,
: HHTHH HHHTE E THHTHHH ] ST 1 HTHEEI
1 ] (1 1 143 H 3 sana! Ll 1 I I -
sya 1 a an H H =3 pui mpssgesan: H
I ' i L unngyss 1 sagasds
Hi 1 i i ¥ JHHHH] 114 HH 3 g 1
pRESE D F uha I} [ & I H 9! {1 H sgads BESS shpes T
H HH H1HH il HTHEH T L H T
N giagingis 111 HI11T B (1 18 r 111 HItE THHAT ag ']
3 a s i wve
H 111 4 H HH 4 T 1T HH HiHiHH HHH
ittt sl L L | i it i
H1 H HiHH 83 48 8 3 a iR sgs O EHHE
H HHH 11 s H 1 ' a8
H HTH H 1H H o PR
a g 8 1 y 3 SR pe ITHHAY 5
sym 1] I 3 THi1 8 H 1 ’ff f' 1 [ I T3 1 H . j fag8y HHHEE I B FHIH :
[ 8 1 4 H 41 HE ATt $3438 L HUHH 3 HEHHE HH syfpds: 1]
&8 sl oy L I ’I’r L Sagd 15 9 131 Lt I H3 1 H 11 ':t Y s Andazinngl
1 gy - = e H = a = T TN 5 . as . seams
H H B a H Hi1it L HHHY H SRSIRERE] paad H
H H H 18 | L {11 ] 3 H 1 1 ] H HETE HHHHH T HH a THHBIAEH Hi
0 ayna TR THTRTRA F TH = aggpan a I
& ddadindnd STTH . HIHHH a8 18 H H 4Ry R
"] K H 11 JEgk ppmad pdugd I H [ H (H { s 3% sesggns
TTHF Regs A s = A T 1 . = gs
i HHTHT i jBec H [ HHHE H MR asEE AT RARRL 12t FHHTHI T
B! i H & LI L HHE LY ] H 111
] [ H 4 3 3 T I HTH s » SysgERn H Ty =
a8 a8 ot <41 H FHH . 8 F sugpauRs hndas .
. T .n!"ﬂ "q!‘ g ‘,4 T L] 8 & FH T HEF T H HHTH h» HTHHT HHHITH
i Braiiiiitiee B FEHET T H T HHEh IR H T R T R e

g 3 3 8 H gt L pie 1 asy byt fH 8
HTHT H N : H H s sasgagn =
H | T &¥ 1 i R ] ] a 35
Y HH L1t § ] its 114 agljednags g TR i
s2pansn . H I 2 r o SEgsgnans agn H ua 1 .
¥ 1 BRiRasise y 4 FH aaf ogll t ] ti & rh 2t fald
885 i 18 i § f H i H SSEERIIRsR § it EiEadEd deaRisE HH aiaiail 1s s3I LT RTE R
4 4 8 sheiid B3 fuddaganisl agenagn Sagesungyidaubpyent b ] H Sgdgitw
i L 1 L L] ] F H i ] Hi BT RAgaRgs
. 1] r sagRpn ngynsEsn T s H ] asan ma peumgayse B8 sasy
] H i1 § § 1 8 Hi : ] ]
5 1 (it s dealshs
g H Tt F HHH EpeEga 113 - nal HTH HTHH HH REpESEY S M H HH I T
1 & 14 4 3 i 1 8 |
L ] 1€ L 11 aga 1] 1 ] g
3 3 | si13s b s {Bsls 8 IH -l tH11H H Syagasiiga Ha adkifasa
I § 3 H [ £ H L3414 O H T sipouasyinns
L 1 1 1 d aag ERd1 02081 phyn g 5 S8gss and fpqdlegadrdnsad ]

[ L £ . 4 i a - Sggnayy uk aftan
1! . 1 '1 1 8 b H . H 1
e F H T HT F H H H ST H H




Le-9

' B8 GRAPH PAPEF] GRAPHIC CONTRULS CORPORATION  Buffato New York SQUARE 10 X 18 T TNE CENTIMETER LY RN l

Foandmt 5 A

H tH HHH THHH H H i slelsasti ElgRiatitantin HHHHIFHH HiE H H
HHH AT fligeicigtiageasacttninbiciani fRictisinrie HTHEREET i HH T T i £ HETH H
T AR K 1H]¢ : HRaREy T UL L anal riib i ades s gl HHIH THH
glajlaaai sassibaRnt sesteanan fefatishaf Mot IORRINSS HH T T T R R AT R T HH Y H

9 H & 1 I "» T g8 8P H _"' 1] [ I a t rl »i 1§18 1 _P~ LT L 11 3 1800 HEHTHA RONA Lid Supen :_ : H 1 I

+tf

T R T AU R EHHIHE HH HHH HH HiE s I
HH1H agase Eiges U HERY R
3 sl 1 HH H H
istidhintesiiyse) 8 H i : HHNHHIHTH udygadis i ] BT B ] aESRERYpRERAES aifs H 84 R
sgaspyanagas mgpas VHHH » T TH
3 HIH 8 8 HTH 11 ] q MASRGRREE JARAY aaREtFAS 1 88K L !
i SEeqiiftasaticaiisfl sitt 1 3 R 1 1 fagassadadigh o ais HHH
[HTHH r Badé yangnfundlge & T H [ T pasiiash]grazdalidl ] ] astiblss 2oidatiesyh’. 2% gignt b2 I
L H ¥
It ] H gat TH KR geoni JRE ned fnulsuge afgidan fguains N T nidnnal iane gg0 SRind sude 1 'a"j_: L1} et Rans! s 1
H T HHITHIRE 8 HTH ¥ 8§ T T H A R HH T AT A T ESSRESIERSNZIRES] jagaansas
1 fitiss: H 1is L i LT HEtl il dnagi ant HHH B T i HitH HHHTH
HH assg)pugapan ] TR H H AT
AN A § it U HE i : H AT
agsspas T H H i

H THH .— RN [ tH H HH H B0 HH
9 1 LL L | HEH TR fH T P ITH {H HIHHH 13 I
§ee s e L e R I T R R HH e HT HHH L e TR R
H-+ -+ t- L L4 FH | -1 14! 4 HHH 1+ + H-+ 4 3+ ++1
M 3 1 H HT rH 1 5 g ag Bl s aRgRa H
L | 4 1 L L g ] HTTH L 8 H3
i ] ; § TETTT R i s
L g T H it L L asatf=d T
H H sRexpsasysezasspyny sessyran HHHH HHH
i H | T H
padgigesi § 88 H HH H T EH 5 {1 a ITT & s
HHTH i HaEEEsT ERRRRERENI bRAAE TR i tHH T ETHH g
k L sdangd is ke difiisiddapdqas HH H
T 3 sREIEg! {155t H T HHE R HiH]
4 & L 8 1 1 HITH 3 HIHH ] =8
i sERtERR Nanat pbaaR oant LAdh Renhi ERRIEAERS RaRERRREl RAREEY Hitht HHH R TR HHH
s AR EHR R O HHEH HHTT L i H B T HHHH
11 H § R {HH a8
H 1 H HHH HHHY
Relasaisan THHH j* T 3 it H —] ] jiis T
HHATT § H T H 1 H H
THT F : H s HH H i
T HiHE 11 I ol HH A i tH R R 1 H SRR siagipaaniiedylols HHH HH a5 3 i

T
t
t

T
T

e
3

:

-

=

;

:

:

:

:

:

:

X

1
TNITT

b %

T

:

:

t

I EanSu A3
1
+
T
T
T
"
t
t
T
T
1

r s H 2 YT H - » RIHTHH H agagE H 3 s HTH 8 as s
Lot” LAet 3 ] ae H H 3
s i+ . H HEH T H x T
H HH H I HHA I REH I H HHH HEHHHH ng pyasi foy
HITH sasspEpeaspasassaypasssnrsioys HH i 1 R i H mpssgssens H ] s H .
3 H ais sl 8
HitH 4 TEHH 1 L § H HiHpHihg B T H H Fiaipdebsisciadngalat LT
- T 11 Saeeny 15018t i - T SasgrpTaszescuy ity a33dakss ARARAESRNL 15aNiTE aaa +H
slat it 18 safidagatfys THHHE R i gassal) dpuiiatan sagilageluiaen T i i r
] SapssssatsacpsesipspysaRaniegese HHATHH T H H gig2e Jase H gassausssus
3 ! 1 HH r ¥ 3 3 13 &kl 1 3 g9 j3diitsas hE“ a8 TR i R T S
HH HH mpauns H i . H H 41 1 {] H H H 3 H b4 4 HH 3 t H 1
H I T 1] H H g f U1 H Edeggas iaqfad gl ﬁﬂ“: £ H rup fARRg 3
H AT H -+ H i1 1 44} { s 135 4] ¥ I ayag L] & a (I nid gesksnnun
11T ! I 8 g 17 8 I Al 8 I yRszponiy I I3 F BEUN NSRE 13 B 111

s

o

e
T

an
suan;
T

T

T

+

T

T

T

e

T

us

w

-

T

t

1

T

T
wumg
T

AR ORI

1




The $1.60 scram worth initially turns the transient around, but
since the specified CRBRP type flow coastdown is more rapid than the
decrease in power the coolant temperature rises to its boiling point with a
delay of only several (10 to 20) seconds depending on the event being
evaluated. As previously discussed in Section 3, the $4.00 worth scram
provides adequate long-term shutdown.

The peak sodium temperature versus delay time for the TOP
(0.7¢/sec) event without pump trip is shown in Figure 6.3-3. For this
transient the core response is largely independent of the scram worth
provided it is greater than or equal to $3 and independent of the scram
insertion times provided it is less than 5 seconds. A similar plot is
provided in Figure 6.3-4 for the with pump trip case which does have some
dependence on insertion time due to the flow coastdown.

The peak sodium temperature versus delay time for the TOP (6¢/sec)
event without pump trip is shown in Figure 6.3-5. As in the previous case,
their is very little dependence on the scram worth and the insertion time.
Figure 6.3-6 provides similar data for the with pump trip case.

Figures 6.3-7 and 6.3-8 show the peak sodium temperature for the
SSE event versus delay time and several insertion timés for scram worths of
$1.60 (initial peak) and $4.00 (absolute peak), respectively. As in the
flow-coastdown event, a $1.60 scram is inadequate to provide long-term shut-
down. In figure 6.3-7 only the initial peak sodium temperature is shown
since sodium will eventually boil for this case.

6.4 Normalized Sodium Outlet Temperatures

The normalized sodium outlet temperatures of the form e(t) =
(Tout(t)'Tin)/(Tout(0)'Tin) for the above four transient
events without scram can be used to estimate the sodium outlet temperature
of the assemblies adjacent to the SASS rod when determining trigger tempera-
tures. The normalized sodium outlet temperature versus time during the four
transient events for the blanket and fuel assemblies are given in Figures
6.4-1 through 6.4-6 and Figures 6.4-7 through 6.4-12, respectively.

6-22
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6.5 SASS Response Time Requirements For The CDS Phase II Core

The response time requirements for SASS are determined by defining
the relationship between the various response time characteristics of the
SASS to the fuel melting, clad melting and coolant boiling limits for each
of the design basis transients evaluated in Section 6.3. The response time
characteristics of the SASS may be grouped into the detection/delay time,
insertion time and scram worth.

6.5.1 Sodium Boiling Limit

The sodium boiling limit depends upon the absolute pressure at
the top of the active core. The absolute pressure depends upon the static
head and the dynamic pressure drop in the assembly of interest. In the CDS
Phase II core the pressure at the top of the active core varies from 43 to
55 psig which would give a sodium boiling temperature between 1860 to
1940°F. Due to uncertainties in this static head (28.1 ft), thermal analy-
sis uncertainties, and uncertainty in the axial and radial locations of peak
sodium temperatures, 1800°F is assigned as the boiling 1imit for the CDS
design.

The 1800°F boiling 1imit can be converted into an allowable detec-
tion/delay time as a function of the scram worth and scram insertion time by
using the plots of peak sodium temperature from Section 6.3. Figure 6.5-1
shows the maximum allowable detection/delay time as a function of scram
worth and scram insertion time for the SSE and flow coastdown (FCD) events.
In section 4.2 it was determined that, based on reliability and shutdown
margin requirements, at least 3 out of 4 SASS control positions must
operate. Thus the $3 worth curve in Figure 6.5-1 shows the recommended
maximum allowable detection and/or delay time as a function of the insertion
time for both the SSE and FCD events based on the boiling 1imit. Neither
transient overpower event without pump trip reached the boiling limit
because of the inherent characteristics of the CDS Phase II Core. The TOP
events with pump trip do reach the boiling 1imit and Figure 6.5-2 shows the
recommended maximum allowable detection and/or delay time as a function of
insertion time for both the .76¢/sec and 6.1¢/sec TOP events.
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6.5.2 Cladding Temperature Limit

Since the boiling limit is 1800°F and the D-9 melting temperature
is expected to be near 2400°F, the clad melt 1imit should not be limiting in
any of the 4 transient.

6.5.3 Fuel Melting Limit

Based on past experience, only the TOP events and the SSE have a
potential for being melt limited.

The TOP events without pump trip due to a control rod run out at
6.1¢/sec and .76¢/sec do not exceed a relative power of 1.52. Figure 6.5-3
shows a plot of the CDS fuel pin areal melt as a function of the relative
power. This figure indicates that, for a 10¢/sec TOP and nominal condi-
tions, the relative power must not exceed 1.67 to prevent fuel melting. For
a 6¢/sec TOP and +2¢ conditions normalized to the nominal peak conditions,
the relative power must not exceed 1.56 to prevent fuel melting. It would
initially appear that SASS would not be required to scram for these events.
However, if the expected power shape change factor (6.5-1) due to a
rod run out of 5 to 12 percent is applied to the CORTAC relative power pre-
dictions, the relative peak pin power could be in the range of 1.59 to 1.70,
which would indicate the potential for some nominal peak pin melting in
these events. Taking into account the above power shape factor uncertainty,
point kinetic uncertainties and CORTAC-2D modeling uncertainties a 40% over-
power limit is recommended for application to the CORTAC TOP results. Since
the peak fuel temperature is relatively independent of the scram insertion
time (6.5-2) (time required for rods to drop after actuation) and since
the scram worth has been set at approximately 3%, the only other parameter
that constrains the designer is the sum of the detection time and the delay
time before rod motion begins. Figure 6.5-4 is a plot of the maximum allow-
able detection/delay time for the CDS Phase II core as a function of the
reactivity ramp rate to meet the 40% over power limit for the TOP events
without pump trip.

The TOP events with trip have the potential for being either boil-
ing or fuel melt limited. The boiling limits are shown in Figure 6.5-3 to
be in the range of 6-7 seconds for the 6.1¢/sec TOP and 35-36 seconds for
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the .76/sec TOP event. Figure 6.2-5 shows that the peak relative power for
the 6.1¢/sec TOP does not exceed 1.24 which would become 1.30 to 1.39 with
the power shape factor applied. This peak is just below the 40% overpower
limit. For the .76¢/sec event the peak relative power does not exceed 1.15.
Thus, the TOP events with pump trip appear to be boiling Timited as can be
seen more graphically from Figure 6.5-5 which is a plot of the nominal peak
pins centerline temperature for the 6.1¢/sec TOP event with pump trip.

The SSE also has the potential for being either boiling or melt
1imited since the transient is a combination of an overpower and an under-
cooling event. The boiling 1imit for the SSE was described in Figure 6.5-1.
Figure 6.5-6 shows, as determined by LIFE-4, that the nominal peak pin will
probably not melt before the boiling 1imit would be imposed, but there is
only a 60°F margin before the fuel melting 1imit is violated. If the SSE
temperatures were constrained to be less than the -20¢ melt 1imit, SASS would
have to begin terminating the transient in approximately 2.4 seconds which
would severely constrain the SASS designer's options.

The 40% overpower 1imit was not applied in the SSE analysis,
because in the SSE the rods are uniformly withdrawn from the core due to
the seismic axial acceleration. Rocking effects could give local reactivity
effects; however, further seismic analysis needs to be done to determine
this magnitude. The power shape effect also does not apply to the stick-
slip reactivity, which is probably a uniform radial compaction causing a
core wide reactivity increase.

Given the above reasoning, it is concluded that the SSE is cur-
rently predicted to be boiling 1limited and not fuel melt limited, but there
is little margin to account for uncertainties in the pin thermal analysis.
Refinement of fuel thermal properties describing irradiated fuel could
change the SSE into a fuel-melt-limited event. For example, a 2% decrease
in the radial average fuel thermal conductivity would cause fuel melting to
be predicted at approximately 2.8 seconds. Therefore, it would be prudent
for the SASS designer to investigate flux-related actuation devices and trip
settings. An alternative to the flux trip would be a seismic trip from the
vessel head vertical or horizontal accelerations. A seismic actuator would
also provide protection for the case of no flow coastdown associated with
the SSE which would be melt limited rather than boiling limited as well as
the case when no reactivity or flow coastdown occurs.
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7.0 CONCLUSIONS

LOA-2 success, defined as 1imit core damage and maintain coolable
geometry, has been translated 'into specific requirements which are indepen-
dent of the core design. These requirements, in turn, have been used to
define core-wide design criteria which 1imit core thermal and mechanical
conditions such that LOA-2 success is assured with high confidence. To
simplify the design process, the whole-core design criteria were replaced by
a set of point or single-pin/sub-channel criteria. The adequacy of the
single-pin/sub-channel criteria was demonstrated by applying them to the LDP
core.

The impact of the recommended design criteria on SASS performance
requirements for the scram parameters such as sensor delay time, latch actu-
ation time, and rod insertion time was assessed. This analysis indicates
that the design criteria impose reasonable requirements on SASS design.
Assuming a SASS scram insertion time of 2 seconds and a $3 scram worth, the
allowable detection time plus delay time for each of the selected design
basis transients is as follows:

Allowable Limiting
Detection + Delay Point
Time (Sec) Criteria
Flow Coastdown (FCD) 7.7 Na Boiling
.76¢/sec TOP (no FCD at 15% 78.0 Fuel Melting
Overpower) (40% overpower)
.76¢/sec TOP (with FCD at 15% 35.5 Na Boiling
Overpower)
6.1¢/sec TOP (no FCD at 15% 6.8 Fuel Melting
Overpower) (40% overpower)
6.1¢/sec TOP (with FCD at 15% 6.3 Na Boiling
Overpower)
SSE + FCD 5.2 Na Boiling

The following conclusions may be drawn from the CDS Phase II core
analysis when the recommended point SASS design criteria are applied:

a. The SSE event imposes requirements on SASS response time and
sensor capabilities that are more limiting than those imposed
by the other selected design events analyzed. Required
detection plus delay times are shorter for the SSE (Figure
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C.

e.

6.5-1) and fuel temperatures approach the melting point
several seconds before coolant boiling occurs (Figure 6.5-6)
although no nominal melting is predicted.

Required SASS response times for the SSE event are establish-
ed in the current analysis by the point design requirement
that no coolant boiling should occur. However, the fuel
melting criterion is very close to being violated (Figure
6.5-6). Therefore, it is recommended that SASS designers
consider faster response variables for the SSE such as flux-
related sensors and trip settings and seismic acceleration
sensors. The need for these is also apparent in the analysis
of the TOP event without pump trip.

The SSE was assummed to produce a flow coastdown (FCD) and a
reactivity insertion. However, the SSE could occur and in-
duce neither of these driving functions or it could cause one
or the other. The FCD portion of the SSE is covered by the
design basis transients selected; however, the reactivity-
driven TOP without a FCD is a part of the SSE not covered by
the selected design basis event list. This event is estimat-
ed to be fuel melt limited in approximately 4.2 seconds as
shown in Figure 7.0-1 which is even more limiting than with
the FCD event. The SSE without the FCD should be incorpor-
ated as part of the design basis transient 1ist for SASS.

The shortest detection plus delay time requirement imposed by
an event other than the SSE is imposed on SASS by the TOP
event with pump trip (Figure 6.5-2 vs Figures 6.5-1 and
6.5-4). The limiting point criteria for this event is no
coolant boiling (Figure 6.5-5).

The maximum allowable detection plus delay time for the flow

coastdown event is approximately 0.9 seconds longer than for
the TOP event with pump trip (Figure 6.5-1 vs Figure 6.5-2).

7-2
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APPENDIX A

PRELIMINARY DEFINITIONS OF LOA-2
RELIABILITY GOAL, LOA-2 SUCCESS, AND LIMITED CORE DAMAGE

It would be desirable to use risk 1imits for 1ight water reactors
directly as a basis for defining LOA-2 success and for establishing SASS
functional requirements. Clearly, it is unacceptable to adopt higher risk
1imits than the light water values in most categories. However, it may be
consistent with the present risk assessment approach for LMFBR's reasonable
to accept an equal risk of property damage, expecially in the range of small
property damage. Therefore, the proposed definition of the top-level
function of the SASS could be:

Limit the expected-value risks of damage to the public to be
< the risks associated with 1ight water reactors( e.g., the
values in WASH-1400).

This statement is shown in Table 2.2-1 as the top-level goal to be met
in order to assure safe accident termination within LOA-2. While the
function statement suggested above clarifies the meaning of "L0S-2 success'’
and '1imit core damage' to some extent, it does not refer to LOA-2 specifi-
cally. Instead, a 1imit is placed upon the integral effect of all four
lines of assurance such that a range of conditions could all correspond to
LOA-2 success, depending upon the definitions of LOA's 1, 3, and 4 and the
failure probabilities of these LOA's. While this situation is realistic and
reflects accurately the fundamental concerns associated with LMFBR safety,
it is difficult for the SASS designer to interpret and apply. There is no
specification in the adopted function statement concerning the risk to the
public associated with LOA-2 failure and success. The function statement
specifies the probability of LOA-2 success (subject to allocation of risks
between the lines of assurance, as discussed above), but it does not Timit
the damage to public health or safety associated with that success.
Instead, it only limits the total damage to public health and safety asso-

A-1



ciated with both LOA-2 success and LOA-2 failure. An additional condition
is necessary (see Equations (A-2) through (A-3) below).

The methodology required to translate the proposed probabilistic
function statement into practical design goals has been the subject of
intensive development at General Electric since 1974. A recent GE Risk
Assessment Study(z‘l'l) of the CDS Phase II design assigned reliability
goals (i.e., allocated risks) among the various CDS engineered systems in an
economically optimum fashion. Using this set of goal values, it was assumed
that all design reliability goals would be met and the risks of damage to
the public resulting from CDS operation were evaluated. Comparing these
calculated risks with the 1imiting LWR curves indicated that CDS risks would
be generally one to two orders of magnitude below the Timits. This study
assumed no SASS was present in CDS, and LOA-2 was assumed to have a proba-
bility of failure of 20% to 80% per LOA-1 failure, depending upon the initi-
ating event. Even with these conservatively high probabilities of LOA-2
failure, it is encouraging that the overall risk goals were met. When a
SASS system was assumed to be included in the CDS design, the overall risks
were reduced by a factor of 3 to 5, depending upon other features such as
containment building design and vessel liner design. The probability of
LOA-2 failure was reduced to approximately 4% to 20% when a SASS was assumed
to be present.

To summarize the preceding discussion, it appears to be both necessary
and feasible to define LOA-2 success and the top-level SASS function in
terms of overall plant safety. An accepted approach to defining plant
safety appears to be in place based on the risks associated with 1ight water
reactors. It is proposed that this approach be adopted as a basis for esta-
blishing functional requirements for LOA-2 engineered safety systems such as
the SASS. Since the LOA-2 reliability goal is dependent upon plant design
and the designs of other safety-related systems, it does not appear to be
desirable to establish numerical values for SASS functional requirements
without reference to the plant in which the SASS is to operate. Therefore,
functional requirements defined in this document leave probability values to
be determined (TBD) in order to make the stated requirements plant-indepen-



dent. This is intended to indicate that risk allocation analyses are to be
performed as part of the process of deriving specific SASS design criteria
from the functional requirements presented here.

Top-Level Definition of "LOA-2 Success" and "Limited Core Damage”

Having defined the overall safety goal and the allowable probability of
LOA-2 failure (or the methodology to be used to determine this probability),
one must define the damage to public health and safety that can be allowed
while claiming LOA-2 success. This, in turn, allows one to define "limited
core damage." It is clear from the literature that LOA-2 success can be
claimed only if damage to public health and safety is negligible. It is
convenient to discuss the meaning of this limitation in connection with the
following relationship describing the risk of observing damage to the public
that is > x:

P(x) = P(x/LOA2FAIL)*P(LOA2FAIL)+P(x/LOAZFAIL)*[1.0-P(LOA2FAIL)] (A-1)
where
P(x) = probability of observing damage to the public that is > x, given

failure of LOA-1.

P(x/LOA2FAIL) = probability of observing damage to the public that is >
X, given failure of LOA-2.

P(x/LOR2FAIL) = probability of observing damage to the public that is
> X, -given LOA-2 success

P(LOA2FAIL) = probability of LOA-2 failure

Note that P(x/LOAZFAIL), the probability of observing damage to the public
given LOA-2 success, is usually assumed to be negligible. This assumption
is reasonable in most contexts, because LOA-2 success is defined in such a
way that damage to the public is extremely unlikely if an accident is termi-
nated within LOA-2. In the present discussion, the term involving



P(x/LOA2FAIL) is also expected to be small, but is preserved in Equation (A-
1) to facilitate the definition of LOA-2 success. Because the magnitude of
P(x/LOAZFAIL) depends in a sensitive manner on the definition of LOA-2
success, and vice versa, the primary objective here is to derive a reason-
able 1imit for P(x/LOAZFAIL), and a definition of LOA-2 success that is
consistent with this.

The definition of P(x/LOAZFAIL), as it is used here, deserves addition-
al discussion, since the “probability of damage to the public given LOA-2
success" seems self-contradictory. Starting immediately after failure of
LOA-1, and lasting until shortly before the time the accident is terminated
within LOA-2, the probability of damage to the public increases as reactor
operating conditions become more severe and/or core component failures
occur. Depending upon the manner in which LOA-2 success is achieved (i.e.,
the engineered system(s) or inherent process(es) that terminate the accident
sequence), the probability of damage to the public will increase sharply at
the point in time when these systems or processes establish themselves as
dominant factors. Therefore, given that LOA-2 success has occurred or will
occur, one can define two (at least) values of P(x/LOAZFAIL). These two
values correspond to two different points in time: 1) the time during an
accident sequence that will terminate within LOA-2 at which core conditions
(e.g., coolant temperatures of fuel temperatures) are most likely to cause
damage to the public, and 2) the time at which an accident sequence has
already terminated within LOA-2. At this second point in time, the risk of
damage to the public is very small, because core operating conditions are
(presumably) no more severe than normal operating conditions. The meaning
of P(x/LOAZFAIL) in this document is the first situation described above.
There is a risk of damage to the public caused by the challenge to the
pressure vessel containment capability represented by environmental condi-
tions acting just before accident termination within LOA-2. This challenge
does not assume or depend upon accident propagation past LOA-2. The non-
zero probability of damage to the public simply recognizes that any pressure
and temperature acting on the pressure vessel could produce leakage into the



containment building and beyond, whether or not "LOA-2 success" is achieved
by limiting damage to a few fuel assemblies, etc.

The working definition of LOA-2 success proposed here is intended to
specify a limiting set of core operating conditions and geometry beyond
which uncertainty in the accident path increases sharply because of material
motion, reactivity changes, abnormal coolant behavior, etc. This increase
in uncertainty in the path of the accident sequence is believed to be more
fundamental to the intent of LOA-2 than other characteristics (such as
limited core involvement) which have been used to indicate LOA-2 success.
This increase in uncertainty regarding the accident path is also directly
related to the estimated probability of damage to the public, since the
number of possible paths leading to damage to the public proliferates. Note
also that the phenomena which lead to uncertainty in the accident path also
lead to an increased probability of damage to the public, since they are
associated with material phase changes, reactivity insertion, and signifi-
cant changes in geometry.

Based on the preceding discussion, LOA-2 success is defined such that
there is little difference in risk to the public, given LOA-1 has failed, if
the accident terminates within LOA-2. The increase in risk to the public is
much greater, given LOA-1 has failed, if LOA-2 also fails. We write this
as

P (x/LOKZFAIT)P (LORZFAIL)-P (x/LOAIFAIL)P (LOAIFAIL) <<
P(x/LOA3FAIL)*P(LOA3FAIL)-P (x/LOALIFAIL)P(LOALFAIL) (A-2)

or

(Risk of Damage > x, given entry into LOA-3)-(Risk of Damage > x, given
entry into LOA-2)<<(Risk of Damage > x given entry into LOA-4)-(Risk of
Damage > x, given entry into LOA-2).

The process of defining LOA-2 success can be viewed as moving the risk
boundary between LOA-2 and LOA-3 without changing the LOA-1/LOA-2 boundary
or the LOA-3/LOA-4 boundary. If the latter two boundaries are not changed,



this means that the right-hand side of Equation (A-2) is a constant. Using
this boundary condition in Equation (A-2) and defining a “safety factor" (F)
yields

P(x/LORZFAIL)P (LOAZFAIL)-P(x/LOALFAIL )P (LOALFAIL)<F*C (A-3)

Since we are given that P(LOA1FAIL) = 1.0, using Equation (A-1), and recog-
nizing that P(x) in Equation (A-1) is equal to P(x/LOA1FAIL), inequality (A-
3) reduces to

P(x/LORZFATL )P (LOAZFAIL)<*C (A-3a)
where

P(x/LOR2FAIL) - probability of damage > x to the public, given that LOA
-2 success will occur, where the probability is evaluated using the
worst environmental conditions occurring prior to accident termina-
tion. '

P(LOAZFAIL) = probability of LOA2 success.

F - A safety factor selected to assure that the left-hand side of Equa-
tion (A-2) is as small as desired ralative to the right-hand side.

C = the righthand side of Equation (A-2).

In Inequality (A-3a), the required probability of LOA-2 success is
determined by the Risk Allocation analysis mentioned in the previous subsec-
tion. The total of the risks allocated to LOA-2 and LOA-3 are then fixed.
Given this constraint, the division of risks between LOA-2 and LOA-3 is
determined by Inequality (A-3a) such that uncertainty concerning the
progression of events within LOA-2 is minimized in a cost-efficient manner.
In addition, Inequality (A-3a) limits damage to the public that can be
associated with any reasonable definition of LOA-2 success, as is required
by current understanding of the LOA-2 concept.



An interesting feature of Inequality (A-3a) is that the limiting value
of P(x/LOAZFATL) depends upon the expected risk of damage to the public for
the particular plant being considered. This in turn, depends upon a number
of plant design variables and the reliabilities of safety-related systems.
Since P(x/LOAZFAIL) is the key parameter which defines the amount of core
damage that is allowable for LOA-2 success, this dependence on the plant
design is of particular significance. Depending on plant design and the
reliability of safety systems, allowable core damage for LOA-2 success can
vary from 0.0 to relatively large values while satisfying Inequality (A-3a)
and the top-level risk goals. Thus, within 1imits, one has the choice of
relaxing core damage limits, relaxing reliability targets for various
safety-related systems, eliminating some safety related systems, or main-
taining a large difference between the risk associated with LOA-2 success
and that associated with entry into LOA-3. The optimum combination of these
options is neither clear nor simple to determine, and a disciplined cost-
benefit analysis is recommended.

In the preceding paragraphs, it has been assumed that P(x/LOAZFAIL) can
somehow be limited by limiting "core damage." In the interests of defining
“"core damage" clearly, closer examination of this assumption is warranted.
Since the intent of limiting P{x/LOAZFAIL) is to limit the spread of conta-
mination from the reactor core to beyond the site boundary, it is useful
from an engineering point of view to consider the physical barriers that
prevent the spread of contamination. The integrity of the first barrier,
the fuel pin cladding, is extremely difficult to guarantee under the severe
operating conditions that must be considered in the safety and licensing
process. However, partial credit can be taken for the barrier provided by
the fuel 5in-c1adding, because cladding integrity is 1ikely to be preserved
in a significant fraction of the fuel pins in the core.

The next significant physical barrier to the spread of contamination is
the pressure vessel. This barrier is followed by the containment building
and the site location. The term "1limit core damage" is one way of express-
ing the desire to 1imit the spread of contamination through the combined
action of the first two physical barriers; integrity of the cladding in a
portion of the core and integrity of the pressure vessel and its seals.



Since complete integrity of the cladding cannot be guaranteed, it appears
most useful to focus upon pressure vessel integrity, and to define "core
damage" such that vessel resistance to leakage is maintained.

The intent of the LOA-2 concept is to provide a high level of confi-
dence that, if an accident is initiated, it will not propagate from an event
involving loss of component structural integrity, material phase changes, or
abnormal material motion in a few fuel or blanket assemblies to involvement
of the whole core in such phenomena. This, in turn, is intended to 1imit
the energy content of the core to low enough levels that pressure vessel
ability to contain radiocactive material is preserved with high reliability.

In order to meet the intent of LOA-2 with the required high level of
confidence, it is necessary to avoid two situations:

1. Significant insertion of reactivity via material motion or phase
change, and

2. Core component geometries, or rates of change in geometry, that are
so different from the normal envelope of conditions that they can-
not be described with confidence using existing analytical or
experimental methods.

Both of these situations lead to significant uncertainty in the subsequent
course of events, which violates the requirement that a high level of confi-
dence be maintained in the outcome of the accident. Item 1 produces whole-
core involvement as well as significant uncertainty.

One, or both, of the above situations always occurs well before the
integrity of the pressure vessel is seriously challenged, so it is the high
confidence required in the outcome of the accident that provides a practical
definition of "LOA-2 Success," rather than the severity of the challenge to
the pressure vessel or vaporized material.

Clearly, only limited coolant vaporization is allowed by the 1imit on
reactivity insertion and by the restriction on geometry changes, but stable
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coolant boiling is acceptable. Pinhole cladding failures are not limiting,
but failures that could produce coolant expulsion or allow fuel-coolant
interaction are unacceptable.

It appears that the term "1imit core damage" is more accurately stated
as "preserve original geometry." While the definition of LOA-2 success
requires that material phase changes and structural failures be limited to a
fraction of the core, this is an indirect byproduct of the limitations on
geometry changes anywhere in the core. For example, all the fuel assemblies
in a core could have identical levels of environmental conditions and compo-
nent structural failures without violating the definition of LOA-2 success,
as long as the geometry was not disrupted, reactivity changes were small,
and the pressure vessel was not challenged. Therefore, "l1imit core damage"
can be restated as:

Limit the change in thermal and mechanical conditions within

subassemblies to maintain high confidence in the physical
phenomena occurring in those assemblies.
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