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INTRODUCTION

As a part of the current revitalization of interest in licensing
of the CRBRP, an effort was initiated by the Nuclear Regulatory Commission
to look into various issues related to the CRBRP risk assessment. This
report describes the preliminary work performed under one task of this
effort namely the risk reduction feasibility study. The objective of this
task is to review various safety related systems and issues of current
interest to the NRC and identify areas of importance, concern and any
possible changes or additions which can result in a potentially meaningful
reduction in the overall risk attributed to the operation of the CRBRP. In
this regard there has been no attempt at systematic review of various CRBRP
engineered safety systems and only the systems or safety issues of most
concern to the NRC have been evaluated.

After a brief discussion of the dominant accident sequences and
the corresponding initiators in the next section, Section 3 deals with
issues related to the reliability of the Direct Heat Removal Service (DHRS).
The concern about DHRS arises from the fact that in the event of loss of all
three main heat transport loops, DHRS must perform the function of heat
removal reliably. Regarding the reliability of this system there was some
concern about independence of the power source to this system, especially
during a loss of offsite power condition, and if an additional dedicated
source of emergency power would be beneficial in increasing the reliability
of this system. To address this concern the overall reliability of the DHRS
system and the accident sequences leading to core melt that require opera-
tion of the DHRS were analyzed and are presented in Section 3.

Section 4 deals with the issues related to the possible need and
benefits of an ex-vessel core retention device more commonly known as a
“core catcher.," The issue in this case is that following a core disruptive
accident and vessel and guard vessel melt-through, an energetic interaction
between the molten fuel, steel, sodium and the concrete on the floor of the
cavity will result. These interactions will result in release of consid-
erable amounts of water vapor and other gases such as CO,. Interaction of
the released water vzpor and sodium results in production of large amounts
of hydrogen which is vented to the upper containment building and will burn
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in the non-inerted atmosphere of containment building until this atmosphere
becomes oxygen starved. At this time the hydrogen will build up and so to
avoid hydrogen concentrations close to detonation levels some time after the
initiation of the accident the upper containment atmosphere must be vented
and purged. This leads to questions related to the adequacy of the time
between evacuation of the area surrounding the site and time for venting and
purging. Also issues related to the reliability and performance of contain-
ment cleanup system during venting are very important. Thus, due to the
uncertainties in the various parameters determining the containment response
to a core meltdown, there is some concern whether using a core catcher as a
means to delay the venting requirement is beneficial and what are the alter-
natives to this design change. These issues are discussed in detail in
Section 4.

Section 5 consists of discussion of two topics. The first topic
is the relative likelihood of large reactivity insertions due to control rod
withdrawal and the second topic is the likelihood of a combined transient
overpower (TOP) and loss of flow (LOF) accident.

The importance of the first topic arises from the fact that one of
the most critical input parameters in the analysis of possible outcomes of a
transient overpower accident is the rate of reactivity insertion in the core
as the result of a TO? initiator. This is due to the fact that at high
reactivity insertion rates the location of the fuel pin failure is closer to
the central region of the core and due to fuel movement toward the center,
the consequences of a TOP could be an energetic termination of the accident.
This is in contrast to TOP accidents initiated by low reactivity insertion
rates where fuel pin failuwes and consequently fuel sweepout is away from
the core and a benign termination would result. Various studies have shown
that to get an energetic core disruptive accident, reactivity insertion
rates of 20 cents per second or more would be necessary. Thus, the objec-
tive of Section 5 is to review the possible mechanisms leading to various
reactivity insertion rates and specifically see if the relative probability
of large reactivity insertion rates of about 20 cents per second or more
compared to accidents introducing lower reactivity rates of 10 to 12 cents.

A separate but related topic concerning the relative likelihood of
a combined transient overpower and loss of flow accident was analyzed. The



2.0 Initiating Events and Dominant Accident Sequences

In this section, a review of various accident initiators and the
coriesponding accident sequences will be performed. The objective of this
review is to identify accident initiators which have a high frequency of
occurrence and which could possibly lead to a Core Disruptive Accident
(CDA). Once these initiators have been identified any possibility of
reduction of their frequency of occurrence based on design improvement or
test and maintenance changes can be investigated.

A core disruptive accident can be initiated if there is an
imbalance between the rate of heat generation and heat removal in the core.
This heat imbalance could lead to the melting of the fuel and cladding.
There are two general conditions that could lead to a heat imbalance, these
are:

1. Inadeguate heat removal; this could occur when the reactor is at
full power or in a shutdown condition where only decay heat has to
be removed.

2. Reactor power production beyond the design capacity of the heat
removal systems implying tkat even if the reactor heuat removal
system is performing its intended function it cannot remove the
excessive power production by the core.

The inadequate heat removal would result if there is a fault
preventing removal of heat from the core to the intermediate heat transport
loops or from the intermediate heat exchangers to the steam generating
system (SGS) or from the SGS to the ultimate heat sink. To find accident
initiators leading to inadequate heat balance, it is necessary to search
closely for the faults in the core, Primary Heat Transport System (PHTS),
Intermediate Heat Transport System (IMTS) and Steam/Electrical Generation
System (SEGS). During shutdown, heat can also be removed by the Steam
Generator Auxiliary Heat Removal System (SGAHRS) and the Direct Heat Removal
Service (DHRS). Faults in these sysiems must also be investigated for
possible accident initiators.



Excess reactor power can occur due to failures in the core that
are related to fuel, sodium, steel or control rods. These include failure
in the control system or other faults or failures that could result in the
introduction of excess reactivity to the core.

Irrespective of the accident initiator, accident sequences can be
grouped into the two broad categories of protected and unprotected
accidents. The protected accidents are the accidents where the reactor
shutdown system functions properly and the reactor is scrammed. The
unprotected accident sequences are sequences where the reactor shutdown
fails. As was mentioned earlier, the accident sequences of interest in this
study are the sequences that could possibly lead to core meltdown.

In a recent series of studies on accident delineation in the
LMFBRs a generic event tree was developed for the various accident
initiators in the CRBRP (1,2). Figure 2-1 shows this generic LMFBR event
tree. The starting point of this event tree is an accident initiator which
results in a transient or subsystem fault or failure requiring emergency
plant shutdown. In sequence A, the accident condition is detected success-
fully and the reactor is scrammed. At this point pump trip or coastdown is
of no consequence although the pumps eventually will trip. Shutdown heat
removal system (SHRS) operates and pony motors provide forced circulation.
Consequences of this accident sequence depend on the accident initiztor and
any possible subsystem failure. If the primary coolant boundary is intact
and there has been no core damage then cold shutdown can be achieved without
radioactive release to the environment. If the core is undamaged but the
primary system has been compromised then cold shutdown is still possible but
radioactivity might also be released to the outside environment if the
containment isolation fails., If the core is damaged because of the accident

initiator then a coolable geometry might not exist even if SHRS and forced
flow were available.

Sequence B is the same as Sequence A except that the forced flow
is not available. In the LMFBR accident delineation study (1), due to the
uncertainty in the natural circulation capability of CRBRP it is indicated
that a core disruptive accident (CDA) might be possible as a result of
failure of the forced flow. Recent studies on the cooling capability of
CRBRP via natural circulation have shown that following an accident natural
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Forced Flow Accident Category

Cold Shutdown

Protected Transient or
Fault Without Forced
Flow; CDA Possible

Protected Transient or
Fault Without SHRS; CDA
Inevitable

D Unprotected Transient or
Fault With Loss of Flow

CDA Inevitable

Accident
Initiator

Unprotected Transient or
Fault

rh

F  Unprotected Transiant or
Fault

Figure 2-1. Generic LMFBR Initiating Accident Event Tree.



circulation can be established in three, two or even one loop so long as the
primary and intermediate loops are available for heat removal (3). Based on
these early results it is safe to say that failure of the forced flow after
an accident by itself is unlikely to be the cause of accident progression to
a core disruptive accident. Thus it is more appropriate to ask whether
sufficient heat removal via forced or natural circulation is available
following an accident rather than focusing on forced circulation only.

In Sequence C, the shutdown heat removal system (SHRS) is
unavailable. This is assumed to imply that all means of heat removal are
lost and so a 1oss of heat sink (LOHS) accident results. Because there is
no heat removal possibility a CDA is assumed to be inevitable in this case.
As will be shown shortly, among various protected accidents, LOHS is the
most important accident sequence with the highest contribution to the core
melt frequency.

Sequences A, B and C described so far have been protected
sequences where reactor shutdown has performed its function. Sequences D, E
and F are unprotected sequences where the scram system fails upon demand.
In Sequence D, detection of the failure is successful and a signal for scram
and pump trip is initiated. In the CRBRP design » reactor scram signal is
always accompanied by a signal for pump trip. In this sequence the pump
will trip but the reactor shutdown system will not scram the reactor. This
leads to an unprotected loss of “"ow (ULOF) accident and is the dominant
accident sequence among unprotected accident sequences.

In Sequence E both scram and pump trip fail. The reactor would
probably be at or above full power. The progression of the accident and its
final status is strongly dependent on the accident initiator and the
sequence of events that would occur as a function of time following accident
initiation.

Sequence F is fairly similar to Sequence E in that an accident has
been initiated but the detection system fails to detect the accident condi-
tion and thus there is no signal for scram or pump trip. Again, the reactor
will operate at or above full power; the consequences of this accident are
strongly dependent on the accident initiator and sequences of events after
the accident initiation.
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As a part of Task 1 of the present effort on the CRBRP risk
assessment, using a generic event tree similar to the one described above
and a list of accident initiators, a scoping analysis of the various CRBRP
accident sequences were performed (4). The results of this preliminary
analysis have shcwn that among various accident sequences leading to core
meltdown, 22% of the core melt frequency is due to the unprotected accidents
and 78% due to protected accidents. Among unprotected accidents consisting
of unprotected loss of flow (ULOF), unprotected transient overpower (UTOP)
and unprotected loss of heat sink (ULOHS), the ULOF accident mentioned above
is the dominant accident sequence contributing up to 86% of the core melt
frequency due to unprotected accidents.

With respect to the protected accidents consisting of loss of heat
sink (' "4S), loss of coolant accident (LOCA) and transient overpower (TOP),
the LOHS sequences where SHRS has failed contributc up to 97% of the core
melt frequency due to protected accidents.

As was mentiored earlier the unprotected accident sequences
leading to core meltdown are dominated by the unprotected loss of flow
(ULOF) accident sequence. Table 2-1 shows the dominant accident initiators
contributing to this accident sequence. Among various protected accident
sequences leading to core melt, loss of heat sink (LOHS) is the dominant
accident sequence. Table 2-2 shows the dominant accident initiators con-
tributing to this accident sequence. In Table 2-2 the accident initiator
leading to loss of all three heat transport loops is shown to have a mean
frequency of 8.47x10-4 per year. As will be discussed in great detail in
the section on DHRS, currently there is some uncertainty about the frequency
of occurrence of this initiator and much higher numbers have been quoted in
some references. Thus, it is conceivable that this initiator could have a
higher contribution to the total frequency of the core melt.

Overall, the list of initiators shown in Tables 2-1 and 2-2 are
the dominant accident initiators both for the protected and unprotected
accident sequences leading to core meltdown and a further detail analysis of
causes of these initiators could help in possible reduction of the overall
frequency of core meltdown in the CRBRP.
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Table 2-1. Dominant Accident Initiators Contributing to the
Unprotected Loss of Flow (ULOF,) Accident

Accident
Initiator

Initiator Mean

Frequency Per

Year

Sequence Mean
Frequency
Per Year

Percentage
Contribution

Pump trip in 3
primary loops
due to inadver-
tent PPS

Loss of main
feedwater supply,
main condenser
or turbine trip

Loss of one heat
transport loop
or one steam
generator loop

Normal shutdown
with SHRS
available

Normal shutdown
with one heat
transport loop
unavailable

Normal shutdown
with DHRS
unavailable

8.75

3.61

2.63

3.28

2.19

0.626

3.62x10-5

9.31x10~6

8.78x10-6

8.46x10-6

5.64x10-6

1.62x10-6

50.2

12.9

12.1

11.7

7.8

2.2
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Table 2-2. Dominant Accident Initiators Contributing to the LOHS

Initiator Mean Frequency Mean Frequency Percentage
Per Year Per Year ¢’ the Total
1. Loss of Main Feed- 3.61 2.03x10-4 69.4

water, Main con-
denser and Turbine
Generator Trip

2. Loss of Instrumen- 5.15x10-5 5.15x10-5 17.6
tation and Vital
Plants Components

3. Loss of Off-Site 1.25x10-2 1.56x10-5 5.3
Power Greater Than
2 Hours

a4, Loss of Off-Site 1.25x10-1 7.03x10-6 2.4
Power Less Than
2 Hours

5. Loss of All Three 8.47x10-4 6.67x10-6 2.2
Heat Transport
Loops And Al
Three Steam
Generators
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3.0 Direct Heat Removal Service (DHRS)
3.1 Introduction

In this section, the overall reliability of the Direct Heat
Removal Service (DHRS) will be analyzed. The importance of the DHRS arises
from the fact that in the unlikely event of complete loss of all three main
heat transport loops, the decay heat removal must be performed by the DHRS
so that any possibility of core damage can be avoided. This has lead to
some concern about the overall reliability of this system and a more
specific question related to the need for an additional diverse source of AC
power for this system.

After a normal or accident-related shutdown of the reactor, the
main condenser/feedwater system is the normal path for rejection of the
decay heat. 1In this case the steam produced in the steam generators is
bypassed from the turbine to the main condenser and feedwater is provided to
the steam drum for decay heat removal. If the main condenser/feedwater
system is not available the decay heat will be removed by the Steam
Generator Auxiliary Heat Removal Service (SGAHRS). The SGAHRS consists of
two subsystems, namely the Auxiliary Feedwater System (AFWS) and the
Protected Air Cooled Condensers (PACC's). The short term heat removal is
provided by the AFWS where the feedwater from Protected Water Storage Tank
(PWST) or an alternative source such as Condensate Storage Tank (CST) is fed
to the steam drums and steam leaving the steam generators is vented. The
long term heat removal is orovided by the PACC's which start operation
simultaneously with AFWS and with time accept more of the heat removal

capacity. Eventually all the heat will be removed by the protected air
cooled condensers.

As will be discussed later on in Section 3.4 on the dominant
accident sequences invoiving DHRS, based on some recent reports (2, 5) the
likelihood of complete loss of all three neat transpori lonps is not
insignificant. In fact, based on the numbers mentioned in these references
and the unavailabiity of the DHRS calculated in this report, the accident
sequences involving DHRS could oecome the dominant accident sequences
leading to core melt. It is crucial at this point to realize that there is
a significant skepticism and uncertainty about the high probability of loss



of all three main heat transport loops quoted in the above references at
this time. Thus, whether the accident sequences involving complete loss of
the three main heat transport loops along with loss of DHRS are the dominant
core melt accidert sequences or not is clearly dependent on the frequency of
the initiator, namely loss of all three main heat transport loops.

The main point at this time is realization of the fact that
reliability of DHRS is important to the safety of the CRBRP. Whether this
reliability is crucial in the sense that core melt accident sequences
involving DHRS actually dominate the overall core melt frequency or not is
uncertain at this point and will be further discussed in greater detail
later on.

In the next section, a brief description of the DHRS during normal
plant operation and in the accident mode will be presented. Section 3.3
deals with the qualitative and quantitative analysis of the DHRS. This
involves a fault tree analysis of the system and quantification of the fault
tree to determine the numerical value for the unavailablity of the DHRS on
demand. The dominant accident sequences involving DHRS are discussed in
Section 3.4. In this section uncertainties associated with the initiator
mentioned above will be discussed. Also a comparison between core melt
accident sequences involving DHRS and other dominant core melt accident
sequences will be presented. In Section 3.5 some alternatives related to
possible improvement in the reliability of DHRS will be presented. This is
followed by a summary and conclusion of the study.

3.2 System Description

The Direct Heat Removal Service is designed to provide a fourth
redundant path for decay heat removal following reactor shutdown. It
enhances the reliability of decay heat removal by serving as a backup to the
three primary, intermediate and steam generating heat transport loops. This
system is capable of removing approximately 11 MWth using its one available
loep. This capability is adequate in preventing loss of coolable geometry
and limiting the average bulk primary sodium temperature to approximately
11400F after complete loss of all three main heat transport loops upon
shutdown from full power and full operation of DHRS half an hour after the
shutdown (6). Figure 3-1 shows a cimplified schematic of the DHRS during
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normal reactor operation. As is shown on the figure, during normal reactor
operation approximately 120 GPM of sodium leaves the reactor vessel to the
overflow vessel. Both makeup pumps are running during normal operation at
reduced flow rate. Of the 120 GPM of sodium pumped by the makeup pumps,
approximately 90 GPM go through the primary cold traps for cleanup. After
the cleanup operation this sodium mixes with the rest of the sodium going
thrcugh the solenoid operated valve (SOV) 102 and is recycled back to the
reactor. During normal operation SOV 103 is closed and no heat is removed
from the primary sodium. On the secondary side of the DHRS one airblast
heat exchanger and its associated Ex-vessel Storage Tank (EVST) NaK pump is
running continuously whereas the other airblast heat exchanger and the
associated NaK pump is on standby. The active NaK loop removes the decay
heat from the EVST during normal operations. The DHRS is initiated after
two main heat transport loops are lost for any reason and will be required
to carry the total decay heat only if all three main heat transport loops
have been lost for any reason. In such a case, the system is activated
manually and remotely from the control room. Once the system is initiated
by the operator, a sequencer automatically sends the signals for various
actions recessary to bring the system on line. These actions include:

0 opening valves 103, 357, 358, 415 and 416
0 closing valves 102, 109, 359 and 420

0 increase makeup pumps speed so that approximately 560
GPM of sodium can be recycled, and

0 startup the inactive airblast heat exchanger and its
associated NaK pump.

The operator in this case will monitor the change of status of various
valves and pumps through the indicators in the control room and has the
ability to intervene at any time if corrective action is necessary.

The DHRS is not designed to operate on natural circulation.
Current analysis has shown that the system can function properly with two
pony motors operating. Further analysis of the system based on one pony
motor operation or even natural circulation is planned for the near future.



Electric power for the operation of the pony motors and the makzup pumps and
the EVST NaK pumps is provided by the normal and emergency AC electrical
systems.

Finally, operation of both airblast heat exchangers is only neces-
sary for an initial period. As time goes on, the decay heat reduces to the
level where one NaK loop operation is sufficient to dissipate all the decay
heat. Currently, it is estimated that for the first 30 hours of DHRS
operation, both airblast heat exchangers are required to remove decay heat.
Also, analysis of the core and DHRS system has shown that in the unlikely
event of temporary loss of DHRS after its initiation due to any reason, the
primary sodium heats up at a rate of 500F/Hr. This indicates that there is
sufficient time for any corrective action that might be necessary after
initiation of the DHRS.

3.3 Qualitative and Quantitative Analysis of the DHRS

To assess the reliability of the DHRS and find the major cont-ibu-
tions to the failure probability of the DHRS a simplified fault tree was
developed for the event "Failure of DHRS" (upon demand) and is shown in
rigure 3-2. The various major faults leading to failure of DHRS are divided
into failure of DHPS primary system, secondary system, failure of the elec-
tric power, test and maintenance outages, human related errors and finally
failure of pony motors (see sheet DHRS1, Figure 3-2). Once the fault tree
is quantified, contributions of these various events to the failure of DHRS
can be assessed. This in turn will help to identify major areas of concern
with respect to the reliability of the DHRS and areas with most potential
for payoff in terms of any change or improvement. The fault tree shown in
Figure 3-2 has been developed to a level of detail where some data is
available for the basic events. For example, the airblast heat exchangers
have not been developed any further than their general failure although one
can break this fault into failure of the fan, louvers or other subsystems.
Since an overall probability for the failure of airblast heat exchangers is
available no more detail has been incorporated in the fault tree. The human
related error is primarily the operator error to initiate the operation of
the system. Other human related errors have been assumed to be negligible.
Since no procedures for test or maintenance are available at this time no
value has been assigned to the contribution of test and maintenance outages
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to the failure of the DHRS. Only an estimate for the operator error to
initiate the system is provided. Also all the test or drain lines are
assumed to be much smaller than the main DHRS piping so that no flow diver-
sion due to faults in these lines would be capable of disabling the system's
heat removal capabiiity.

Table 3-1 shows the failure rates for various components and
events used for the guantification of the fault tree. Most of the nuabers
are widely accepted failure rates for various components. In the case of
the operator error, a probability of an error of commission of 10-3 with a
probability of failure to recover of 0.1 is assumed. The lone operator
error probability of 10-4 is suggested due to the fact that the operator has
a reasonably long time (in the order of one hour or more) to act or recover
from any mistake. Obviously if the operator error probability is large it
could have a major effect on the total failure rate of the DHRS as will be
shown later. Note also that failure rates for failure-to-run events are
small. Since the mission time for the system is assumed to be short (in the
order of days), contribution of failure-to-run events to the DHRS unavaila-
bility is assumed negligible. Thus, the calculated failure probability of
DHRS ic essentially its failure on demand.

Table 3-2 shows the failure probability of the DHRS and various
contributions to this value.

As can be seen from the table the failure probability of the DHRS
is dominated by failure of any one of seven valves to change state and one
NaK pump to start. This is because neither the primary system nor the
secondary system is redundant initially, i.e., all the valves and the pump
failures are single element minimal cut sets. As was mentioned earlier,
after a period of operation of DHRS (approximately 30 hours) the decay heat
is reduced to the point where only operation of one secondary loop is
necessary. With respect to the question of possible need for a diverse
source of AC power to the DHRS it is clear from the table that the contribu-
tion of failure of the electric power to the failure of the DHRS is very
small. This is due to the fact that the DHRS is only required when all
three primary heat transport loops are lost. Thus if the accident initiator
is the loss of all three main heat transport loops where DHRS has to remove
the decay heat, for the system to be disabled there must be a loss of
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Table 3-1. Failure Rates for Various Components of the DHRS

Component Fault

Failure Rate

Source

Failure of Solenoid
Operated vValve to
Operate on Demand
(Open or Close)

Ap = 1.0x10"%/D

WASH-1400 (7)

Failure of Manual Valve
To Remain Open (plug)

. 1.0x10"*/D
"omm{w

= 2.7x107/Hr

WASH-1400

Demand Failure rate
based on monthly test
converted to hourly
failure rate

Failure of Check Valve
To Remain Open
(Reverse leak)

° -7
AO 3x10~7/Hr

WASH-1400

Failure of Motor
Operated Pump to
Start

Ap = 1.0x10-%/D

WASH-1400

Failure of Motor
Operated Pump to
Run

& -5
AO 3x10"°/Hr

WASH-1400

Failure of Diesel
Generator to
Start

& -8
AD 3x10-4/D

WASH-1400

Failure of Diesel
Generators to Run

Ag * 3x10""*/Hr

WASH-1400

Failure of Pony Motors
(engagement of mechani-
cal clutch)

= -
AD 3x10=*/D

CRBRP Safety Study ’5)




Teble 3-1. Failure Rates for Various Components of the DHRS (Continued)

Component Fault Failure Rate Source
Loss of Offsite Power . = 0.1x24 Based on Loss of Off-
Given a Demand for D 365x24 site Power Probability
DHRS of 0.1/yr (CRBRP Safety
= 2/8x10"" Study) and a Continuous

Loss for 24 hours.

Pipe Rupture

A * 1.0x10"°%/Hr

WASH-1400

Operator Failure to
Start the System

Ap * 1.0x10"* x0.1

= 10-*

Based on Error of Com-
mission of 10~? and a
Failure to Recovery of
0.1 (Handbook of Human
Reliability (8))

Overflow Vessel Rupture

* Assumed Negligible

Failure of Overflow
Heat Exchanger

Assumed Negligible

Failure of Airblast
Heat Exchanger

Ap * 1.0x10"5/Hr

CRBRP Safety Study




Table 3-2.

Contribution of Various Events to the Failure
of the DHRS

Event Failure Probability Major Contribution

Failure of DHRS 1.0x10"?® Failure of SOV 103

Primary System tc Change State

Failure of DHRS 7.0x10-? Failure of Six SOV's

Secondary System and one NaK Pump to
Start

Failure of Two 3.7%x10-°

Out of Three

Pony Motors

Failure of Electric 1.6x10"°%

Power to DHRS

Human Related 1.0x10"* Only Operator Error to

Error Initiate the System is
Assumed

DHRS Failure on 8.1x10"* Failure of Seven SOV's

Demand

to Change State and One
Pump to Start
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offsite power and loss of at least one diesel generator. The probability of
simultaneous loss of all three main loops and loss of offsite power and one
diesel is very small., Alternatively if the initiator is loss of offsite
power or even station bSlackout, DHRS is not required to remove the decay
' 2at, Decay heat can be removed by natural! circulation in the primary and
secondary heat transport loops and operation cf the steam turbine driven
auxiliary feedwater pump for about two hours. The current limit on the
period of heat removal is the operation of batteries necessary for control
and instrumentation (5). Thus addition of another source of emergency AC
power exclusively for DHRS does not seem to have much effect on the relia-
bility of the DHRS.

As was mentioned before, for the operator error a low probability
of 10-4 was chosen due to the relatively long period of time available for
both initiation of the system and recovery of any errors. Obviously
variations in this value may have a major effect on the reliability of the
DHRS. This effect is shown in Table 3-3 where the human error is varied
from 10-4 to 10-1, Note that this human error can be thought of as a
combination of operator and other human related events such as test and

maintenance outages. As can be seen once the human error increases to 10-2
or above it becomes the dominant contributor to the failure of the DHRS.

In the next section a discussion of the dominant accident sequence
involving DHRS which could possibiy lead to a core disruptive accident will
be presented. The discussion will also include a comparisor between this
sequence and other core melt accident sequences.




Table 3-3, Effect of Operator Error and Other Human Related Events

on the Failure of the DHRS.

Operator Error and Other Human

Related Events Failure Probabilities

Failure of DHRS

10-*
10-3
10~? (Dominating)
10! (Dominating)

8.1x10°3
9.0x10-*
1.8x10"2
0.108

3-16




3.4 Dominant Accident Sequence Involving DHRS

In this section dominant accident sequences involving DHRS which
can lead to a core disruptive accident (CDA) will be discussed. The
objective of this discussion is to determine the importance of the
reliability of the DHRS as a mitigating system in sequences which could lead
to a core disruptive accident.

The DHRS is only required to remove the decay heat if all three
primary heat transport loops are lost. The CRBR Safety Study (5) mentions
several causes for the loss of all three steam generating loops; these
include: "a main steam header rupture with failure to isolate the loops,
stuck open safety valves or pressure relief valves, water levei control
malfunction in the steam drums leading to dry out, spurious inadvertent
actuation of the water-steam side of the sodium water reaction system,
inadvertent isolation of the evaporators in the loops, a large sodium-water
reaction that exceeds the capacity of the SWRPRS and damages all three heat
transport loops, and a large earthquake that causes actuation of the rupture
disks in all intermediate loops." The CRBR Safety Study indicates that the
major contributor to the loss of all three steam generating loops is a
simultaneous actuation of all three rupture disks in the intermediate loops
due to a greater than safe shutdown earthquake (SSE). The frequency of an
earthquake greater than SSE is estimated to be 3.4x10'5/year and the same
number is used as the initiator for loss of all three steam generating loops
(CRBR Safety Study (5), Appendix III, page 100). In another part of the
CRBR Safety Study a different scenario involving loss of all three main heat
transport loops and operation of the DHRS is mentioned. In this scenario
the initiator is a normal shutdown with one heat transport loop unavailable.
The frequency of this initiator is assumed to be 2.0/year. Then failure of
a second loop is postulated to be pnssible with probability 0.05 and the
third lcop at 0.1, leading to a complete loss of all three loops with a
frequency of 102 (CRBR Safety Study (5), Appendix I1I, page 37).

Tne accident delineation study (2) also identifies the loss of all

three heat transport loops as an initiator based on a common-cause rupture
of all three rupture disks. Once these rupture disks have failed the sodium
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in the evaporators or the superheaters is dumped to a dump tank and the
evaporator or the superheater is inerted to avoid any further sodium-water
reaction. The probability of occurrence of this event is given as
2x10-2(9). Thus it seems that there is a range of values for this initia-
tor. Based on the last value suggested in the accident delineation study
the probability of core melt due to loss of all three main heat transport
lcops and loss of the DHRS is 1.6x10-4, The probability of this sequence is
rather large and as will be shown later could be the dominant accident
sequence leading to a CDA. On the other extreme if the probability of loss
of all three main heat transport loops is taken to be 3.4x10-5 from the CRBR
Safety Study, the probability of core melt is 2.7x10-7 which is a rather

small value and will not contribute much to the overall probability of core
melt.

To determine the importance of accident sequences involving DHRS
that could lead to a CDA, a list of other dominant accident sequences with
their associated probabilities are shown in Table 3-4 (2). These sequences
are protected accident sequences wher~e after initiation of the accident for
any reason the reactor is successfully shut down. However, the shutdown
heat removal system (SHRS) is failed and core melt is inevitable if the
failure of SHRS persists for a long period of time. As was discussed
earlier in the section on accident initiators, the estimated probabilities
Jf both sequences 2 and 3 in Table 3-4 are very conservative and their
actual frequency is most probably much smaller than the numbers indicated in
the table. Comparison among these sequences show that if the DHRS sequence
is based on the high initiator frequency of 2x10-2 it clearly dominates the
overall core melt probability. Otherwise, if the low initiator frequency of
3.4x10-5 is used, the core melt frequency of the sequence involvinag DHRS is
not an important contributor,

Thus the importance of the reliability of the DHRS as a mitigating
system clearly depends on the correct estimate of the frequency of complete
loss of all three main heat transport loops. It is expected that the
applicant will provide their estimate of this number based on their best
judgment in the near future. At that point a more meaningful discussion of
the issues related to the reliability of the DHRS can be provided.




Table 3-4 . Dominant Accident Sequences Involving
Loss of SHRS (CDA Inevitable)

Accident Sequence Estimated Frequency

Feedwater valve faults, isolation, control 4.5x10"%
or drain valves (frequency 1.5/year),

successful detection and scram but failure

of SHRS.

Loss of flow in 3 pumps (frequency 10-2/yr), 2.0x10"°%
successful detection and scram but failure
of SHRS.

Loss of offsite power (frequency 0.1/yr), 1.8x10"%
successful detection and scram but failure
of SHRS,

Loss of all three main heat transport loops 2.7x10"7 - 1.6x10""
(frequency 3.4x10%/yr - 2.0x10"%/yr), suc-

cessful detection and scram but failure of

SHRS.




3.5 Suggestions for Improvement in the Reliability of the DHRS

As was discussed in the last section, the importance of the DHRS
as a mitigating system is strongly dependent on the frequency of loss of all
three main heat transport loops such that DHRS would be required to remove
decay heat. Currently there is much uncertainty regarding this value.
Irrespective of the probability of the initiator, there are ways to improve
the ~eliability of the DHRS so that even if the probability of loss of all
three main heat transport loops is high the overall core melt sequence
probability would be small. This is because the DHRS, as currently
designed, is vulnerable to a number of “single features."

The first suggestion, which is based on the existing configuration
of the DHRS with minimum change of valves and piping, is to make the system
redundant. This can be done by incorporating the following changes:

a. Make the makeup pumps completely redundant by using
full-capacity pumps.

b. Add an SOV on the primary side parallel to SOV 103 so
that failure of one SOV to open on demand does not fai:
the system

€. Make the secondary side completely redundant by
increasing the heat removal capability of each airblast
heat exchanger and its associated NaK pump so that the
two loops are redundant.

“hese changes not only will result in the redundancy of the primary and
secondary side of the DHRS but also has the effect of making the emergency
power supply redundant. This is due to the fact that in case of loss of
offsite power at the present configuration one makeup pump, airblast heat
exchanger and NaK pump receive AC power from one diesel generator and the
other makeup pump, airblast heat exchanger and NaX pump from the other
diesel generator. In case of loss of one diesel during the initial period
of the DHRS operation where two loop operation is required the system cannot
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perform its heat removal function. If the system is changed to a completely
redundant configuration then loss of one diesel will not disable the system.

If these recommendations were implemented the probability of
failure of the DHRS would be reduced from 8.1x10-3 to about 2.5x10-5 plus
contributions from operator errcr and test/maintenance outages. If the
operator error is assumed to be 10~4 as previously discussed, and if techni-
cal specifications effectively preclude dominant test/maintenance contribu-
tions, the prohability of failing of the DHRS would be reduced to about
1.25x10~% which is a reduction of more than an order of magnitude. Based on
this the highest probability core melt frequency could be reduced from
1.6x10-4 to perhaps 2.5x10-6,

It should be noted that introduction of the suggested redundancy
results in reduction of hardware failure probability from 8.0x10-3 to
2.5x105, In this case the operator error of 10-4 clearly dominates the
total DHRS failure probability of 1.25x10-4. If it is evident that further
reduction in the failure probability of the DHRS is desired and the limiting
factor is the operator error some investigation into the possibility of an
automatic actuation system might be desirable.

Another way to improve the reliability of the DHRS would be to
change the valve configuration such that a single valve failure carnot
disable the system. As was mentioned earlier, the major contributors to the
failure of the DHRS are failure of one valve on the primary side or any one
of six valves on the secondary side to change state upon actuation of the
system. If the valve configuration is changed so that no single valve
failure can disable the system, all the single element minimal cut sets can
be eliminated. Moreover, a modified configuration would make it easier to
maintain the system without unduly increasing system unavailability. In
fact, with the system subject to so many single failures, it may be
impossible to allow maintenance of components while the reactor is at power
and still stay within acceptable unavailability bounds.

Overall it is clear from the above discussion that if it is
determined that a more reliable DHRS is necessary there are several ways to
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make the system so reliable that even with the assumption of a high
probability for the loss of all three main heat transport loops, the
contribution to the core melt frequency from the dominant sequence involving
DHRS would be very small,

3.6 Summary and Conclusions

An assessment of the reliability of the Direct Heat Removal
Service (DhRS) was performed. It was estimated that the probability of
failure of the DHRS is 8.0x10-3 plus the probability of operator error plus
the probability of the system being unavailable due to a test or waintenance
outage. Based on the fact that there would be a reasonably long period of
time available for the operator to initiate the system or recover from any
errors, a low operator error probability of 10-4 was judged to be likely.
Assuming the test and maintenance contribution is small, this results in a
total probability of failure of DHRS of about 8.1x10-3. If either or both
of the cperator error and test/maintenance contributions were increased to

10-2 or above, this value would dominate the overall DHRS failure
probability.

The contribution of the failure of the AC power to the failure of
DHRS was shown to be small primarily due to the fact that simultaneous
failure of all three main heat transport loops with a consequent demand for
the operation of DHRS and loss of offsite power is a Tow probability event.
Based on this it is concluded that addition of a separate diverse source of

AC power exclusively for DHRS would not have much effect on the probability
of core melt.

The dominant accident sequence involving DHRS that could lead to a
possible core disruptive accident consists of 10ss of all three main heat
transport loops and failure of the DHRS on demand. Currently there is a
considerable amount of uncertainty in the probability of this initiator
probability. The values quoted in two reports range from 3.4x10‘5/yr to
2x10'2/yr. This leads to a core melt frequency of 2.7x10-7 to 1.6x10-4.
With respect to the contribution of this sequence to the overall core melt
frequency it was shown that the higher probability of 1.6x10"% would make




this the dominant accident sequence leading to core melt whereas with the
lower probability of 2.7x10‘7, the sequence would not have much effect on
the overall core melt frequency.

It is concluded that a decision on the adequacy of DHRS
reliability should be deferred until the probability of 1oss of all three
main heat transport loops can be estimated with greater confidence.

Despite the above uncertainty, two alternatives for improvement of
the reliability of the DHRS were suggested. In the first case it was
suggested that both the primary and secondary sides of the DHRS should be
made redundant. This redundancy can be incorporated in the present design
by increasing the capacity of the makeup pumps, NaK pumps and airblast heat
exchangers so that they become redundant and addition of one more SOV to the
primary system parallel to the SOV 103. The effect of this change would be
a reduction in the estimated DHRS failure probability from 8.1x103 to
1.25x10~4. This results in the reduction of the core melt frequency of the
high probability sequence from 1.6x10"4 to 2.5x10°6,

The overall conclusions from this discussion are that DHRS is an
important accident mitigating system. The exact contribution of failure of
DHRS to the overall core melt frequency depends on a realistic probability
for the loss of all three main heat transport systems. Thus any judgment on
the adequacy of the present system is also dependent on the above
probability, current estimates of which are very uncertain. Irrespective of
this uncertainty there are several ways that the reliability of the DHRS can
be increased to the point where even if the probability of loss of all three
main heat transport loops were high, the contribution of this core melt
sequence to the total core melt frequency would be small.
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4.0 Containment Systems

4.1 Introduction

In this section issues related to the possible need and overall
benefits of an ex-vessel core retention device, more commonly known as a
“core catcher," are discussed. The concern about possible need for an ex-
vessel core retention device stems from the fact that in the unlikely event
of a core disruptive accident (CDA) followed by a vessel and guard-vessel
melt-through a large scale interaction between sodium, molten fuel, steel
and concrete would result. The decay heat generated by the molten fuel and
hot sodium will result in the release of a considerable 2mounts of moisture
and carbon dioxide from concrete. Assuming the thin steel liner covering
the cavity floor fails upon contact with the large amount of sodium and core
debris, sodium will next interact with the released moisture and carbon
dioxide generating substantial amounts of hydrogen and aerosols. The hydro-
gen, aerosols and sodium vapor will be transported to tre noninerted upper
reactor containment atmosphere by the pressure 1ifferential between the
reactor cavity and upper containment where both aydrogen and sodium vapor
will burn generating heat and pressure in the upper reactor containment
atmosphere. As will be shown in greater detail later on, the limiting
factor threatening the integrity of the containment is production and
accumulation of hydrogen in the upper reactor containment. In the early
stages of the accident the hydrogen produced as a result of sodium water
vapor interaction will burn nearly coentinuously in the upper containment
atmosphere. Eventually the quantity of the oxygen in the centainment atmos-
phere falls below the levels necessary for burning of the hydrogen and the
hydrogen concentration increases rapidly. To avoid buildup of hydrogen in
the -ontainment atmosphere to the detonatior levels, current procedures for
CRBRP calls for upper reactor containment venting and purging once the
concentration of hydrogen has reached 6% By venting and purging the con-
tainment atmosphere the containment pressure is reduced and substantial
amounts of air are introduced to the containment. Addition of air to the
containment atmosphere will dilute the hydrogen and introduce sufficient
oxygen to the atmosphere so that hydrogen can burn in a controlled manner.




Currently there are some general criteria set for the CRBR
containment design acceptability; these are:

1. The public risk from beyond design basis accidents in CRBR should
be comparable to those of light water reactors.

2. Following a core meltdown accident the containment integrity must
be maintained for a sufficiently long period of time without
venting so that any evacuation plan can be implemented.

Thus the main issue related to the decision concerning the need
for a core catcher is whether analysis of the current design, including
uncertainties in various phenomenologies involved, shows that following a
core meltdown and guard vessel penetration there is sufficient time for the
evacuation of the surrounding area before any venting is initiated. Also
included in this issue is the reliability of the containment venting cleanup
system since if the time for venting is close to the evacuation time then it
is absolutely necessary for the cleanup system to perform its function as
required with a high degree of certainly. Even if addition of a core
catcher seems to be desirable due to uncertainties in the calculation of the
phenomenologies involved, relative benefits of a core catcher compared to
other design modifications such as an increase in the overall reliability of
the shutdown heat removal system must be evaluated.

As will be discussed in Section 4.3, there are many parameters
that influence the analysis of the consequences of a vessel, guard vessel
melt-through scenario. Among these the assumed rate of sodium concrete
interaction is the most important parameter. This is due to the fact that
the rate of sodium concrete interaction determines the rate and amount of
water vapor release from the concrete and consequently the rate of hydrogen
production. Currently there is some disagreement on this issue based on
experimental cbservations at the Hanford Engineering Development Laboratory
(HEDL) and Sandia National Laboratory. The uncertainty in the rate of
sodium concrete interaction is one of the main reasons for the difficulty in
assessment of issues related to the need for an ex-vessel core retention
device and will be discussed in great detail later on.
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In the next section a brief description of the reactor containment
and various engineered safety features incorporated in the design of the
cavity, heat transport cells and upper reactor containment to deal with the
consequences of a core meltdown accident will be provided. Section 4.3
consists of a review of the applicants base case analysis. The objective
here is to point out all the important sequences of events and various
assumptions used to perform the calcuiations. The uncertainties in various
parameters having major influence on the outcome of these analyses will also
be discussed in this section. Section 4.4 deals with the applicant's
extreme penetration and other beyond base case analyses. Issues related to
the uncertainties in the sodium concrete interaction and its influence on
the outcome of the containment response to a CDA will also be discussed. A
brief description of the various active and passive ex-vessel core retention
devices are provided in Se.:ion 4.5. In Section 4.6 the effect of adaition
of a core catcher to the mean frequency of the radioactive release will be
discussed. Another alternative, namely, a more reliable shutdown heat
removal system, and its effect on the overall frequency of radioactive
release following a CDA will also be analyzed. The objective here is to
show the comparative benefits of addition a of core catcher in reducing the
overall risk compared to other alternative changes in the design of various
mitigating systems., Finally the results of the study are summarized in
Section 4,7 and general conclusions and recommendations are presented.
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4,2 Containment/Confinement System Description

The containment/confinement system including the isolation system
is designed tu withstand the consequences of a design basis accident with no
release of radioactivity to the environment beyond the low permissible
leakage rates (6).

The containment vessel is a cylindrical structure 1.4 inches thick
with an inner diameter of 186 feet. The structure is dome shaped at the top
with the lower part up to the operating floor embedded in concrete. Figure
4-1. shows a simplified drawing of the containment/confinement system. The
operating floor is 816 feet above the ground flsor. The top of the dome is
approximately 159 feet above the operating floor. Below the operating
floor, there are several concrete cells housing the reactor vessel and guard
vessel nearly at the center of the containment in the rc¢actor cavity, the
three primary heat transport system (PHTS) loops, sodium cold traps, sodium
storage tank and other support systems. The reactor cavity roof including
the vessel head is an integral part of the operating floor. The inner
cell's atmospnere is inerted using nitrogen gas with a small and controlled
amount of oxygen content. Inclusion of a small quantity of oxygen is
designed to prevent nitriding of the high temperature piping. Inerting of
the various cell's atmospheres w1l help in g eventing sodium fires in case
of a sodium spill. The atmosphere of the inerted cells is continuously
cooled by the Recirculating Gas Cooling System. The cell atmosphere control
system monitors the rate of leakage into and out of the cells. If the rate
of leakage or introduction of oxygen to the cell is above specified limits
the cell or the plant will be shutdown.

The inner surfaces of the cells are lined by a steel plate to
prevent interaction of sodium and concrete in case of a sodium spill. The
1ining system consists of a 3/8 inch carbon steel plate, a 3.8 inch thick
insulating concrete panel to protect the structural concrete from high
temperatures in case of a sodium spill, steel anchors or embedded structural
sections welded to the liner and a 1/4 inch thick air gap between the liner
and the insulating concrete to provide a continuous venting for relief of
any gas pressure such as steam pressure that might be produced as a result
of a sodium spill and generation of heat. The vent system is designed to be
capable of limiting pressure buildup in excess of 5 psig. The steam
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generated during a large sodium spill will be vented to non-inerted areas of
the reactor containment, namely Cell 105, belcw the operating floor except
for the space below the cavity floor which is directly vented to the upper
containment building. Since hydrogen production can only occur as a result
of sodium-water reactions, no hydrogen production is expecttd unless the
cell liner is failed and sodium attacks the concerete. The space between
the reactor liner and the concrete has been divided into four zones by
horizontal baffles. These zones include three along the vertical walls and
one which includes the cavity floor and corners. This feature has been
provided so that in case of a sodium spill and water vapor production ro
propogation can occur from one zone to another.

Following a CDA and guard vessel penetration the cavity floor
liner is expected to fail rapidly upon contact with molten fuel, structural
material and sodium. At this point large quantities of water vapor and
other gases will result in generation of hydrogen and other aerosols. To
prevent the reactor cavity from failure due to overpressurization a system
of redundant flow paths is provided for the venting of gases from the
reactor cavity to the upper reactor containment. This system consists
of venting the gases from the reactor cavity to the primary heat transport
cells and to the upper containment atmosphere through redundant rupture
disks which provide venting upon a pressure differential of 11.5 psig
between the reactor cavity and upper containment atmosphere (10).

The volume of the containment building is approximately 3.6x106
cubic feet above the operating floor and 1.4x106 cubic feet below the
operating floor. The reactor containment building is designed so that at
the design pressure and temperature of 10 psig and 2600F the maximum leakage
rate would not exceed 0.1% of the containment volume per day. The
confinement building above the onerating floor is a concrete structure 4
feet thick (3 feet thick dome) with about 5 feet of space between the steel
containment and concrete confinement struciure above the operating floor. A
negative pressure is maintained in the space between the containment and
confinement to reduce any possibility of leakage.

Based on the analysis of the design basis accident, there are no
requirements for containment heat removal or containment atmosphere cleanup
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systems. Containment venting and purging including a cleanup system is
provided for the beyond design basis accidents.

lhe containment isolation system is designed to provide for the
automatic required isolation of the containment in case of an accident and
prevention of the leakage of radioactive material to the outside atmosphere.
A1l the lines directly penetrating the containment a'mosphere with the
exception of the intermediate heat transport system (IHTS) lines, include
two isolation valves; one inside the containment, and one outside iie con-
tainment., Al]l the valves are designed so that they can be tested for
leakage and will be in the closed position upon loss of air or electric
pewer. Manual actuation for all the isolation valves is also provided. Due
to the time lag involved in pressure and temperature buiidup in the contain-
ment in case of an accident, radiation monitors are primarily relied upon as
the source for initiation of containment isolation.

The annulus filtration system is designed to minimize leakage of
radioactive material to the outside atmosphere. The functions of this
system include maintenance of the annulus at a negative pressure and filter-

ing the annulus exhaust during normal and accident conditions. Two
completely redundant filter-fan units are provided for this purpose. The
system is designed to filter 180,000 CFM of air of which 1700 CFM is
exhausted and the rest is circulated through the ducts. During a beyond
design basis accident annulus cooling and cleanup systems are not operating
until venting and purging are initiated.




4.3 Reactor Cavity and Containment Response to a Vessel/Guard Vessel
Melthrough

In this section the base case analysis performed by the applicant
on the response of the cavity and upper reactor containment building to a
vessel/guard vessel melt-through will be discussed. The objective of this
review is to point out the major sequence of events and assumptions used in
the analysis of reactor cavity and containment response to a core melt down
accident. It is important to note that although th: consequences of a guard
vessel meit-through is strongly dependent on the assumed rate of sodium con-
crete interaction, the sequence of events is fairly similar and only the
time of occurrence of various events changes from one scenario to another.

The applicant's analysis of cavity and upper containment response
to 2 vessel melt-through is presented in their assessment of l.ermal margin
beyond the design base (10).

The starting point of the analysis is a core disruptive accident
(CDA) that has propagated to a whole core accident. In the analysis it is
assumed the core debris and sodium will penetrate the vessei and guard
vessel in approximately 1000 seconds. The applicants sensitivity analysis
has shown that changes in the holdup time from 100 seconds to 10,000 seconds
does not have much effect on containment response to the accident. Another
study has shown that guard vessel penetration time greater than 1000 seconds
could have significant effect on the outcome of the accident (11). The
reason for this discrepancy is not clear at this point. After the vessel-
guard vessel melt-through, all the core and blankets plus approximately
1.1x106 pounds of sodium with an average temperature of about 990°F is
assumed to enter the reactor cavity. The core-structural material mixture
is expected to have temperatures close to the melting point of steel, i.e.,
approximately 25800F, Applicant's analysis indicates that a coolable debris
bed with an average depth of approximately 1.5 inches will be formed on the
cavity floor. For the expected pa‘ticle size of the core debris the dryout
debris bed depth where cooling is no longer possible is calculated to be
approximately 5.3 inches. Thus fuel is not expected to be in a molten state
and no significant fuel-concrete interaction is expected in early stages of
the accident. After fuel debris and sodium contact the cavity floor liner
it is assumed that the liner will fail very rapidly. The applicant

4-8



indicates that this assumption is quite conservative sinc2 studies have
shown that the most probable failure mechanism for the liner is a localized
failure of the liner which reduces the exposure surface of concrete to
sodium and fuel debris (12). At this point the sodium will start interact-
ing with concrete. The basic mechanism of sodium-concrete interaction is
based on interaction of sodium and the water vapor released from the con-
crete due to the heat of fuel debris and sodium. The water content of the
concrete can be divided into evaporable water and chemically bound water.
The evaporable water, which is about 50% of the total water, will be
released at a very high rate once the concrete temperature is above 1000C.
The chemically bound water is released more gradually over a range of
temperature from 2000C to about 8000C. Both the evaporablz and chemically
bound water can be released from deep within the concrete by migrating to
the surface of the concrete due to pressure driven flow. The interaction of
scdium and water vapor released from concrete occurs in two ways (13):

2Na + Hy) ——p Nap0 + H2
Na + Hp0 —=—p NaOH + 1/2H2

Between the two reactions shown above the second one is expected to dominate
in cases where excess sodium exist. Both of the above reactions are
exothermic and result in generation of a substantial amount of heat. Also
as can be seen hydrogen is also produced in the above reactions which when
vented out tn the upper reactor containment can burn in the non-inerted
upper reactor containment. Sodium will also react with limestone aggregate

which consists of calcite (CaCO3; and dolomite (MgCa(C03)2) according to

4Na + 3CaC03 ——a2NapC03 * Cal + C
4Na + 3MgCO3 ——p» 2NapC03 + Mg0 + C

Experimental results have shown the above sodium solid reactions are
temperature dependent and do not occur 2t an appreciable rate if concrete
temperature is below a threshold temperature of 500-6000C. At higher
temperatures caicite and dolomite disintegrate and generate CO02 which will
react with sodium and sodium oxide:

Nag0 + C0p ——— Na2C03

4Na + C0p —— 2Nag0 + C

4Na + 3C0p —— 2NapC03 + C




As was mentioned earlier in the introductory section, one of the most impor-
tant parameters effecting the containment response to a vessel melt-through
is the rate of sodium concrete interaction. This is due to the fact that
this interaction is the main factor determining the rate and total amount of
water vapor and CO, release from concrete. Consequently the rate and total
production of hydrogen depends on the sodium-concrete interaction.
Currently there is some discrepancy between the experimental results
observed at HEDL and Sandia National Laboratory. The applicants analysis of
containment response to the vessel melt-through is based on a sodium pene-
tration rate of 1/2 inch/hour for four hours. This assumption was based on
the earlier experimental observaticns at HEDL (14,15,16). Some recent
experiments at Sandia National Laboratory have shown a much higher rate of
sodium concrete reaction. For example reaction rates of 8.4, 9.1 and 15
centimeters were observed in reaction times of 25, 60 and 195 minutes (17,
18,19). These results correspond to reaction rates of 7.9/hr, 3.5"/hr and
1.8"/hr. Note that all the above experiments were sodium limited, i.e., the
experiments were terminated due to consumption of all the sodium. Thus it
is not clear whether such rates would have been sustained for a long period
of time. Also several experiments in the same series of tests showed quite
benign reaction rates with very small total penetrations. Currently a
series of tests is being conducted at HEDL and Sandia National Laboratory in
an attempt to resolve the differences between the previous experimental
results (20). Preliminary results of the HEDL experiments are available and
will be discussed in the next section.

At this point all the ground rules used by the applicant for the
analysis of the base case, i.e., a sodium concrete reaction rate of 0.5"/hr
for four hours have been described. The calculation of reactor cavity and
upper containment building response to the vessel/guard vessel melt-through
has been performed by the computer code CACECO (21). This code calculates
mass and energy balance between various cell representing different parts of
the containment. In the applicants analysis the containment was divided
into four cells representing reactor cavity, pipeway cells, upper contain-
ment atmosphere aibove the operating floor and non-inerted atmosphere below
the operating floor (cell 105).

The analysis of the accident shows that the reactor cavity and
pipeway cells will pressurize rapidly beyond the set point of the rupture
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disks so an interconnection between cavity and upper containment atmosphere
is established very soon after vessel melt-through. The maximum reactor
cavity pressure of 29 psig is calculated a very short time after vessel
penetration based on instantaneous consumption of the 2% oxygen available in
the cavity. The cavity temperature at the time of this transient is 12400F,
This pressure drops rapidly to less than 4 psig as soon as the rupture disks
connecting the cavity and the upper containment building open. But the
cavity temperature increases due to the decay heat and various reactions
between sodium and water vapor and other gases released from the concrete.
Sodium boiling is expected in about 9 hours after the guard vessel penetra-
tion. Hydrogen build up and oxygen depletion in the upper containment as a
function of time is shown in Figure 4-2. As can be seen from the figure
hydrogen concentration in the upper containment atmosphere increases to
about 4.5% in 10 hours at which time the hydrogen will burn and create a
pressure spike in the upoer containment. This spike increase the contain-
ment pressure to about 22 psig before falling down to about 4 psig. From 10
hours after guard vessel penetration where hydrogen burns to 36 hours after
guard vessel penetration hydrogen burns continuously and no accumulation of
hydrogen is observed. The oxygen concentration in the upper containment
atmosphere continuously decreases from the initial concentration of about
22% to a concentration below 3% at about 36 hours. At this point the upper
containment atmosphere is oxygen starved and hydrogen cannot burn anymore.
This results in a rapid buildup of hydrogen. The applicant's current post
core meltdown procedures call for containment venting and purging as soon as
hydrogen concentration has reached 6%. This is done so that no hydrogen
accumulation close to detonation levels would be reached. By venting and
purging the containment the containment pressure is lowered to the
atmosphere pressure and sufficient air is introduced into the containment
atmosphere so that hydrogen is diluted and oxygen concentration is increased
and controlled hydrogen burn can continue. At the same time the annulus
coo’ing systems is started so that heat from the steel containment and
annulus atmosphere can be removed.

At the time of venting and purging the average containment
atmosphere's temperature is about 5400F, Average steel dome temperature is
3800F and the maximum steel dome temperature is 6400F. Applicants analysis
has shown that the containment's capability at this temperature is about 36
psig whereas containment pressure at the time of venting and purging is
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about 18 psig. Thus it is clear that the limiting factor forcing contain-
ment venting and purgir j is the hydrogen buildup. After venting and purging
containment's temperature goes through a spike due to decrease in the con-
tainments pressure and increase in boil off. This results in a containment
temperature increase to 6500F Lefore reduction in temperature due to
operation of the annulus cooling system. From here on containments pressure

will be close to atmospheric pressure.

Sodium in the cavity is eventually expected to completely boil dry
in about 130 hours., At this point molten steel and fuel will react with the
concrete and moisture and CO, will be released from the concrete. Most of
the reaction is between steel and water vapor and C0p released from the
concrete. The amount of various gases produced including hydrogen will not
impose any large pressures on the containment integrity. The effect of the
remaining decay heat on the cavity structure is strongly dependent on the
thermal resistance of the crust «here molten steel and fuel is in contact.
Consequently the higner the rate of heat transfer upward from molten steel
and fuel, the higher is the thermal load on cavity structure. Several cases
where analyzed by the anplicant. If the upward heat transfer is in the
order of 5-15% of the total decay heat no cavity structural failure is
expected. If the upward heat transfer is in the order of 40-55% the reactor
cavity wall and reactor vessel head is expected to fail in 600 hours after
guard vessel penetration. Finally, if upward heat transfer is in the range
of 80-90% the cavity wall and reactor vessel heat is expected to fail ir 400
hours after guard vessel penetration. The maximum fuel penetration in the
concrete is calculated to be about 20 feet. The remaining unmelted con-
crete, which is about 6 feet, is expected to be cracked and weakened. The
containment pressure after boil dry is essentially atmospheric and no threat
to the integrity of the containment or confinement is expected.




4.4 Sodium Concrete Interaction Issues and Containment Response to
Beyond Base Case Accident Scenarios

In this section a brief discussion of the various sodium concrete
interaction experiments performed at HEDL and Sandia National Laboratory
will be presented. The objective of this brief discussion is to see if it
is possible to deduce a reasonable range of sodium concrete interaction
rates from the widely dispersed experimental data which is pertinent to the
time scale of interest to post core melt accident analyses. This will be
followed by a discussion of two beyond base case analyses of containment
response to a guard vessel melt-through where the rate of sodium concrete
interaction is substantially higher than the base case described in the last
section. The overall goal of the discussicn presented in this section is to
see, considering various experimental results on sodium concrete interaction
rates, i

a. The base analysis is conservative enough to be acceptable as the
realistic containment response to a guard vessel melt-through
accident? and

b. The two beyond base case analyses, namely the extreme penetration
case and the molten fuel concrete interaction case, are bounding
cases, i.e., do they represent the upper limit in severity of
possible sodium penetration into the concrete. Furthermore it is
extremely important to determine whether these assumed sodium
penetration rates into the concrete are based on any observed
experimental result; and if so should they be u..u as the base
case for licensing analysis of containment response to a core
meltdown accident?

A1l the available experimental results on sodium concrete reaction
have been summarized in two recent reports (22,23). Some general trends
were observed from various experiments. These include:

a. Sodium solid (aggregate) reaction is temperature dependent and

there seems to be a threshold temperature of 500 to 600°C below
which no large scale sodium-concrete interaction will occur.
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Interaction of sodium and water vapor released from concrete is
the dominant energy producing reaction.

Spalling and cracking of the surface of concrete seems to increase
the rate of sodium concrete interaction for short times before
reaction product buildup limit the sodium penetration rate.

Sodium penetration into concrete has been limited in most observed
cases by buildup of a layer of reaction products.

Figure 4-3 shows the results of various sodium concrete interac-
tion experiments (24). Note that the resuits of the latest HEDL experiments
such as SET-14, LCT-13 are aiso shown on this figure. The most reactive
Sandia experiments mentioned earlier are experiments LS-1, LS-2 and LS-3
which were performed for short periods of time due to sodium limitaticn.
Note also that experiments LS-4, LS-5 and LS-8, which are part of the same
series of experiments as LS-1 through LS-3, show very small reaction rates
and penetration. The highest total penetration of sodium in concrete was
observed in the SET-14 experiment. In this experiment a total penetration
of approximately 13 inches was observed in about 90 hours. The LCT-2
experiment shown next to SET-14 was based on interaction of sodium and
dehydrated concrete. It is also interesting to note that for all the
experiments that have been carried out in the range of 20 to 40 hours the
maximum penetration is less than 5 inches. Figure 4-4 shows the sodium
penetration into concrete as a function of time for experiments SET-14, LCT-
1 and LCT-12 which have shown the highest total penetration of sodium in
concrete. Also shown on the figure is the assumed penetration rate for the
base case (0.5 inches per hour for four hours) and an extreme penetration
case which the applicant has analyzed. The extreme penetration case is
based on a soaium penetration rate of seven inches per hour for three hours
and one inch per hour from three hours on. It is very interesting to note
where this extreme penetration rate comes from. Until recently NRC's posi-
tion on containment response to a core melt down accident has been that
following a CDA and guard vessel penetration, the containment integrity must
be maintained for a period of 24 hours without venting so that sufficient
time would exist for implementition of any evacuation. The applicant has
analyzed the extreme penetration case as an upper bound case where if the
requirement for time of venting is relaxed to 10 hours then a total of 28
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inches of sodium penetration in concrete can be accommodated without con-
tainment failure. This total penetration can be found by looking at Figure
4-5 which shows the time to vent vs. total concrete penetration (24). Thus
if it is assumed that a venting time of 10 hours is acceptable the total
penetration which can be accommodated is 28 inches. The extreme penetration
rate of 7 inches per hour for three hours and one inch per hour from there
on results in a total penetratinn of 28 inches in 10 hours. Also the
initial rate of 7 inches per hour corresponds to the most reactive >ANDIA
experiment LS-1 (Figure 4-3) which was performed for approximately 20
minutes. Thus it is extremely important to realize that the extreme pene-
tratior case is not based on any observed experimental result and in effect
is a backward calculation which shows the total penetration that can be
accommodated if a 10 hour venting based on 6% accumulation of hydrogen is
assumed. Looking at Figure 4-4, it can be seen that the initial penetration
rate assumed for the base case i¢ higher than the experimental results shown
but the total penetration for the time period of interest, i.e., 20 to 40
hours is not conservative. Thus it seems that a more realistic base case
where the rate and total penetration of sodium is higher than the current
base but considerably lower than the extreme penetration case is highly
desirable.

In an effort to determine if there are any other molten core/
sodium concrete reaction scenarios that might be more Timiting than the
cases studied, the applicant also analyzed a case where molten core instead
of sodium was assumed to penetrate the concrete (25). In this scenario it
was assumed that initially sodium will penetrate concrete at a rate of 7
inches per hour (corresponding to the most reactive Sandia experiment, LS-1)
for about 20 minutes resulting in a tctal penetration of 2.3 inches. After
this it is assumed that molten core is in a noncoolable geometry when it
sinks to the bottom of the reaction products and will interact with con-
crete. As molten core penetrates concrete, water vapor and C0p is released
from concrete which will react with sodium as discussed previously. Figure
4-6 shows the concentration of the hydrogan and oxygen as a function of
time. Note that this figure is very similar to Figure 4-2 for base case as
far as the sequence of events is concerned. Only the timing of the events
is different. In this scenario venting and purging is necessary in 24 hours
compared to 36 hours for the base case and 10 hours for the extreme
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penetration case. This case is very similar to a case where sodium would
penetrate the concrete at a rate of one inch per hour continuously.

So far we have discussed the consequences of a core meltdown based
on various molten core or sodium interaction rates with concrete. The
applicant's analysis shows that for all these scenarios, i.e., base case,
molten core concrete interaction and extreme penetration case, if venting
and purging is performed as planned, the public would not be exposed to any
kind of risk.

These calculations are based on venting and purging at the
required time, i.e., when hydrogen concentration has reached 6% and the
a-sumption that the containment cleanup system will perform with an
efficiency cf 99% for solid and 1iquid radioactive material and 97% for
vapors. Based on these assumptions the controlled release to the environ-
ment for the scenarios discussed above are below 10 CFR 100 guidelines. The
critical question related to the venting and purging time is that if the
containment cleanup system does not perform its function as specified,
resulting in dirty venting, then it would be absolutely essential to show
that evacuation of the area surrounding the reactor site can be performed
well before venting time so that even including uncertainties in the evacua-
tion time there would be enough time between the end of evacuation and
venting time. Thus the question of the need for a core catcher arises from
the fact that if there is not sufficient margin between the required time
for evacuation and the time of venting then a core catcher can offer the
benefit of delaying the venting time by inhibiting sodium concrete interac-
tion and production of hydrogen and other aerosols. To assess the extra
time available between evacuation and venting a recent study on the required
times for evacuation within 2, 5 and 10 miles of the site was performed

(26). There are four levels of emergency depending upon the extent of the
accident, these are:

Notification of unusual event
Alert

Site area emergency

General emergency

SW N -
iR B
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The general emergency is declared if a large scale core melt has
occurred or is about to occur. In this case decisions with respect to
evacuation must be made. Before an accident progresses to a large scale CDA
there are many indicators that could alert the operator about the accident,
its seve~ Ly and progression. Following a CDA and guard vessel penetration
the operator will monitor containment conditions. The decision for evacua-
tion is based on detection of approximately 1% hydrogen in the containment
coupled with high containment radiation level (05 R/hr). The Tennessee
Department of Transportation has calculated the estimated times for evacua-
tion of population within 2, 5 and 10 miles of the site. The results of
this calculation along with the extra time available between evacuation and
venting for three accident scenarios is shown in Table 4-1. As can be seen,
time to 1% hydrogen accumulation, which corresponds to the time for declara-
tion of general emergency if high radiation is also detected in the contain-
ment, varies from 1.75 hours to 3.75 hours after guard vessel penetration.
The evacuation times vary from 4 hours for the 2 mile radius to 7.25 hours
for 10 miles radius. Based on these numbers and the time for venting, extra
time between evacuation and venting can be calculated. The results of this
calculation shows that for venting times of 24 hours or more there seems to
be sufficient time between venting and the 10 mile zone evacuation even
including uncertainties in the evacuation time. But for the extreme pene-
tration case the extra time between venting and evacuation is fairly short.
It is crucial at this point to emphasize an earlier point that the extreme
penetration case is based on assumption of venting in 10 hours and the
penetration rates of sodium into concrete corresponding to this case is
substantially higher than any observed experimental results. Thus the
results of the extreme penetration case must be analyzed with this point in
mind and no realistic decision can be made based on this hypothetical case.

In the next section a brief review of the various concepts for
retention of molten core debris will be presented. This will be followed by
an estimate of the benefits of a core catcher with respect to lowering the
probability of radioactive release from containment following a CDA and a
comparison of benefits of core catcher with other alternatives such as a
more reliable shutdown heat removal system.

4-22



€2-v

Table 4-1. Extra Time Between Evacuation and Venting for Various Accident Scenarios

Accident Scenario Time to 1% Time For Venting Extra Time Between
(Sodium Concrete Hydrogen Evacuation Time Evacuation and Venting
Interaction Rate) Accumulation (Hrs)
(Hrs)

Distance From Distance From

Site (miles) Site (miles)

2 5 10 2 5 10
Base Case 3.75 4 5.3 7.25 36 28.25 26.95 25
(0.5"/hr for 4 hours)
Molten Core Concrete: 3.0 4 5.3 7.25 24 17.0 15.7 13.75
Interaction (Equiva-
lent to 1"/hr con-
tinuously)
Extreme Penetration 1.75 4 5.3 7.25 10 4.25 2.95 1.0

Case (7"/hr for 3
hours, 1"/hr con-
tinuously afterwards)



4.5 Review of Various Ex-Vessel Core Retenticn Devices

In this section a brief review of various ex-vessel core retention
devices will be presented. The ex-vessel core retention devices commonly
referred to as core catchers can be divided into two groups of active core
catchers and passive core catchers (27) The active concepts include an
active heat removal mechanism whereas the passive concepts are essentially a
barrier between sodium, molten core and the concrete.

The passive designs can also be divided into sacrificial bed
concepts and stable barrier concepts. In the sacrificial bed concept a
thick layer of high melting point material is incorporated in the design of
the cavity directly below the reactor vessel. Figure 4-7 shows a typical
arrangement of a sacrificial bed concept (27). Note that in this figure an
active cooling system is also shown in the bottom and around the sacrificial
bed. This active cooling system would not be included in the passive
design. The basic idea in choosing the material for a sacrificial bed
concept is that the material must be soluble with the fuel so that the heat
source, i.e., molten fuel debris, would be diluted by mixing with core
catcher material. In this way the penetration of molten material and sodium
into the sacrificial bed material will be retarded substantially. If a
thick enough layer of sacrificial bed material is used total penetration can
be avoided for a long period of time. At the same time since there is no
contact between sodium or molten core debris and concrete there would be no
interaction between sodium and water vapor or other gases that would be pro-
duced due to propagation of heat through sacrificial bed material. Any
water vapor or gas produced by propagation of heat to the concrete can
conceivably be vented to various cells below the operating floor or to the
upper reactor containment building. Among various oxide refractory mate-
rials which are mutually soluble with mixed oxide fuel, magnesia, Mg0, and

alumina, Alp03, have shown good characteristics in experiments with sodium
(28,29).

In the stable barrier concept a material with much higher melting
temperature than material used for the sacrificial bed concept is used.
Essentially the melting temperature of the stable bed material must be close
to the boiling point of the fuel so that no massive attack of the stable bed
material by molten fuel would be possible. Among material with such a high
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melting point are graphite and tungston. Tungston is not very promising
because it is susceptible to the attack by the molten steel (13). The
drawback with using graphite is the interaction of mixed oxide and steel
with graphite and production of a considerable amount of carbor monoxide.
Besides these materials, uranium oxide and thorium oxide can also .e used as
stable barriers but they are much more expensive than graphite. The problem

of release of carbon monoxide as the principal reason for the choice of U02
brick instead of graphite in the design of the SNR-300 core catcher (13,30).

In the active core retention devices, an active cooling system is
used to remove the heat from the cavity floor. In these concepts, if the
active system functions as designed no significant penetration of molten
fuel in the liner or concrete is expected. One kind of active design with a
thick layer of sacrificial bed and active cooling underneath and around the
bed was shown in Figure 4-7. This design is not very desirable because if a
properly designed active cooling system is used there is no need for a thick
layer of sacrificial bed. The more attractive alternative is the cooled
crucible concept. One such design is shown in Figure 4-8 (27). In this
concept two thin liners with active cooling loops of NaK between them are
constructed on the cavity floor. The surface of the crucible is coated with
a protective layer of either a high conductivity material such as copper or
a good insulator such as Mg0. A conical spreader on the surface of the
crucible directly below the vessel tv1ps in spreading the core debris and
protects the central section of the crucible from direct impact of the
falling debris. The sodium above the core debris plus active heat removal
underneath the liner will keep the core debris in a coolable geometry. An
active core retention device similar to the design described above is cur-
rently planned for the SNR-300 (30).
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4.6 Effect of A Core Catcher on the Frequency of Radioactive
Release Following A CDA

In this section a discussion of the effect of addition of a core
catcher in reducing the total probability of radioactive release to the
environment following a core disruptive accident will be presented. To
understand the importance of this design modification, the effect of
alternative changes such as a more reliable shutdown heat removal system,
specifically a more reliable DHRS, on the frequency of the core melt and
consequently radioactive release will also be evaluated. In a recent
scoping analysis of the dominant core melt and radioactive release sequences
in CRBR it was shown that 78% of the total mean frequency of core melt per
year is due to protected accidents and 22% due to unprotected accidents (4).
Protected accidents are events in which the scram system has shutdown the
reactor after initiation of the accident but other faults, principally
failure of the heat removal system, will result in a core disruptive acci-
dent. About 97% of the protected accidents are d & to 1oss of heat sink

(LOHS) and the rest due to loss of coolant accident (LOCA) and transient
overpower (TOP) accidents.

The results of this study show that following a core disruptive
accident there is a 98% probability that the radioactive material will be
cleanly vented through scrubbers and filters with no threat to the environ-
ment. The other 2% probability consists of early and late dirty venting,
containment isolation failure, containment overpressurization failure and
instantaneous containment failure due to CDA initiated missile or fires. In
these cases some radioactive material can get out to the environment outside
the containment building. Table 4-2 shows the various events for the
release of radioactivity and their probability (4). An interesting number
from Table 4-2 is the percentage of radioactive release due to containment
isolation failure. As can be seen almost 29% of the total failure proba-
bility of containment is due to failure of the containment isolation system.
Addition of a core catcher will definitely effect the timing and conse-
quently magnitude of radioactive material being ve.ted and can conceivably
avoid containment overpressurization. It does not have substantial effect
on the consequences of the containment isolation failure since radioactive
gasses and particles that are vented to the upper containment building can
escape the containment boundary upon failure of the isolation system. It




Table 4-2. Frequency of Various Containment

Failure Mechanisms

Containment Response

Mean Frequency

Percentage of

Mode Per Year The Total

Late Dirty Vent, 1.4x10-6 20.2
Unfiltered Release

Early Dirty Vent, 1.4x10-6 20.2
Unfiltered Release

Containment Isolation 2.0x10-6 28.9
Failure

Containment Overpressure 2.1x10-6 30.4
Failure

Instantaneous Containment 7.1x10-9 0.1
Failure Due to CDA
Initiated Missiles

Instantaneous Containment 1.4x10-8 0.2
Failure Due to CDA
Initiated Fire

Total 5.9)&10'6
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should be noted that the consequences of containment isolation failure could
conceivably be less severe than early containment failure or dirty venting
since failure of the containment isolation system does not automatically
result in release of radioactive material to the atmosphere. Radioactive
material in this case will be vented to an adjacent building and eventually
will find its way to the outside environment, but in this process a large
quantity of the radioactive material can get trapped or plated out on the
piping surfaces.

Thus, assuming addition of a core catcher can delay the need for
venting and so reduce the probability of early or late dirty venting and
eliminate the possibility of containment overpressurization failure, then
this change can reduce the overall mean frequency of radioactive release by
a factor of about 3.4.

As an alternative the effect of a more reliable DHRS on the total
core melt and radioactive release frequency was also investigated. As was
mentioned earlier 22% of the total mean frequency of the core melt per year
is due to unprotected accidents. These accidents, which include unprotected
loss of flow, transient overpower and loss of heat sink, are dominated by
unprotected 1oss of flow. The major contributor to these accidents is
obviously the failure of the scram system and more reliable shutdown heat
removal system will not effect this category of the events substantially.

Among protected accidents loss of heat sink constitutes 96% of the
total frequency of the core melt accidents. As was discussed earlier in
Section 2 on accident initiators, the loss of heat sink is dominated by five
initiators listed in Table 2-2. In these calculations failure probability
of the DHRS was assumed to be 7.88x10-3. Also note that the mean frequency
of loss of all three main heat transport loops is on the low side of the
spectrum of values mentioned for this initiator earlier. If in the above
calculations the probability of failure of the DHRS is reduced from

7.88x10-3 to 1,24x10-4, which is the number calculated earlier based on
introduction of redundancy in the design of the DHRS (except for the loss of
offsite power initiator greater than 2 hours in which case the DHRS unavail-
ability changes from 6x10-2 to 1.0x10-3), then the mean frequency of core
melt due to LOKS can be reduced to 5.51x10-5., The total mean frequency of
core melt as a result of this would be reduced from 3.8x10-4 to 1.55x10-4,
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i.e., by a factor of 2.5. This reduction in the total mean frequency of the
core meltdown directly translates to the same factor of reduction in the
total mean frequency of radioactive release.

Thus, it seems that an increase in the reliability of the shutdown
heat removal system can conceivably produce the same order of magnitude
benefits as introduction of a core catcher with respect to reduction of the
total frequency of radioactive release to the environment following a core
disruptive accident.
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Summary, Conclusions and Recommendations

A review of the applicant's analysis of containment response to a
core disruptive accident followed by vessel and guard vessel penetration was
performed. It was shown that among various factors effecting the
consequences of a core melt-through, the rate and total penetration of
sodium into concrete is the most important factor. This is due to the fact
that sodium concrete interaction rate determines the rate of water vapor
release from concrete and consequently the rate of production of hydrogen as
a result of sodium witer vapor interaction. In all cases analyzed by the
applicant the 1imiting factor forcing venting and purging of the upper
containment is buildup of hydrogen in an oxygen starved upper containment
atmosphere. Thus, to avoid buildup of hydrogen to the levels where
detonation might be possible, a criteria for venting and purging of the
upper containment atmosphere at 6% hydrogen concentration was used.

Three major cases analyzed by the applicant which cover a wide
spectrum of sodium concrete interaction rates include:

a. A base case analysis where the rate of sodium concrete interaction
is 0.5 inches per hour for four hours. This analysis shows that
upper containment venting and purging must be initiated 36 hours
after guard vessel penetration. Based on experimental observation
available, this rate and total penetration is not conservative.

b. A molten core concrete interaction where the core debris is not in
a coolable geometry and the molten core front penetrates the
concrete. Analysis has shown that this case is similar to a
sodium concrete interaction rate of one inch per hour continu-
ously. This case results in the requirement of initiation of
venting and purging 24 hours after guard vessel penetration.

c. An extreme penetration case which results in a venting and purging
time of 10 hours after guard vessel penetration. The sodium
concrete reaction rate corresponding to this case is 7 inches per
hour for 3 hours and one inch per hour continuously afterward. It
was emphasized that this case was chosen to show what rate of
sodium concrete interaction could be accommodated if a 10 hour

4-32




venting was assumed. The rate and total sodium concrete
interaction in this case is not based on any observed experimental
result and is extremely conservative. In fact, a recent study of
the observed experimental results shows that a sodium concrete
interaction rate of 18 cm/hr (7.08"/hr) for the first 20 minutes,
2.57 cm/hr (1.01"/hr) from 20 minutes to 3 hours and .08 cm/hr
(0.031"/hr) from 3 hours to 100 hours will envelope all the
observed experimental results (23). This empirical relationship
results in a total penetration of 5.5", 5.8" and 6.2" in 20, 30,
and 40 hours after guard vessel penetration. From Figure 4-§, a
total penetration of 6 inches results in ventine and purging times
greater than 30 hours after guard vessel penetration.

The decision about evacuation is based on accumulation of 1%
hydrogen in the upper containment along with high radiation level. The time
for 1% hydrogen accumulation ranges from 1.75 hours after guard vessel
penetration for the extreme penetration case to 3.75 hours after guard
vessel penetration for the base case. The evacuation of the site
surroundings has been calculated to take approximately 4 hours for a 2 mile
zone to over 7 hours for the 10 mile zone. Based on this the extra time
between the end of evacuation and beginning of venting and purging can be
calculated. It was shown that for the molten core concrete interaction case
and the base case where time for venting and purging was more than 20 hours
after guard vessel penetration there is reasonably sufficient time between
evacuation and time for venting and purging even with uncertainties in
evacuation time in mind. For the extreme penetration case the extra time is

not long enough to take large uncertainties in the evacuation time into
account.

With respect to the overall conclusions and recommendations it is
clear that the extreme penetration case is not based on any experimental
observation and seems to be very conservative. Typical observed penetra-
tions in the range of 20 to 40 hours are in the order of 5 to 7 inches. It
would be extremely beneficial if through a meeting or any other form of
communication among NRC's various consultants an agreement on a "most
Tikely" rate of sodium concrete interaction can be reached. This "most
likely" rate would include an error band. The containment response to a CDA
can be calculated based on the upper bound of this most likely sodium
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concrete interaction rate to determine a realistic time for initiation of
venting and purging. If the venting and purging time calculated based on
this analysis is acceptable in the sense that including uncertainties in the
evacuation time there would be sufficient margin between end of evacuation
and time for venting and purging then this case can be designated as the
base case for TMBDB evaluations. However, if no consensus on a most likely
sodium concrete interaction rate can be found or if the calculations show
that sufficient margin between evacuation time and venting and purging time
does not exist then reliability of the containment cleanup system must be
evaluated very closely. Based on current analysis of the applicant if the
containment cleanup system performs with an efficiency of 99% for the solid
and liquid radioactive material and 97% for gases then the controlled
release to the environment is below 10 CFR 100 guidelines. It is crucial to
determine if such high efficiencies are actually possible for the cleanup
system under extremely unfavorable accident conditions. Also since based on
above efficiencies the controlled release is considerably below 10 CFR 100
guidelines it is desirable to know the cleanup system effic:iencie: below
which released doses become unacceptable in an accident condition. In other
words the reliability of the filter system versus the efficiency level must
be evaluated. It is conceivable that reliability of the cleanup system at a
lower acceptable efficiency could be considerably higher than the high
efficiency values.

Another area of uncertainty is related to calculations and
assumptions used in analyzing various cases using the computer code CACECO.
In a recent report, BNL has raised some questions about some of these
uncertainties (31). These uncertainties and especially their effect on the
currently calculated time for venting and purging must be resolved.

The reliability of hydrogen monitoring devices in the containment
and in the accident conditions is extremely important. This importance is
due to both decisions related to the initial evacuation orders, i.e., the
1% hydrogen accumulation criteria and also for the timing of venting and
purging. High reliability of these monitoring devices in the accident
environment must be demonstrated.

Finally, if based on the analysis of the upper bound most likely
sodium concrete interaction rates and considerations of the reliability of
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the containment cleanup system and uncertainties in the evacuation time, the
time for venting and purging is found to be too close to the evacuation
time, t'en the possibility of addition of a core catcher to the existing
design of the CRBRP cavity must be considered. Even in this case advantages
and disadvantages of addition of a core catcher versus benefits of alterna-
tive actions such as a more reliable shutdown heat removal system must be
considered. As was shown previously, some realistic changes on parts of the
shutdown heat removal system resulting in a more reliable, heat removal
mechanism could conceivably have comparable effects on the frequency of the
radioactive release to the environment following a CDA as addition of an ex-
vessel core retention device.
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Relative Likelihood of Selective Transient Overpower Initiators

5.1 Introduction

One of the areas of concern in assessment of the Clinch River
Breeder Reactor Plant (CRBRP) response to a hypothetical core disruptive
accident (HCDA) is the possibility of the initiation of high energetics that
could damage the vessel and the containment structure. The principal reason
for existence of this possibility is the fact that CRBRP has a positive
sodium void coefficient. Thus, contrary to the light water reactors which
have a negative void coefficient, in the CRBRP, upcn initiation of an acci-
dent leading to sodium heat-up and boiling, additional reactivity would be
added to the system.

To assess the various phenomenologies involved in the core
disruptive accident (CDA) energetics and the probabilities associated with
the different scenarios, a CRBR Energetics Review Management Group was
formed by the Nuclear Regulatory Commission (NRC) in July 1982. The primary
objective of this group was to evaluate the relative likelihood of a core
disruptive accident leading to an "energetic" termination with possible
damage to the vessel as opposed to a "benign or mild" termination with no
significant work-energy release (32).

In general core disruptive accidents are initiated due to two
broad classes of events. These are:

a. reduction in core cooling capability where heat generated in the

core cannot be removed due to a malfunction in the heat removal
system,

b. increase in core power due to reactivity insertion to the point
where even if the heat removal system is functioning to its
designed capability the amount of heat production is so high that
core disruption would result.

There is also another class of failures called subassembly failure
propagation which could lead to a core disruptive accident but does not fall
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into any of the above two categories. It should be noted that in discussing
core disruptive accidents that could conceivably leiud to an energetic
termination, failure of the scram system aiong with one of the two
conditions mentioned above would be necessary. In other words the
“unprotected" loss or reduction in heat removal or "unprotected" reactivity
insertion accidents could possibly lead to an energetic CDA.

The reduction or loss of heat removal capability events can be
represented by "Loss of Flow" (LOF) or "Loss of Heat Sink" (LOHS) accidents.
But since the consequences of loss of flow accidents envelope the whole
class of accidents resulting from loss or reduction in heat removal, LOF
accidents are taken to represent this class of accidents.

The class of accidents resulting in reactivity insertion and large
increases in power are represented by the Unprotected Transient Overpower
(UTOP) initiators. The basic mechanisms for insertion of reactivity in the
CRBR include control rod withdrawal or a shift in fuel geometry into a more
reactive configuration due to a seismic eve it or passage of a disturbance
such as a bubble through the core, thereby introducing positive reactivity

to the core. The uncontrolled rod withdrawal results in insertion of a
continuous reactivity rate to the core depending on the number of rods
withdrawn and the rate of rod withdrawal. Contrary to this, fuel compaction
or passage of foreign substances resuits in a step increase in reactivity.
The consequences of a step insertion can be enveloped by ramp rates if a
large enough ramp rate is considered in analyzing the consequences of a
transient overpower initiator (33). Focusing on the rod withdrawal as the
representative initiator for the transient overpower accidents, it has been
shown that the consequences of a reactivity insertion due to rod withdrawal,
as far as an energetic or benign termination of the accident is concerned,
is directly dependent on the rate of reactivity insertion due to control rod
system malfunction (34, 35, 36, 1). This is due to the fact that at low
levels of reactivity insertion the fuel pin failure locations are away from
the center of the fuel elements whereas at high reactivity insertion rates
failure location is much closer to the center of the fuel element. If the
fuel pin fails away from the center of the fuel rod the rest of the fuel
will move toward this failure location and away from the center of the fuel
rod which is the most reactive part of the rod. This fuel motion introduces
negative reactivity to the core and results in a mild or benign termination.




But if the fuel pin failure is near the center of the fuel rod, the fuel in
other parts of the fuel rod will move toward the center of the fuel rod
adding substantially more reactivity to the core and leading to a possibie
energetic termination of the core disruptive accident. In one study, the
ranae of reactivity insertion rate was divided into slow reactivity inser-
tion covering 1 to 5 cents per second, rapid reactivity insertion rates
covering 10 to 50 cents per second and very rapid reactivity insertion rates
covering 50 cents to 3 dollars per second (33). To represent the slow rate
a 1 cent per second case was analyzed. The rapiJ ind very rapid rates were
represented by a 10 cents per second and 3 dollars per second. In addition
a step reactivity insertion of 60 cents per step was analyzed. For thel
cent per second case, the fuel failure position was 16" above midplane and
negative reactivity effect of fuel sweepout was much higher than the posi-
tive reactivity effect of sodium voiding and a mild termination resulted.
For the 10 cents per second case, the fuel failure position was 14" above
midplane and mild termination was 2gain observed. When this case was arti-
ficially forced to fail the pins at midplane, the accident progressed to
prompt criticality with associated high ramp rates indicating the importance
of fuel pin failure location. For the 3 dollars per second case, failure
location was 6" above midplane and mechanical disassembly resulted.

Current analysis of the energetic CDA as a function of the rate of
reactivity insertion indicates that a reactivity insertion rate of about 20
cents per second or more is necessary to create an energetic core disruptive
accident (37).

The applicant's analysis of possible control rod system
malfunctions leading tc various rates of reactivity insertion indicates that
based on expected control rod bank worth near the core midplane, up to 12.6
cents per second of reactivity insertion might be possible due to a bank
withdrawal at 9 inches per minute (38). For this to happen approximately
seven subsystems such as flux controllers, clocks or overspeed protection
devices must fail. To insert much higher reactivity rates of 20 cents per
second or above, an additional two to three subsystems have to fail.

The primary objective of the present analysis is to review the

possible failure mechanisms leading to various reactivity insertion rates
and specifically see if the probability of large reactirity insertion rates
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of approximately 20 cents per second and above is substantially lower than
the 10-12 cents per second. This is the essence of task I-1 of the CRBR
Energetics Review Management group with the objective to “"show that TGP
calculations driven by 10 cents per second provide an appropriate envelope.”
Obviously if it is possible to show that the probability of reactivity
insertion rates much higher than 20 cents per second is substantially lower
then reactivity insertion rates of 10 to 12 cents per second, then the
possibility of an energetic termination of a CDA due to a TOP would be
Tewered significantly,

In addition a separate but related topic about the likelihood of
combined transieat overpower (TOP) and loss of flow (LOF) accident will also
be discussed. The classical analysis of transient overpower accidents has
always included the inherent assumption that failure of the scram system
results in the failure of the signal for tripping the primary coolant pumps
and thus the primary pumps are running. The objective of anclyzing this
issue is to show that the relative likelihood of a combined TOP/LOF is much
lower than that of a TOP, thus supporting the contention that the above
assumption for the analysis of TOP used in previous studies is correct.

In the next section a brief description of the CRBRP control rod
system will be presentec. This description will include a discussion of
various levels of protection incorporated in the design of the control rod
system that would 1imit the rate of rod withdrawal.

Section 5.3 deals with various scenarios that could result in rod
withdrawal rates corresponding to a reactivity insertion rate of 20 cents
per second or more. In this section the incremental probability of
reactivity insertion at = rate of 20 cents or more conpared to a reactivity
insertion rate of 10 to 12 cents per second is calculated.

The subject of the likelihood of a combined TOP/LOF accident
compared to the classical TOP is treated in Section 5.4. This treatment is
more descriptive and qualitative than quantitative.

Finally, 211 the results are summarized in Section 5.5 which also
includes the conclusions and recommendations for further study in this area.



5.2 Systems Description

The control rod system in the Clinch River Breeder Reactor (CRBR)
consists of two redundant and diverse subsystems namely the primary rontrol
rod system and the secondary control rod system. 'n the cirrent
hetereogeneous core design there are nine control rods in the primary
control system and six control rods in the secondary control systew., All
the primary and secondary control rods consist of highly enriched (92% 810
boron carbide pellets. The primary control rod assemblies consist of 37 pin
bundles which move inside a hexagonal duct. The active length of the
control rod pins which include boron carbide absorbers is 36 inches. Both
control rod systems are designed to have sufficient negative reactivity such
that either system by itself can shut down the reactor with the highest
worth rod stuck.

Figure 5-1 shows a schematic of the heterogeneous core with the
primary and secondary control rod positions. In this configuration the
three primary rods in the fourth row of the core are designated as startup
rods. Thus, at the beginning of reactor operation these three primary
control rods and all six secondary control rods are withdrawn from the core.
The remaining six primary control rods in the seventh row are used for
burnup adjustments. At the beginning of the fuel cycle the six primary
control rods are approximately 18 inches or halfway inside the core. Note
that the exact position of these rods depends on the particular fuel cycle
as is shown in Table 5-1 (6). Once the reactor is scrammed both the primary
and secondary control rods are inserted into the core.

Since only the six primary control rods are inserted into the core
during normal plant operation, only accidental withdrawal of these rods must
be considered when considering reactivity insertion rates. In this regard
the beginning of the fuel cyvcle when the core is most reactive and more of
the primary control rods are inserted in the core is expected to be the
worst time for the rod withdrawal accidents.

From the beginning of the fuel cycle, as the fuel is burned and
reactivity decreases, the control rods are withdrawn at a slow rate to
compensate for the lost reactivity. The control rod movement ran be accom-
plished in eithe: single or group mode. Below 40% thermal power, the plant
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Table 5-1
at the Beginning and End of Cycle for the First Five Cycles

The Expected Position of Row 7 Primary Control Rods

Expected Position of Row 7 Primary Control

Cycle Rods, Inches Inserted Into the Core
BOC EOC
1 23.2 25.6
2 20.0 29.7
3 20.1 27.9
4 18.1 29.2
5 18.9 25.5
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variables such as sodium and steam flow and temperatures and power are
controlled manually. In this case the control rod movement is in manual
mode. Above 40% thermal power all these variables including the control rod
movement are controlled automatically. Figure 5-2 shows a simplified dia-
gram of the Reactor Zontroller which provides the signals for the rod
movement (38). The plant Supervisory Control System sends a core exit
temperature signal to the reactor controller. The limiter L1 shown in
Figure 5-2 limits the flux demand signal as supplied by the core exit
temperature controller to 103% of the power. This means that if, based on
the input core exit temperatures, there is a demand for increase in the
overall plant power to more than 103% of the rated power, control rods will
not be allowed to move out. The core flux which corresponds to the core
power and is measured in several locations is fed to a median select system
which selects the median signal and sends this to a comparator. At a given
core power, tie desired core exit temperature is preset. Thus, by comparing
the average core exit temperature and the core flux it can be determined if
the reactor power should be increased or decreased. If the core exit tem-
perature and flux level are in line, no signal for rod movement is produced.
Otherwise the flux controiler amplifies the error signal producing a direc-
tion signal for the rod withdrawal or insertion and the rate of rod move-
ment. The limiter L2 in this case 1imits the rod withdrawal demand to a
rate of 4 inches per minute. This means that if based on the demand for
power increase, a rod withdrawal demand signal at higher than 4 inches per
minute is produced, the limiter L2 will not allow higher rates of rod
withdrawal than 4 inches per minute. Figure 5-2 alsoc shows a Rod Withdrawa)
Stop (RWS) mechanism., This system consists of a set of secondary flux
signals which are measured separately from primary flux signals, a median
select system and two blocking mechanisms. If the flux output signal of the
mediar select system is either higher than a preset flux level, implying
reactor power already is very high, or the power-to-flow ratio is higher
than a preset 1imit, then an interlock mechanism will prevent rod withdrawal
irrespective of the rod withdrawal demands. Currently there are two rod
withdrawal stop mechanisms similar to the one shown in Figure 5-2 incor-
porated in the design of the CRBRP. The output of the reactor controller
system in the form of direction and rate of rod movement is next fed to the
Primary Control Rod Drive Mechanism Controller as is shown in Figure 5-3
(38). The au*o interface board consists of a clock mechanism which provides
pulses for sequential core rod movement and an overspeed detection
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mechanism, In case of rod withdrawal in the group mode the auto out and
rate signals provide the necessary inputs for the clock system. The clock
system then produces sequential pulses for the six primary rods to withdraw
one step at a time., Each rod withdrawal step corresponds to a 0.025 inch of
rod withdrawal. The overspeed detection mechanism in the auto interface
board blocks any rod withdrawal above 5.5 inches per minute. Thus, if the
clock mechanism fails and produces pulses corresponding to higher than 5.5
inches per minute rod withdrawal, the rod withdrawal will be stopped by the
overspeed detection mechanism. Additionally there is a secondary interlock
mechanism that prevents rod withdrawal if all the secondary control rods are
not out of the core as they are supposed to be. The manual interface board
is used for manua) operation of the rod movement. In this case all nine
orimary rods can be moved but only one rod at a time. There are no clock or
overspeed protection mechanisms in the manual interface board. The high
flux and power-to-flow ratio blocking mechanisms discussed earlier and shown
in Figure 5-2 provide protection against high rates of manual rod
withdrawal., The maximum rate of rod withdrawal is nine inches per minute
for individual rods in the single rod movement mode. In the manual mode the
clock signals are produced by the rod controller drawers. The output of
either the auto or manual interface board is fed to the rod controller
drawers. There is one drawer for each rod. The rod controller drawer
energizes the motors for the rod movement. Each drawer has a clock and an
overspeed detection mechanism that limits rod withdrawal to about nine
inches per minute. Finally, there are two additional rod block mechanisms.

The first one is a protection mechanism based on the rod misalignment. This
mechanism will stop rod movement if the end point of any of the six primary
rods inserted into the core are more than 1.5 inches apart and will also
trigger an annunciator as is shown in Figure 5-4 (38). The second protec-
tion system currently being added to the control rod system is a rod with-
drawal stop mechanism based on the bank average position setpoint. In this
case the average position of the control rods as a function of time is
calculated during the fuel cycle and is set. If at any time during the fuel
cycle the average rod pcsition exceeds this preset point by a specified
magnitude rod withdrawal will be blocked.

At this point the basic mechanism for rod movement has been
described. In the next section, the various combinations of the failures of
control rod system that could lead to different rates of reactivity
insertion will be discussed.
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5.3 Relative Likelihood of Insertion of Different Rates of Reactivity
in the Core Due to Control Rod Withdrawal Accidents

In this section various combinations of the failure of the control
rod system that could lead to different rates of reactivity insertion are
discussed. Thé objective of this section is to show that the probability of
various failures that would lead to a reactivity insertion rate above 20
cents per second is substantially lower than failure mechanisms leading to
reactivity insertion rates of about 10 to 12 cents per second.

Because of multi-levels of overspeed protection incorporated in
different subsystems of the control rod system, the rate of reactivity
insertion can be divided into discrete levels corresponding to multi-
failures up to an overspeed protection failure. Starting with the rod
withdrawal accidents in group mode, the first overspeed protection is in the
reactor controller system and specifically in the 1imiter L2 shown in Figure
5-2. This limiter will 1imit the rod withdrawal at speeds above 4 inches
per minute. Thus, the first rod withdrawal accident is:

Case 1. Bank Withdrawal Up to 4 Inches Per Minute

For this accident to happen, five subsystems must fail. These
are:

1. Failure of the flux controller high (Figure 5-2)

2. & 3. Failure of bnth of the secondary flux median select low, (Figure
5-2)

4, & 5. Failure of the Train I and Train II of the rod position rod block
(Figure 5-3)

This accident results in a reactivity insertion of 5.6 cents per second
(38).

The next overspeed protection is in the auto interface board which
limits the rod withdrawal to 5.5 inches per minute. Thus the next accident
scenario is:



Case II. Bank Withdrawal Up to 5.5 Inches Per Minute

For this accident, all the five subsystems discussed in Case I
plus the additional failure of the rate limiter L2 (Figure 5-2) must occur.
Thus, a total of six subsystems must fail. The rate of reactivity insertion
in this case is 7.7 cents per second (38).

The third overspeed protection is in the rod controller drawers
(Figure 5-3) and 1imits the rod withdrawal to 9 inches per minute. Thus the

next accident scenario is:

Case IIl. Bank Withdrawal Up to 9 Inches Per Minute

In this case the following failures must occur:
1. A1l the five failures in Case I.

2. Failure of the auto interface board clock such that it produces
pulses at 9 inches per minute or more.

3. Failure of the auto interface board overspeed detector.

Thus a total of seven subsystem failures are necessary for this
accident. This accident scenario results in a reactivity insertion of 12.6
cents per second (38).

There are also some single rod withdrawal scenarios which result
in reactivity insertion. In general the portion of the time that the
reactor is operated in the single rod movement is very small. Additionally,
the number of failures required in this mode is higher than the group mode
for similar reactivity insertion rate. For the rod withdrawal accidents in
single mode two cases are considered.

Case IV. Single Rod Withdrawal At 9 Inches Per Minute

For a single rod to withdraw at the 9 inches per minute rate which
is controlled by the rod controller drawer overspeed jetection, the
following failures have to occur:



Bk, Gar e sl oo

1. & 2. Failure of both of the secondary flux median select low, i.e.,
failure of the rod withdrawal stop mechanisms. (Figure 5-2).

3. &4, Failure of Train I and II of the rod positicn block system (Figure
5'3)0

5. Manual interface board produces false out command.
6. Single/group command line to auto interface board fails high.

The above six subsystem failures result in a reactivity inserticn rate of
2.1 cents per second (38).

If the rod controller drawer overspeed protection fails then a
single rod can be withdrawn at the maximum mechanical speed which is the

next case:

Case V. Single Rod Withdrawal Up to Maximum Mechanical Speed

The maximum design speed for withdrawal is 72 inches per minute.
Actual test on the control rods has shown that at rod withdrawal speeds
close to 45 inches per minute, the centrifugal force causes a rod drop or
scram (39). Tius, rod withdrawal at speeds higher than about 45 inches per
minute is not physically possible. This leads to upper bound limits of
reactivity insertion by a single control rod based on the maximum mechanical
speed. For this accident the following failures must occur:

1. A1l six failures described for the previous case.

2. railure of the controller drawer clocking circuit so that pulses
corresponding to rod withdrawal speeds of 45 inches per minute are
produced.

3. Failure of the controller drawer overspeed detection system.

These eight failures result in a reactivity insertion rate of 10.5 cents per
second (38).
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To insert reactivity rates higher than the 10 to 12 cents per
second produced by the accident scenarios described before, additional
failures of certain control rod subsystems are required. From the
reactivity insertion rates produced by the various rates of rod withdrawal
discussed so far it can be seen that to insert reactivity at a rate of 1.0
cents persecond, a rod withdrawal rate of approximately 4.3 inches per
minute is required. Thus, to insert about 20 cents of reactivity per second
a total rod withdrawal of about 86 inches per minute is necessary.
Obviously, the rate of reactivity insertion is not an exact linear function
of the rod withdrawal since the power shape and consequently control rod
worth is not uniform in the core. Considering all the conservatism
incorporated in this analysis the above assumption is quite acceptable.
There are several scenarios that would result in a total control rod with-
drawal of 86 inches per minute. Among these, we are interested in the
scenarics which are most likely, i.e., involve the least number of
additional failures with respect to the previous cases. In this regard two
cases are analyzed to find the most 1ikely scenario for the insertion of
about 20 cents per second of reactivity and determine the probability of
this rate of insertion relative to the probability of reactivity insertion
at a rate of about 12 cents per second.

The first scenario consists of all the failures listed for Case
IIT of group rod withdrawal that leads to 12.6 cents per second reactivity
insertion plus additional failures that would result in a total reactivity
insertion rate of 20 cents per second. These are:
Case A
1. Failures 1 through 5 of Case III
2. Failure 7 of Case III
3. Auto interface clock failure at about 45 inches per minute

4, Two rod controller drawer overspeed protection failures.

In this case the first five failures result in a bank withdrawal
at a rate of 4 inches per minute. The sixth failure is failure of the auto
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interface board overspeed detection. Now if the clocking mechanism in e
auto interface board fails at a rate close to 45 inches per minute, this
rate is transmitted to rod controiler drawers. The rod controller drawers
have an overspeed protection mechanism that limits rod withdrawal to §
inches per minute. So, if two out of six drawer overspeed detectors fail,
two control rods can move out at the combined rate of about 90 inches per
minute. As was mentioned earlier, to insert reactivity at a rate of 20
cents per second, a rod withdrawal rate of 86 inches per minute is required.
Thus, this scenario meets the above criteria. To find the probability of
additional failures that result in a reactivity insertion rate of about 20
cents per second compared to the case which resulted in a reactivity
insertion of about 12 cents per second, the applicant has developed a
Failure Modes and Effect Analysis (FMEA) for the auto interface board and
the rod controller drawer clock and overspeed detection mechanism. The FMEA
for the auto interface board clock and overspeed detector is shown in Table
5-2 (39). Since the circuit drawings for these systems are fairly detailed,
they are not reproduced here and the drawing number associated with each
system which is part of the CRBRP docket is indicated on each table. In the
failure effect column of Table 5-2, if the clock is disabled or it would not
run, the failure does not result in signals for rod withdrawal and is of no
interest to this case. As will be discussed later in this section, this
mode of clock failure contributes to another rod withdriwal scenario. Also
in this analysis it was conservatively assumed that if the clock mechanism
produces pulses that correspond to rod withdrawals of 14 inches per minute
or more, the rods will receive a signal that corresponds to 45 inches per
minute, i.e., the maximum mechanical speed. It is obvious that if the
control rods receive a pulse corresponding to a rod movement of more than 14
inches per minute they cannot immediately move at the maximum mechanical
speed of 45 inches per minute. More realistically the rods will speed up
until at some pcint of their withdrawal they would possibly reach a 45-
inches-per-minute speed. Thus, the rate of rod withdrawal is somewhere
between 14 inches per minute and 45 inches per minute. These withdrawal
rates result in a range of reactivity insertion rates from a minimum of
about 15 cents per second to more than 29 cents per second. Table 5-3
shows the 1ist of single failures that could result in the auto interface
board clock mechanism producing pulses that correspond to a bank withdrawal
of 14 inches per minute or more. These failures are essentially the single
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Table 5-2 Failure Modes and Effect Analysis For the Auto Interface Board
Clock and Overspeed Detection System (Drawing 148J252)

Component

Failure
Mode

Failure Effect

AT, TsoTation Amp Analog
Devices AD277A

A2, Amplifier Analog Devices
3500CN

A3, Amplifier Analog Devices
3500CN

A4, V/F Converter Analog
Devices AD450K

A5, V/F Converter Analog
Devices AD450K

Output Failed to
+15 vDC

Output Failed to
Zero or -15 VDC

Output Failed High
Ontput Failed Low

Qutput Failed to
+15 vDC

Output Failed to
Zero or -15 VDC

Output Failed to
Max Freq. Consistent
With 50 us Pulse
Width

Output Failed High,
Low, or to Zero

Output Failed to Max
Freq. Consistent
With 50 ps Pulse
Width

Output Failed High,
Low, or to Zero

Auto pulse clock period would go to 30.8 ms. This corresponds to

bank movement at 8.1 IPM.

Clock would not run.

Clock is disabled.

Clock is enabled even though analog clock rate signal is 4 ma. Clock
would run at its minimum speed corresponding to bank movement at 0.05
IPM,

Auto pulse clock period would go to 26.8 ms. This corresponds to bank
movement at 9.3 IPM,

Auto pulise clock period would go to 20.0 ms. This corresponds to bank

|
|
|
Clock would not run. |
movement at 12.5 IPM.

Clock would not run.

|
Overspeed detector would only provide protection against bank movement
in excess of 12.5 IMP,

Overspeed detector would disable out motion.




Table 5-2 continued

Pin 4 High Overspeed detector disabled.

Failure .
Component Mode Failure Effect
AlZ, IUVoltﬁexggator Failed High Clock would not be enabled until analog clock rate signal exceeded
Analog Devices 81L 6 ma. For analog clock rate signals of 20 ma, the auto pulse clock |
period would be 57.1 ms. This corresponds to bank movement at 4.4
IPM. The overspeed detector would only provide protection against |
bank movement in excess of 8.3 IPM. |
| Failed Low For analog clock rate signals of 20 ma, the auto pulse clock period
would be 40 ms. This corresponds to bank movement at 6.3 IPM. How-
ever, the overspeed detector would disable outmotion.
Ul, Quad 2 Input OR Gate Pin 3 Low Clock is erabled even though analog clock rate signal is 4 ma. Clock
would run at minimum speed corresponding to bank movement at 0.05
IPM,
Pin 3 High Clock would not run.
Pin 4 Low Binary counter U3 would not reset. Clock speed would be cut in half,
Bank could only move at 2.5 IPM,
Pin 4 High Clock would not run.
Pin 10 Low Binary counter U6 would not reset. On the average, U6 would output
a pulse for every 128 input pulses, although it would not be constant.
Bank speeds would be equivalent to 3.9 IPM.
Pin 10 High Clock would not run.
Pin 11 Low or High Clock would not run.
U2, Quad 2 Input OR Gate Pin 2 Low No Effect.
RCA CD40718F
Pin 2 High Clock would not run.
Pin 4 Low Overspeed detector would disable outmotion.



L ] ¢ g ®
Table 5.2 continued
Failure ‘
Component Mode Failure Effect
U2 (Continued) Pin 10 Low Overspeed detector would disable outmotion.
Pin 10 High Overspeed detector disabled.
Pin 11 Low No effect.
Pin 11 High Overspeed detector disabled.
U4, Quad 2 Input AND Gate Pin 3 Low No effect.
RCA CD4081BF
Pin 3 High No affect.
Pin 4 Low No effect.
o
N Pin 4 High Clock would not run.
Pin 10 Low No effect.
Pin 10 High Overspeed detector would disable outmotion.
Pin 11 Low No effect.
Pin 11 High No effect.
US, Quad 2 Input OR Gate Pin 3 Low Overspeed detector would disable outmotion.
RCA CD40718F
Pin 3 High Overspeed detector would disable outmotion.
Pin 4 Low Binary counter U3 would not reset. Overspeed detector would disable
outmotion in excess of 2.8 IPM.
Pin 4 High Overspeed detector would disable outmotion.
Pin 10 Low No effect.

Pir 10 High

Overspeed alarm.



Component

Failure
Mode

Tabie 5-2 continued

Failure Effect

Ul2, Quad 2 Input AND Gate
RCA CD4081BF

U3, Dual BCD Counter RCA
CD45208F

3 Low

3 High

4 Low

4 High

10 Low

10 High

1 High or Low
High
Low
High or Low

4 High or Low
High or Low

Low

High
5 Follow Pin 1
9 High or Low
10 High

11 Low

Overspeed detector disabled.
Overspeed detector would disable outmotion.
Clock would not run.

Clock would not run.

Clock would not run.

Clock would not run.

Clock would not run.

No effect.

Clock would

No effect.

No effect.

Clock would not run.

Binary counter U3 would not reset. Bank speeds would be equivalent to
2.5 IPM.

Clock would not run.

Bank speeds equivalent to 20.2 IPM.
Overspeed detector would disable outmotion.
No effect.

Overspeed detector would disable outmotion.
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Table 5-2 continued

Failure
Component Mode Failure Effect
U3 {Continued) Pin IT or 12 High No effect.
or Low

Pin 13 follow Pin 9 Overspeed detector would only block ou*.otion for bank speeds in
excess of 22.2 IPM.

Pin 13 High or Low Overspeed detector would disable outmotion.
Pin 15 Low Binary counter U3 would not reset. Overspeed detector would disable
outmotion in excess of 2.8 IPM.
Pin 15 High Overspeed detector would disable outmotion.
U6, 12 Stage Binary Counter Pin 2 High Digital comparator would output one pulse for every 272 clock pulses.
RCA CD4040BF Bank speeds equivalent to 7.4 IPM.
Pin 2 Low Digital comparator would never output a pulse. Clock would not run.
: Pin 3 High Digital comparator would never output a pulse. Clock would not run.
Pin 3 Low No effect.
Pin 5 High Digital comparator would never output a pulse. Clock would not run.
Pin 5 Low No effect.
Pin 6 High Digital comparator would output one pulse for every 384 clock pulses.
Bank speeds equivalent to 5.3 IPM,
Pin 6 Low Digital comparator would never output a pulse. Clock would not run.
Pin 4 High Digital comparator would output one pulse for every 144 clock pulses.

Bank speeds equivalent to 14.0 IPM.

Pin 4 Low Digital comparator would never output a pulse. Clock would not run.



Table 5-2 continued

Failure
Component Mode Failure Effect
U6 (Continued) Pin 10 High or Low Clock would not run.
Pin 11 High Clock would not run.
Pin 11 Low Bank speeds equivalent to 3.9 IPM.
U7, Digital Comparator Any Single Pin Fail Worst case failure mode would be pin 3 failing high. This produces
RCA CD40638F High or Low bank speeds equivalent to 14.0 IPM.

Pin 6 Follow Pin 10 Bank speeds equivalent to 126 IPM.
Pin 6 Follow Pin 12 Bank speeds equivalent to 63 IPi.
Pin 6 Foilow Pin 13 Bank speeds equivalent to 32 IPM.
Pin 6 Follow Pin 15 Bank speeds equivalent to 16 IPM.

Pin 6 Follow Pin 3 Bank speeds equivalent to 8 IPM.
U9, 12 Stage Binary Counter Pin 2 High g¥e;sge?g"detector would only block outmotion for bank speads in excess
Pin 2 Low Overspeed detector would disable outmotion.
Pin 3 High Overspeed detector would disable outmotion.
Pin 3 Low No effe-*.
Pin 5 High Overspeed detectur would disable outmotion.
Pin 5 Low No effect.
Pin 6 High g:egfge?g"?etector would only block outmotion for bank speeds in excess

Pin 6 Low Overspeed detecto~ would disable outmotion.




Table 5-2 continued

Failure .
Component Mode Failure Effect
U9 {Continued) Pin 4 High Overspeed detector would only block outmotion for bank speeds in
excess of 15.4 IPM.
Pin 4 Low Uverspeed detector would cisable outmotion.

U8, Digital Comparator RCA
CD40638F

U10, Dual J-K Flip-Flop RCA
CD40278F

Pin 10 High or Low

Pin 11 High

Fin 11 Low

Any Single Pin Fail
High ~r Low

Pin 6 Follow Pin 10
Pin 6 Follow Pin 12
Pin 6 Follow Pin 13
Pin 6 Follow Pin 15
Pin 6 Follow Pin 3
Pin 13 High or Low
Pin 15 High

Pin 15 Low

Pin 14 High

Pin 14 Low

Overspeed detector would disable outmotion.

Overspeed detector would disable outmotion.

Overspeed detector would block outmotion for bank speeds in excess
of 4.3 IPM.

Worst case failure would be pin 3 failing high. This would result
in overspeed protection being disabled for bank speeds less than
15.4 IPM,

Overspeed protection disabled for bank speeds less than 140 IPM.
Overspeed protection disabled for bank speeds less than 70 IPM.
Overspeed protection disabled for bank speeds less than 35 IPM.
Overspeed protection disabled for bank speeds less than 17.5 IPM.
Overspeed protection disabled for bank speeds less than 9.8 IPM.
Overspeed protectinn disabled.

Overspeed detector would block outmotion.

Overspeed protection disabled.

Overspeed detector would block outmotion.

No effect.




Table 5-2 continued

Failure .
Component Mode Failure Effect
UI0 (Continued] Pin 12 High Overspeed detection disabTed.
Pin 12 Low Overspeed detector would block outmotion.
Pin 7 High Overspeed detector would block outmotion.
Pin 7 Low Overspeed detection disabled.
Pin 4 High No effect.
Pin 4 Low No effect.
E Pin 1 High Overspeed detector would block outmotion.
'
o Pin 1 Low Overspeed detection disabled.
Ull, Dual J-K Flip-Flop Pinl, 4 or7 Clock would not run.
RCA CD40278F Failed High or Low
Pin 2 Failed High Overspeed detection disabled.
or Low
S1, DIP Switch CTS Corp. All At worst case setting of all switches open, the bank would move at
CT5206-7 10.5 IPM with overspeed.
R2, Potentiometer Allen- Failed High or Low No effect on clock speed or overspeed detection.
Bradley MT2W501
R9, Potentiometer Allen- Failed High Bank speeds less than 5.0 IPM,
Bradley MT2W101
Failed Low Bank speeds equivalent to 6.3 IPM.
R1%4, Potentiometer Allen- Failed High Overspeed protection disabled for bank speeds less than 6.3 IPM,

Bradley MT2W501

Failed Low Overspeed detector would block outmotion.



Table 5-2 continued

Failure
Component Mode Failure Effect

R19, Potentiometer Allen- Failed Short ~ Bank speeds would increase a maximum of 2.5% to 5.1 IPM,
Bradley MT2W501

Failed Open Clock would not run.
R14, Quad 2 Inpit NAND Gate Pin 4 High Overspeed detector disabled.
RCA CD4011BF

Pin 4 Low Bank motion disabled.
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Table 5-3 Component Failur. - That Result in Auto Interface Board
Clock Mechanism Producing Pulses that Correspond to a
Bank Withdrawal of 14 Inches Per Minute or More

Failure Rate (40)
Component

10-6/hour
U3, Dual BCD Counter 2.88
U6, 12 Stage Binary Counter 4,62
U7, Digital Comparator 2.88
Total Failure Rate 10.38
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element minimal cutsets for the system. Also shown in this table is the
failure rate of these components,

Table 5-4 shows the list of component failures that contribute to
the failure of the auto interface bozrd overspeed detector such that the
overspeed detector cannot protect against clock pulses corresponding to bank
withdrawal of 14 inches per minute or more. The Failure Modes and Effect
Analysis for the rod controller drawer clock and overspeed detector
mechanism performed by the applicant is shown in Table 5-5 (39). The single
component failures that result in the failure of the rod controller drawer
overspeed protection is shown in Table 5-6.

Referring back to Case A which results in reactivity insertion
rates of about 15 cents per second to over 20 cents per second, the addi-
tional failures in this case compared to Case IIl which results in a reac-
tivity insertion rate of 12.6 cents per second are:

1. Auto interface clock failure at about 45 inches per minute
2. Two rod centroller drawers overspeed protection failure.

Thus the incremental probability of occurrence of Case A compared to Case
IIT is:

P (Case A) = Py (Auto interface board producing pulses that
correspond to bank withdrawal rates of 14
inches per minute or more) x
P2 (Failure of any two rod controller drawer
overspeed detectors)

P1=1/2 A\ T
where 1, is the total failure rate of auto interface board clock
system. From Table 5-3 this value is 10.38x10-6/hour.
T is the time between successive test intervals.

In this case it is conservatively assumed that the clocking mechanism is
tested once every year. Thus T is equal to 8760 hours. Based on this




Table 5-4 Component Failures That Contribute to the Failure
of the Auto Interface Board Overspeed Detector for
Bank Withdrawal Rates at 14 Inches Per Minute or More.

Failure Rate (40)

Component
10-6/hour

U2, Quad 2 Input OR Gate 0.65
U3, Dual Bld Counter 2.88
U8, Digital Comparator 2.88
U9, 12 Stage Binary Counter 4.62
U10, Dual J-K Flip-Flop 1.45
Ull, Dual J-K Flip-Flop 1.45
Ul2, Quad 2 Input and Gate 0.65
Ul4, Quad 2 Input NAND Gate 0.65

Total Failure Rate 15.23
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Table 5-5 Failure Modes and Effect Analysis of the Rod Controller Drawer Clock
and Overspeed Detection Systems (Drawings 148J361, 148J385, 148J382)

Failure
Component Mode Failure Effect

Drawer Assembly Dwg. 148J361

R1, Potentiometer Beckman Failed High No effect.

Helipot Div.
3351-R-10KL .50ST Fail-. Low No effect on withdrawal speeds. Single rod insertion speeds would be
limited to 0.36 IPM.

Failed Open Voltage to V/F converter would increase from 4 volts to 4.8 volts,
Single rod withdrawal speeds would increase to 10.9 IPM. Clock would
not run for insertion.

R2, Potentiometer Beckman Failed High No effect.

o Helipot Div.
“ 3351-R-10KL.50ST Failed Low No effect on insertion speeds. Single rod withdrawal speeds would be
limited to 0.36 IPM.

Failed Open Voltage to V/F converter would increase from 4 volts to 4.8 volts.
Single rod insertion speeds would increase to 10.9 IPM. Clock would
not run for withdrawal.

Control Logic PCB Dwg.
148J382

VR9, Zenier Diode INB25A Failed Short Voltage to V/F converter would go to zero. Clock would not run.

Failed Cpen Voltage to V/F converter would increase from 4 volts to 9.2 volts,
Clock would run at a speed equivalent to 20.6 IPM.

C10, Capacitor Component Capacitance Decrease Frequency of V/F converter will increase. Clock speeds equivalent
to 45 IPM would occur when the uF capacitance value decreased to
approximately 0.2uF.

Al, V/F Converter Wavetek, Frequency Increase As output frequency increased from 6 Hz to 30 Hz, rod speed would
120.021 increase from 9 IPM to 45 IPM.

Frequency Decrease Rod speed would be less than 9 IPM,




Table 5-5 continued

Failure
Component Mode Failure Effect

Command Error PCB Dwg.
148J379

Al, Amplifier Motorola, Output Failed to Rod speed would increase to 33.8 IPM.
MC1741CL +i5 vOC

Output Failed to Clock would not run.
-15 vDC

CR22, Diode Motorola, Failed Open No effect

ING14A
Failed Short Clock would not run.

" Clock PCB Dwg. 148J385

Q9, Transistor RCA, 2N1711 Open Clock will

Short Clock will

Q10, Transistor RCA, 2N1711 Open No effect.
Short Clock will

Qll, Transistor RCA, 2N1711 Open Clock will
Short Clock will

Q12, Transistor RCA, 2N2646 Open Clock will
Short Clock will

Transistor RCA, Open Clock will

Short Clock will




Table 5-5 continued

Failure
Component Mode Failure Effect
Command Error PCB Dwg.
148J379
Al, Amplifier Motorola, Qutput Failed to Rod speed would increase to 33.8 IPM,
MC1741CL +15 vOC
Output Failed to Clock would not run.
-15 vDC
CRZ2, Diode Motorola, Failed Open No effect
IN914A
Failed Short Clock would not run.
:i Clock PCB Dwg. 148J385
" @9, Transistor RCA, 2N1711  Open Liock will not run.
Short Clock will not run.
Q10, Transistor RCA, 2N1711 Open No effect.
Short Clock will not run.
Ql1, Transistor RCA, 2w1711 Open Clock will not run.
Short Clock will not run.
QlZ, Transistor RCA, 2NZ546 Open Clock will not runm.
Short Clock will not run,
Q13, Transistor RCA, 2N1711 Open Clock will not run.

Short Clock will not run.



Table 5-5 continued

Failure :
Component Mode Failure Effect
Dwg. 148J385 (Cont'd)
Ql, Transistor RCA, 1IN1711 Open Gverspeed detector will disable rod motion.
Short Overspeed detector will disable rod motion.
Q2, Transistor GE, 2N489 Open Overspeed detector will disable rod motion.
Short Overspeed detector will disable rod motion.
Ql4, Transistor RCA, 2N1711 Open Clock will not run.
e Short Clock will not run,
S G5, Transistor RCZ, 2N17i! Open Overspeed detector disablad.
Short Overspued detector wiil disabie r¢d motiun.
11, Flio-Fion “otorola, Pins 5, 6, or 10 Overspeed detector will disable rod metion,
MC664 High or Low

I1C2, uad 2 irput NAND
Motorola, MCL68

IC3, F1ip-Fiop Motorola,
MC564 :

Pin 3 Low or High
Pin 6 High
Pin 6 Low
Pin 8 High

Pin 8 Low

Pins 5, 6, or 10
High or Low

Overspe~d detector diszbled.
Overspeed detctor disabled.
Cverspeed detector will disable
Overspeed detector will disable
Overspeed detector disabled.

Clock will not runm.

rod motion.

rod motion.



Table 5-5 continued

Failure .
fomponent Mode Failure Effect
Dwg. 1487385 (Contd)
IC4, Quad Z Input NAND Pin 3 High Overspeed detector will disable rod motion.
Gate Motorola, MC668 .
Pin 3 Low No effect.
Pin 6 High No effect.
Pin 6 Low Overspeed detector will disable rod motion.
VR1, Zenier Diode Motorola, Open Overspeed detector disabled.
IN5225A
Short No effect.
on
é;VR6. Zenier Diode Motorola, Open Clock will not run.
IN5225A
Short No effect.
€3, Capacitator Cornell- Capacitance Decrease Overspeed detector permits faster clock rates before stopping rod
Dubilier, WCROSW2 motion. Overspeed detector disabled.
CR4, Diode Syntron, S1010 Open Overspeed detector will disable rod motion.
Short C3 charges faster. Overspeed detector disabled.
CR5, Diode Syntron, S1010 Open Overspeed detector will disable rod motion
Short No effect.
CR6, Diode Syntrom, S1010 Open Overspeed detector disabled.
Short No effect.
CR8, Diode Syntron, 51010 Open No effect. Overspeed could be latched via Kl

Short No effect.



Table 5-5 continued

Failure y
Component Mode Failure Effect
Dwg. 1487385 (Cont'd)
CR9, Diode Syntron, S1010 Open or Short No effect.
CR10, Diode Syntron, S1010 Open Overspeed detector disabled.
Short No effect.
Q4, Transistor RCA, 2N1132 Open No effect. Overspeed could be latched via K1.
Short Overspeed detector would disable rod motion.
U‘QS. Transistor RCA, 2N1711 Open Overspeed detector would disable rod motion.
ﬁ: Short No effect. Overspeed could be latched via Q4.
VR2, Zenier Diode Motorola, Open Overspeed detector would disable rod motion.
IN5225A
: Short No effect.
:&iTzeiaggc.P. Clare, goil Open or No effect other than possible spurious operation of the overspeed
- ontact Faflure detector. Overspeed could be latched via (4.
CR11, Dicde Syntron, S1010 Open No effect.
Short Overspeed detector would disable rod motion.
CR13, Diode Syntron Open No effect. Overspeed could be latched via Q4.
Short No effect.
CR14, Diode Syntron, S1010  Open or Short No effect.
CR1S, Diode Syntron, S1010  Open or Short No effect.

CR16, Diode Syntron, S1010 Open or Short No effect.
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Table 5-5 continued
railure | :
Component Mode Failure Effect

Dwg. 1487385 (Cont™d)
CR25, Diode Syntron, S1010 Open or Short No effect on clock speed.
CR26, Diode Syntron, S1010 Open or Short No effect on clock speed.
CR29, Diode Syntron, S1010 Open or Short No effect on clock speed.
CR24, Diode Syntron, S1010 Open Clock will not run.

Short No effect.
CR27, Diode Syntron, S1010 Open Ko effect.

Short Clock will not run.
CR28, Diode Syntron, S1010 Open Clock will not run.

Short No effect.
CR34, Diode Syntron, S1010 Open or Short Clock will not run.
CR35, Diode Syntron, S1010 Open Clock will noet run.

Short No efiect.
Logic Error PCB Dwg. 148J376
Q3, Transistor RCA, 2N1711 Open Rod motion disabled.

Short Overspeed detector disabled.
04, Transistor Motorola, Open Rod motion disabled.
2N4900 )

Short Jverspeed detector disabled.



Table 5-5 continued

Failure .
Component Mode Failure Effect
Dwg. 138J376 (Cont™d)
VR8, Zenier Diode Motorola, Open Rod motion disabled.
IN52338 .
Short No effect.
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Table 5-6 Component Failures That Contribute to the Failure of the
Rod Controller Drawer Overspeed Protection Such That Rod
Measurements in Excess of 10 Inches Per Minute is Permitted

Failure Rate (40)

r— 10-6/Hour
Q3, Transistor 0.05
1C2, Quad 2 Input NAND Gate 1.04
VR1, Zener Diode 0.24
C3, Capacitor 0.01
CR4, Diode 0.10
CR6, Diode 0.10
CR10, Diode 0.10
Q3, Short 0.05
Q4, Short 0.13
Total Failure Rate 1.82




Py = 4.54x10-2/year
Py = (15)(1/2 Ap T)2

where the factor of 15 corresponds to the combination of any two drawer
overspeed detectors from the total of six that can fail and A, is the
failure rate of the rod controller drawer overspeed detector. From Table
5-6 this value is equal to 1.82x10-6/hour.

Thus
Py = 9.53x10"4/year
and
P (Case A) = 4.32x10-5/year

This implies that in the scenario for Case A, the probability of reactivity
insertion at a rate of 15 to over 20 cents per second is about four to five
orders of magnitude smaller than the probability of reactivity insertion at
a rate of about 12.6 cents per second.

Let us now look at another scenario that could result in a

reactivity insertion rate of 20 cents per second or more. The multiple
failures necessary for this case are:

Case B
1. Failures 1 through 5 of Case III
2. Failures of the auto interface board clock to run
3. Single/group command line failing high

4, Failure of one of the rod controller drawer clocks and its
associated overspeed detection mechanism,

In this scenario since the auto interface board clock is failed,
the rod controller drawer gets an out signal and no rod movement pulses.
Thus, it acts as if it is in a single mode and produces its own clock
pulses. At this point it is assumed that 5 out of 6 control rods get pulses
at 9 inches per minute which is the maximum rate for a single rod movement



without overspeed failure, and one of the drawers' clock and overspeed
detection fails so that one rod is moved at the maximum mechanical speed of
45 inches per minute. Again the actual rod withdrawal is anywhere between 14
inches per minute to the maximum mechanical speed of 45 inches per minute.
Thus, the maximum total control rod movement is anywhere betvz2en 59 inches
per minute to a maximum of 99 inches per minute which is higher than the
approximate requirement of 86 inches per minute. These rod movements
correspond to a reactivity insertion rate of about 14 cents per second to 25
cents per second. Table 5-7 shows the component failures that contribute to
failure of the rod controller drawer clock mechanism failure. Note that
these component failures are based on the Failure Mode and Effect Analysis
of Table 5-5.

The incremental probability of occurrence of Case B compared to
case III is:

P (Case B) = 6 P3 (One rod controller drawer clock producing
pulses that correspond to maximum mechanical

speed) x

P4(Rod controller drawer overspeed detector
corresponding to the above drawer has failed)

P3=1/2137
where x5 is the failure rate of any rod controller drawer clock. From Table
5-7 this failure rate is 5.42x10-6/hour. The time between consecutive tests
T is assumed to be one year. Thus,

P3 = 2.37x10-2/year

Pa=1/224 T

where is is the failure rate of the rod controller drawer overspeed
detector. From Table 5-6 this failure rate is 1.82x10-6/hour and

Pg = 7.97x10"3/year.
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Table 5-7 Component Failures That Contribute to the Failure
of the Rod Controller Drawer Clock Mechanism

Failure Rate (40)

Component
10-6/hour
VR9, Zener Diode 0.59
C10, Capacitor 0.00
Al, VIF Converter 2.35
Al, Amplifier 2.48
Total Failure Rate 5.42
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Thus, the overall incremental probability of occurrence of Case B compared
to Case III is equal to

P (Case B) = 1.13x10-3/year

It is clear that the incremental probability of reaching Case B is
higher than case A and so it is more limiting.

Looking at the results of the scenarios discussed in this section
it can be concluded that the probability of bank withdrawal rates that
correspond to reactivity insertion rates of about 14 cents per second to 20
cents per second is at least about three orders of magnitude smaller than
the probability of scenarios that result in a reactivity insertion rate of
about 10 to 12 cents per second.
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5.4 Relative Likelihood of a Transient Overpower (TOP)/Loss of Flow (LOF)
Sequence

A separate but related issue concerns the possibility that a TOP
sequence initiated by inadvertent control rod withdrawal could be
accompanied by reactor coolant pump trip, thereby creating a combined
TOP/LOF accident. In the classical TOP accident, after initiation of
reactivity insertion mechan‘sm the signal for scram is postulated to fail.
Since the same signal is also responsible for tripping of the main coolant
pumps, it is assumed that pump tripping mechanism will also fail. Thus the
scenario consists of continuous reactivity insertion while main coolant
pumps are still running. But if the probability of pump trip is significant
then the latter type of accident, namely combined TOP/LOF, generates a more
severe challenge to the plant than the “classical* TOP, i.e., it could
possibly lead to a more energetic accident. The issue of concern here,
however, is whether the probability of a TOP/LOF is sufficiently low, in
spite of its more energetic character, that the more likely TOP driven by
continuous reactivity insertion should be considered the bounding HCDA
scenario from the standpoint of risk. This depends somewhat on the most
likely rates of reactivity insertion via rod withdrawal, the subject
discussed earlier.

Let us now consider the relative 1ikelihood that a TOP might be
accompanied by an LOF because of reactor coolant pump trip. Note that we
have not performed a thorough and independent analysis of the system.
Rather, we have discussed system design and operating characteristics with
the license applicant's persononel, including the system designers. Our
attempt here is to explain the basic technical issues and to comment on the
credibility of the applicant's assertions that the TOP/LOF is an event of
extremely low probability.

The scenario of immediate interest begins with inadvertent
withdrawal of one or more control rods with a subsequent continuous
insertion of reactivity. There are several sequences of events that can
follow depending on the failure of the partaicular subsystems of the reactor
shutdown system as it is delineated in Figure 5-5 (40). Following the
reactivity insertion there are several sensors in the -eactor that are
designed to detect the increase in power. The primary Reactor Shutdown
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System gets a scram signal as soon as 115% rated power is reached. If the
scram signal trips the primary reactor shutdown system, the accident is
terminated as is shown in sequence A.

There are two alternatives to this. First there can be a primary
reactor shutdown system electrical failure in which case the scram signal
does not reach the primary reactor shutdown system. The second possibility
is primary reactor shutdown system mechanical failure. Following the
sequence of primary reactor shutdown system electrical failure, it is argued
that since the same signal disengages the primary control rods and trips the
primary coolant pumps then failure to scram must be accompanied with
failure to trip the pumps. In other words for the pumps to be tripped an
additional failure in the electrical circuit from the point of scram signal
generation to the point of pump trip is necessary which would make this
event much less likely than failure to scram and trip the pumps. Thus, at
this point reactivity is being inserted to the core and primary coolant
pumps are also running. Following this the secondary reactor shutdown
system will reach its trip point in a short period of time. Again there are
three alternatives here. First if the secondary shutdown system scrams the
reactor, the accident is terminated as is shown in sequence B. The second
alternative is that there is an electrical failure in the secondary shutdown
system. In this case the reactivity is being inserted continuously and
pumps are running. Thus we have the classical transient overpower scenario
shuwn as sequence C. The last alternative is the mechanical failure of the
secondary shutdown system. In the current design of the CRBRP shutdown
system, there is an interlock mechanism between the primary and secondary
shutdown systems. Based on this interlock mechanism, if the secondary
shutdown system reaches the trip point and receives a signal for scram a
backup signal is also sent to the primary system to make sure it has
scrammed. Sirce the electrical portion of the secondary shutdown system is
functioning this will trip the pumps and scram the reactor. Thus, realisti-
cally a protected loss of flow condition is reached. The applicant
indicates that if for whatever reason the primary reactor shutdown system
does not scram the reactor, this interlock mechanism at least should stop
the reactivity insertion. Thus, conservatively an unprotected loss of flow
accident can result as is shown in sequence D. If this interlock mechanism
fails, then we get into a situation where reactivity is being inserted into
the core, both primary and secondary shutdown systems have failed to scram
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tie reactor, and the pumps are tripped due to secondary shutdown system trip
signal. In this case, a combined TOP/LOF has resulted as is shown in
sequence E.

The last sequence that must be censidered is the mechanical
failure of the primary shutdown system following a scram signal as is shown
in Figure 5-5. In this case the pumps are tripped since the electrical
portion of the primary shutdown system is functioning but no reactivity
insertion is possible due to mechanical failure of the primary shutiown
system. Next, the secondary reactor shutdown system reaches the trip point.
If the scram by the secondary shutdown system is successful the accident is
terminated as is shown in sequence B. Otherwise there could be either an
electrical or mechanical failure of the secondary shutdown system. In both
cases, pumps are tripped and reactivity insertion has stopped. Thus, we
have a loss of flow accident as is shown in sequences F and G.

Looking at Figure 5-5, it can be seen that starting with a rod
withdrawal accident, there are eight end points for the various accident
sequences, In three cases the accident is terminated, in another three
cases a 10ss of flow accident results. In one case a transient overpower
accident and in another case a combined transient overpower, loss of flow
accident results. For the combined TOP/LOF to happen, there needs to be

1. An electrical failure of the primary reactor shutdown system, and

2. A mechanical failure of the secondary reactor shutdown system, and

3. Faiflure of the interlock between the primary and secondary
shutdown system,

In contrast for a classical TOP to happen, there need to be
1. An electrical failure of the primary reactor shutdown system, and
2. An electrical failure of the secondary reactor shutdown system.

Since the secondary shutdown system is designed to be able to scram the
reactor with the most reactive control rod stuck, mechanical failure of two
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or more control rods is necessary to fail to scram the system. Complete
failure of the secondary scram system consists of essentially a mechanical
common mode failure of five secondary control rods. Compared to the
electrical failure of the secondary shutdown system, this common mode
mechanical failure of the secondary shutdown system is judged to be very
unlikely.

Thus, from a qualitative analysis of a possible sequence of events
following a rod withdrawal accident, it seems that the combined TOP/LOF
accidents are much less Tikely than either the TOP or LOF accidents.



5.5 Summary ana Conclucions

One of the critical parameters in the analysis of the Clinch River
Breeder Reactor Plant's (CRBRP) response to a transient overpower (TOP)
accident is the rate of reactivity insertion in the core as a result of the
TOP initiator. This is due to the fact that at high reactivity insertion
rates the location of the fuel pin failure is closer to the central region
of the core. This results in the fuel movement toward the center of the
core and thus creation of a more reactive configuration that could possibly
lead to an energetic as opposed to a benign termination of the accident.
Current studies indicate that reactivity insertion rates of 20 cents per
second or more are necessary to create an energetic hypothetical core dis-
ruptive accident (HCDA). To investigate the possibility of such high rates
of reactivity insertion and its likelihood compared to lower rates of
reactivity insertion several rod withdrawal accidents which are the primary
means of reactivity insertion in the CRBRP were analyzed. It was shown that
to get reactivity insertion rates of about 10 to 12 cents per second, about
seven subsystems of the reactor control system must fail. To get to
reactivity insertion rates of 20 cents per second or more an additional
three or four subsystems must fail. The two most likely scenarios that
could result in reactivity insertion rates of 20 cents per second or more
were analyzed in detail. It was shown that rod withdrawal accidents that
could lead to a reactivity insertion ate of about 14 cents per second to 23
cents per second are at least three or.ors of magnitude less likely than rod
withdrawal accidents that lead to reactivity insertion rates of 10 to 12
cents per second. It is also crucial to point out that although the numeri-
cal value of the probazbility of rod withdrawal accidents that lead to
reactivity insertion rates of about 10 to 12 cents per second was not
calculated, based on the number of failures of subsystems required for this
accident and the type of electronic circuitry tnat have to fail, it is
reasonable to conciude that this event by itself is very unlikely. Thus,
overall the probability of rod withdrawal accidents resulting in high reac-
tivity insertion rates of 20 cents per second or more is judged to be
extremely low.

A separate but related topic concerning the relative likelihood of
a combined transient overpower (TOP) and loss ¢“ flow (LOF) accident was
analyzed. In the classical analysis of the TOP, it is postulated that



failure to scram also results in failure to trip the main coolant pumps
since the same signal scrams the reactor and trips the pumps. A qualitative
analysis of the sequence of events that follow a rod withdrawal accident was
performed. It was shown that among eight possible sequences of events
leading to various outcomes such as benign termination of the accident, TOP,
LOF or TOP/LOF, only one sequence could lead to the combined TOP/LOF acci-
dent. For this sequence to happen a combination of three failures must
occur. These failures include, electrical failure of the primary reactor
shutdown system, mechanical failure of the secondary reactor shutdown system
and failure of the primary-secondary interlock mechanism. Based on our
qualitative assessment of this sequence of events compared to the sequence
of events that could lead to a TOF or LOF it was concluded that the combined
TOP/LOF is much less likely than TOP or LOF.
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6.0 Performance Review of the CRBRP Containment Cleanup System

6.1 Introduction

The CRBRP Containment Cleanup System (CCS) is designed to remove
fission products and reduce offsite dose from gas releases in the event of a
core disruptive accident. As was discussed in detail in Chapter 4,
following a core meltdown and vessel and guard vessel melt-through, the
sodium molten fuel and steel will interact with the concrete in the cavity.
This interaction results in production of considerable amounts of water
vapor and other gases such as CO,. The water vapor then interacts with
sodium to produce hydrogen which along with other aerosols and fission
product compounds are transported to the upper containment. The hydrogen
bur~s in the upper containment by interacting with the oxygen until all the
oxygen is consumed. At that point the hydrogen will continue to build up in
the upper containment atmosphere. To avoid any possibility of hydrogen
explosion currently there is a criteria for initiation of vent and purge
cystem once the hydrogen concentration reaches a level of 6% At this point
the proper functioning of the containment cleanup system is extremely
crucial to avoid any possible release of radioactivity to the outside
environment. The proper functioning of the containment cleanup system
includes some very demanding performance requirements such as minimum
cleanup efficiency of 99% for solid and liquid material and 97% for vapors.

In this chapter . review of the containment cleanup system
including various issues that could affect the performance and efficiency of
the system is presented. This review is focused on both the expected
performance of the CCS relative to its major design requirements of sodium
and fission product removal and the reliability of the CCS.

In the next section the performance requirements and the design
features of the containment cleanup system is reviewed. The identif’ ation
and evaluation of the performance issues that could affect the efficiency of
the CCS are presented in Section 6.3. Issues related to the conditions and
results of the small-scale experiments and their applicability to the
performance of the CCS are discussed in this section. Possible areas of
concern or uncertainty related to fictors such as fission product removal,
sodium removal, internal hydrogen explosion, 1ine plugging, gas cooling



requirements and over-all reliability cf the system are also presented in
this section. Finally, the conclusion, insights and recommendations are
preseated in Section 6.4.

6.2 Performance Requirements and Design of the Containment Cleanup
System

The containment cleanup system for CRBR is being designed by Burns
and Roe based on performance requirements called out by Westinghouse (10).
The design draws its major concepts from systems tested by HEDL and bases
its performance estimates on experimental data from these HEDL tests (41).

As developed by Westinghouse the CCS shall meet the following
requirements:

1. The containment cleanup system efficiency shall be a minimum of
99% for vented materials in the solid or liquid state, 97% for
vapors (Nal, Se0p, and Sbp03) subject to condensation in the
cleanup system, and 0% for noble gases. These efficiencies shall
apply when subjected to the vent rates shown on Figure 6.1 anA
containment atmosphere temperatures shown on Figure 6.2 with a
containment atmosphere density of 0.07 1b/ft3 (10). Beyond 150
hours, containment atmosphere temperatures up to 2509F shall
apply. The CCS shall be capable of performing all of its intended
functions in the presence of Ar, Np, Hp, Hp0, CO, COp, 07, Nap0,
N,0p, NaOH, NapCO3, fission products, and compounds resulting from
fission product reactions.

2. The containment cleanup system shall remain functional at an
aerosol mass flow rate of up to 5,600 1b/hr and a total mass of
300,000 pounds of aeroso! entering the cleanup system. The
principal constituents of thc aerosol are NaOH and Nap0, the
proportions of which can vary from 0 to 100% of the aerosol, and
NapCO3 which can vary from 0 to 8% of the aerosol.

The aerosol particle properties are:
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Mass Mean Radius (microns): 5 < rgg < 10
Aerodynamic Equivalent Radius (microns): 2.3 < AER < 4.7
Density (g/cc): 2.1 < p <28
Mass Geometric Standard Deviation: 3.0 €93 <3$

The containment cleanup system shall remain functional at fission
products power levels in the accumulated filter aerosol of:

Time Fission Product Power
{hours) (Mw)
0 0
24 3.1x10°3
48 0.16*
96 0.16*
240 0.11
720 0.05

*Maximum value.

The containment cleanup system des%gn shall be capable of
performing all its intended functions with the following chemical
and physical states of the 10 most radiologically significant
fission products in the containment atmosphere:



Maximum Percentage of the Fission Products by Chemical and Physical Form

Elemental Oxide

Element Vapor Liquid or Solid Vapor Liqui« _or Solid

Se 1% 1% 100% 100%
Rb 1 1 1 100
Sr 1 1 1 100
ir 1 1 1 100
Sb 1 1 100 100
Te 1 1 1 100
Cs 1 1 1 100
Ba 1 1 1 100
Ce 1 1 1 100
Nal
I 1 1 33 100

5. The exhaust from the containment cleanup system shall have a
temperature compatible with operation of the TMBDB Exhaust-Plant
Effluent Radiation Monitoring System.

6. The containment cleanup system operations shall be by remote
manual actuation from the control room

7. The containment cleanup system shall have a primary mission life
of 2,000 hours with a secondary mission 1ife of 5,000 hours.

To meet the above requirement the CCS has been designed similarly
to an experimental model evaluated by HEDL (41). The system has three air
cleaning elements: a spray/gas quench tower, a venturi scrubber and a
polypropylene filter. These are supported by auxilliary pumps, and a single
holding tank. A schematic for this design is shown in Figure 6.3.

Hot gas with a temperature range of 700 to 1100%F containing
3 sodium particulates enters the quench tower and is washed and cooled by a
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recirculating spray of water containing NaOH (produced primarily from the
reaction of Nay0 in the gas with Hp0). Upon exiting the quench tower the
gas enters the venturi scrubber where more particulates are removed and the
temperature lowered further using the same recirculating solution fed to the
quench tower. Finally the gas enters the polypropylene filter section where
the submicron particulates are removed. The filter is constantly sprayed
with the same solution used in the quench tower and the venturi scrubber.

The liquid for cooling and scrubbing the gas is pumped from a common
holding tank to all three air cleaning elements during the gas purge cycle.
At the start of the purge the tank contains 130,000 gallons of water (no
NaOH or fission fragments) to pump through the gas cleaning 2lements. As
the purge continues the sodium compounds in the gas react with the water to
form NaOH. Reactive fission products are also dissolved or entrained in the
water and eventually removed to the holding tank. During the reaction and
gas cooling processes in the quench tower and the venturi scrubber some
water evaporates. The loss in solution volume from evaporation is replen-
ished through makeup water added to the holding tank. No active cooling is
provided. Heat is removed by natural convection from tank and piping sur-
faces and by the addition of makeup water,



6.3 Identification and Evaluation of Performance Issues

The containment cleanup system is resporisible for removing sodium
and its associated radioactive materials from containment vent gas. This
will reduce the consequences to the public by factors of 30 to 10,000
depending on the degree of removal. Removing both large and small particu-
lates from the vent gas for an extended period of time is key to the per-
formance of the CCS. To achieve this performance, all components of the
system must function as intended. In the following paragraphs we identify

the major issues related to operation of the CCS and review several in
detail,

The basic purpose of the CCS is to remove particulates from the
vent gas to minimize their release to the environment. The analysis by
Westinghouse CRBRP-3 (10) indicates that the particles should have an aero-
dynamic equivalent diameter of about 5 to 10 microns. Their analysis also
indicates that sodium densities as high as 50 or 60 g/m3 could be associated
with the gas stream entering the CCS.

The expected performance of the CCS in removing this sodium aerosol was
reviewed based on general technical literature and specific experiments
conducted by HEDL (41). From an overall standpoint, the selection of the
quench tower, the venturi scrubber and the polypropylene fabric filter
system appears reasonabie for the following reasons:

1. The initial air cleaning equipment, the quench tower, is expected
to be moderately efficient (greater than 95%) for removirg large
particles (greater than 5 microns). This is based on the general
literature (42) and on the specific tests performed by HEDL. In the
HEDL tests, about 97% of the sodium particles having an average
diameter of 3 microns were removed in the quench towers. Further-
more, this equipment is expected to be versatile in its ability to
handle input streams with variable sodium aerosol loading.

2. The system of two wet scrubbers (the quench tower and the venturi
scrubber) followed by the fabric filter should remove the particle
sizes expected in the purge gas. The wet scrubber will rzaove a
major fraction of the particles greater than about 0.5 micron in
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size while the fabric filter will remove particles as small as .0l
microns. Acain, this generai performance is reported in the
genaral technicai literature (42) and was seen in the HEDL tests.

The perfecrmance of the CCS in removing sodium aeroscls is estimated te
be greater than the 99% 2fficiency requiresment. This is based on literature
estimates and is in agreement with the HEDL tests. A comparison of some of
the relevant design (scaling) parameters for the quench tower is presented
in Table 6.1. One parameter change, mean particle size, should result in
CCS querch tower performance which is better than that experienced in the
HEDL tests. Two parameter changes should resvlt in CCS quench tower per-
formance which is poorer than the HEDL tests.

The first parameter is Na ccncentration in the aerosol and the
second is gas to liquicd ficy vatio. While no quantitative estimate of the
degradation due to these two factors is available, the degree of degradation
is not expected to be major based on an examination of the HEDL results.
The fourth variable shown in Table 6.1, namely residence time, shows that
the prorosed residence time is in the range tested by HEDL.

A scaling analysis, which does not appcar to have been performed,
involves the calculation of power input. This appears to be a very appro-
priate analysis for this system (43,44)., This analysis requires detailed
information on gas and liquid ‘riction losses in the system.

Another parameter nct shown in the tabie which could have some
impact on quench tower efficiency is the concentration of sodium in the
quench tower solution. Higher sodium concentrations in the quench solution
could reauce the rate of reaction’dissolution of sodium particles and cons2-
quently reduce the scrubber e’ficiency if reaction rate is a controlling
performance parameter. This Joes not, however, appear to be the case based
on the analysis of the limited HEDL experimental results.

Additional details which are no! available concerning the design
of the air cleaning components in the CCS include:

0 number, position and type of spray nozzlets within the guench tower
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type of air distributor for the quench tower inlet gas.

In summary, the design of Lhe CCS system appears to be based on a sound
conceptual apprcach. There are however a few areas of concern such as the
effect of higher maximum sodium concentrations, lack of power input analysis
and scaling analysis that introduces uncertainty in the overall performance
estirate of the CCS. Additional analysis ant possibly testing would improve
conr’dence in tie performance of the design.

In &1dit'on to sodium aerosol removal, a major requirement of the

CCS is the rewovai of liquid or solid state fission products. While no

7 direc’ measurcment of removal efficiency for the non-gaseous fission -
- nroducis has seen made, cstimates of removal efficiency have been made. s
9 fhese astim>tus are based on examinations of fission product chemiztry and iﬂf
A on experimental results with ral designed to simulate condensible vapors. .
! These examiaariens of fission product chemistry and the Nal removal experi- %L'f
ments are discuiced i% the following paragraphs. - L

In general the f'ssion products are normally grouped according to
thair geraral chemical characteristics: The noble gases (Kr, Xe), the
hzlugens (I, Br), the alka'i metuls (Cs, Rb), some semi-volatile elements
(Te, Se, Sb) ard somc non-vilatile elements (nechle metals, lanthanides and
ictinides). <he volatile or partialiy vo: tile fission products which
include the halogens, the alka'i metals and the semi-volatile elements but
exclud: the nulle gases are assumed to co-agglomerate with the sodium based
pariicles,

inis ceaciptual mocel of co-agglomeration is based on both experi- "y
wental and theoretic:! work which has been performed at DOE laboratories
(ANL, BNL, ORGL) and at commercial institutions such as Genera) Electric.
These mode s anpear to be very widely accepted, appear reasonable and there-
; fore were not reviewed in this effort (45),

The Nal experiments conaucted by HELL involved the injection of
: hoéted Nai "nto a sodium cerrcol stream just prior to the gases entering the
fﬁ quench tank 41,. These experiuments, while they may not be fully represen-
, tative of “hu expected conditions for the CCS, showed an apparently small
amount of co-agglomeration and a much larger amount of Nal nucleation to




produce small particles. These separately nucleated particles were very
small in size (0.1 to 1 microns) and only some attache”’ to the bulk Na
aerosol. This conclusion is based on the experimental observation that the
fibrous filter removed a major portion of the Nal mass (91%) even though it

was only designed to be a final cleanup filter and not supposed to see high
mass loadings.

While this information is quite limited, a f2w statements can be
ade about the expected performance of the CCS. Theory predicts and experi-
mental evidence support the theory that semi-volatile fission products wili
co-agglomerate with the bulk of the sodium aerosol. The extent of co-
agglomeration appears to be unciear based on the HEDL tests. To the extent
that co-agglomeration is incomplete, the duty requirements for the fibrous
filter increase. This shifting of the fission product duty to the fibrous
filters increases the demand for reliable performance from this component
and might serve as an additional failure mechanism.

Internal Hydrogen Explosion

Because sodium reacts with water to produce hydrogen, the potential for
hydrogen explosions within the CCS must be examined. This analysis examined
the planned operating method for the CCS and concluded tnat some potential

for a hydrogen explosion exists only during the vent cycle. The bases for
this conclusion are:

After about 40 hours an estimated 8,700 1b-moles of sodium will
have been suspenued and transported from the reactor cavity area
to the containment vessel. The major reactants available for this
system appear to be water from the concrete (maximum estimated
amount s 1200 1lb-moles) and oxygen from the initial atmosphere
within the containment vessel (maximum estimated amount is 2,950
Ib-moles). The overall reaction for reaction of Na with water and
combustion of the resulting hydrogen is

2 Na + 2 Hyl + 1/2 0p w2 NaOH + Hy

On this basis, the 1200 1b-moles of water will react with 600 1b-
moles of oxygen to consume 1200 lb-moles of elemental sodium. The




remaining elemental sodium (7,500 Yb-moles) and remaining oxygen
(2,350 1b-moles) can then react. If they react to form Na,0,,
then about 2800 1b-moles of elemental sodium remains and can be
introduced to the CCS. If however they react to form Nay0, then
essentially all of the eleme tal sodium will be consumed by
chemical reaction. The reaction stoichiometry in the actual CRBR
system will depend on r: ction rates and mixing patterns. It does
appear however that some elemental sodium may enter the CCS during
the vent cycle.

During the purge cycle, outside *ir is introduced into the
containment structure to sweep out reaction generated hydrogen.
Oxygen can be introduced at a rate of up to 6.7 1b-moles/min.
This should be adequate to rapidly consume any unreacted sodium
and thereby eliminate the hydrogen generation potential.

To obtain a hydrogen concentration of 6% (a combustible concentra-
tion) in a gas stream flowing at the rate of 20,000 cfm would
require that hydrogen be generated at the rate of about 2.3 1b-
moles/minute. This would require an elemental sodium reaction
rate of about 4.6 1b-moles/minute. This rate can only be possible
during vent conditions and possibly early in the purge cycle.
Related to the issue of possible hydrogen explosion, it is crucial
to ensure that at the time of initiation of the purge only a
minimal amount of free sodium is present in the upper containment
atmosphere. If this is not the case the criteria for initiation
of the purging which is currently based on accumulation of 6%
hydrogen should be re-examined and the possibility of earlier
purging before oxygen starvation should be considered.

No hydrogen accumulations are expected as long as Burns and Roe
implement their assertion that the high points of the process
equipment are to be vented. If this is performed pruperly, it
provides a hydrogen explosion safeguard.



Liquid Line Plugging

This is considered a realistic threat to the system because some
solid formation in the scrubber solution recirculation system was reported
in the HEDL tests. Specific components making up the solids were not iden-
tified. The concentrated NaOH (v 10u) solution in the scrubber will contain
insoluble components associated with the sodium aerosol (oxides and car-
bonates). If these solids are not properly handled, pumps might be subjected
to undesirable errosive conditions or filters and nozzles might become
plugged. These conditions result in a decrease or loss of scrubber solution
flow which in turn would reduce particulate removal efficiency and gas
cooling. Failure of the polypropylene filter would be possible. The result
of this failure sequence would be increased fission product release and
increased population exposure.

While no satisfactory failure rate data for this system is availa-
ble some bounding estimates can be obtained from Sz annah River documents
and from the HEDL experiments. Savannah River has presented some filter
failure . ‘tes of about 1E-6/hour (46). This is for a well-designed system
and therefore represents a lower frequency bound. On the other extreme, the
HEDL tests reported cleaning strainers between tests. Based on the fre-
quency of cleaning of these strainers an approximate upper bound failure
rate of 1E-3/hour can be deducted.

Gas Line Plugging

A second potential failure mode is the plugging of the gas lines
for the CCS. The primary threat in this instance appears to be to the inlet
line which taves gases from the containment building and ducts them into the
quench tower. The problems of sodium compounds depositing in the line are
documented in HEDL experiments. This line pluggage could prevent the con-
tainment structure purge which would in turn lead to the possibility of a
containment dome threatening hydrogen buildup.

A correlacion which is applicable to a system on the scale of CCS
does not appear to be readily available at the present time. Lcs Alamos
National Laboratory is examining this specific issue in detail for NRC.




Gas Cooling

An additional performance requirement for the wet scrubbers of the
CCS as designed is to cool the hot gases from the containment area
(temperatures ranging from about 700°F to about 1000°F). Temperatures lcss
than 200°F are required to prevent temperature induced failure of the
fibrous (polvpropylene) filter (46).

Analysis by Burns and Roe suggest that the “aximum expected
temperature of the gas stream as it enters the ‘olypropylene filter is 175 +
150F, SAI performed an independent verification of these perature
predictions by developing and using a simplified model to predict the
temperature of gas exiting from the CRBR containment cleanup system. The
model is based on the concept of a single stage equilibrium contacting of
the input gas stream of constant composition and a recirculating liquid
strean.

The gas leaving the spray tower is in thermal equilibrium with the
incoming liquid. The partial pressure c¢f water in the exiting gas phase is
also in equilibrium with the incoming liquid. Sodium enters with the
incoming gas stream as Na20 and reacts with water to produce HaOH and heat.
The heat of reaction and solution are assumed to be absorbed in the ligquid
phase. There are no assumed heat losses from the system other than the
exiting gas stream (i.e., no scrubber solution cooling was analyzed).

Vapor pressure equations, heat capacity equations, heat of vapori-
zation equations and heat balances were developed and solved using numerical
techniques on the desktop computer. The results are considered to be a
bounding calculation because the assumption of thermal equilibrium between
gas stream and liquid may not be completely valid. Actual gas temperatures
may be a few degrees higher unless convective losses from the pieces of
equipment become significant.

The results of the independent analysis are presented in Figure
6.4. It shows the results of some parametric analysis examining the effect
of different inlet gas temperatures, sudium addition times (inversely
related to inlet sodium concentration) and total sodium added to the CCS.
For reported design conditions (about 300,000 1bs of sodium added and
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average gas temperatures less than 1100°F) it does not appear that the 200°F
1imit will be exceeded although it will be approached, particularly for high
inlet sodium concentrations. The figure also shows that greater amounts of

sodium entering the CCS could present problems with regard to the 200°F
limit.

In general, the SAI 2nalysis tends to support the Burns and Roe
analysis although the SAI numbers are slightly higher. This could be the
result of different values assumed for heats of reaction/solution or other
parameters. The SAI analysis does however point out the potential problems
associated with sodium inputs greater than the design basis 300,000 1bs.

It appears that while the polypropylene filter is a temperature
sensitive CCS component it should not be threatened if design base
conditions are maintained and if thermal equilibrium is achieved between the
scrubber solution and the gas exiting the venturi scrubber.

So far in this section the expected performance of the CCS is
based on the assumption of normal operation of the .arious components. The
purpose of the rest of this section is to identify and discuss components
which, if failed, could lead to severe consequences.

Summary and Conclusions

A review and analysis of the CCS was performed for the purpose of
identifying potential problems with the expected design or operation ~f the
system. In general it appeurs that the system should operate as intended.
There also appears to be some small potential problem associated with the
co-agglomeration of semi-volatile fission products. This uncertainty about
the co-agglomeration means that there may be an incre: -2d potential for
there being a higher mass duty on the fibrous polypropylene filter.

In addition, there is a potential problem of poor reliability for
certain components of the system. Of greatest concern from the reliability
viewpoint are the scrubber solution recirculation system, the CCS feed air




ducting system and finally the potential for hydrogen explosion. Because
this analysis only examined the first and last of these issues, potential
solutions are only presented for these two.

The concern about the reliability of the scrubber recirculation system
stems from the potential buildup of solids which could plug filters and
jets. Several design options would appear to have the potential to reduce
the reliability concern. One or more of these options might be used to
improve the expected CCS reliability. The options conceived in the course
of this analysis are:

Substitution of the polypropylene fabric air filter with a mate-
rial less sensitive to temperature would serve to reduce the
consequences of a decrease or loss of scrubber solution flow.

Installation of two scrubber accumulation tanks, one serving the
quench “ower and the other serving the venturi scrubber and the
fibrous filter., This would tend to concentrate most of the sodium
and fission products in the first system and allows the second
system to serve a polishing and backup role.

Introduce makeup water directly to the quench tower and the
venturi scrubber. This would assure that at least some scrubber

solution woulc be available even if the recirculating flow dimin-
ished.

The potential problem about Fydrogen explosion occurs when elemental
sodium is in the containment vessel. An operational change that may reduce
the risk of hydrogen explosion would be to monitor oxygen in containment as
well as hydrogen. If the free oxygen content becomes too low, vent and
purge operations could be initiated regardless of the hydrogen concentration

because a zeru oxygen concentration indicates the possibility of elemental
sodium,
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