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ABSTRACT

This report provides an independent assessment of the risk of red oil excursions (ROEs) at the
proposed mixed-oxide (MOX) -fuel fabrication. facilty (MFFF) under construction at the
U.S. Department of Energy’s Savannah River site in South Carolina. The assessment is based
on a review of the license application and the Integrated Safety Analysis (ISA) Summary
submitted by the applicant under the requirements of 10 CFR 70. The goal of this report is to
~ convey technical information and insights to NRC staff who are undertaking a review of the
application submitted in support of an operating Ilcense A qualitative evaluation of factors that
could potentially affect ROEs is carried out in the context of the applicant's safety strategies to
determine which processes are at higher risk for a ROE. The qualitative discussion is
supplemented by a quantitative probabilistic risk assessment ( 4%» ) of ROEs in various process
units of the facmty Based on this limited analysns whlch_ mcorporates a large amount of

may be assessed to be highly unlikely.
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EXEC'UTIVE SUMMARY

This study is an independent analysis of issues related to the risk of red oil excursions (ROEs)
in the proposed MOX Facility (MFFF) under construction at the U. S. Depariment of Energy’s
Savannah River site in South Carolina. ‘The assessment is based on a review of. the license
application and the Integrated Safety Analysis (ISA) Summary submitied by the applicant under
the requirements of 10 CFR 70. The results and insights of this study could be useful to NRC
staff during reviews of the MFFF License Application (LA). 1t is clearly understood that these
results and insights related to the risk of ROEs are only meant to convey additional information
and an independent perspective on risk to the NRC staff. They are not meant in any way to
serve as the basis for any determinations related to facility licensing that are made under the
requirements of 10 CFR 70. '

" The MFFF will manufacture mixed oxnde (MOX) fuel COHSIStIﬂ plutonium dioxide, extracted

uranium enrichment process In the technology used&m the process a reaction can occur
known as a ROE, which is an explosive, runaway ni ration- OXIdath X
solvent tri- butyl phosphate (TBP) comes in cont & Ith centrate /

vap na:uve cooling strategy that provides for heat removal via
fou\%hase in heated process vessels where some (Ilmlted)

oxidation reaction exist&s:

A qualitative assessment offthe factors that could influence the possibility of ROE has been
carried out for the various process units comprising the Aqueous Polishing Unit, the only part of
the MFFF where organics and acid come in contact which can give rise to red oil excursions.
Particular attention was focused on the evaporators in the acid recovery unit, the concentrates
collecting tank in the acid- recovery unit, and the evaporator in the oxalic mother liquor recovery
unit. There is a possibility of some TBP accumulation in these units and since the evaporators
are heated and contain concentrated acid, there is a higher possibility of a ROE than in other
vessels and units where the environment and temperatures do not favor a ROE.

The qualitative discussion is suppiemented by a quantitative probabilistic risk assessment
(PRA) of ROEs in various process units of the facility. The PRA is a “limited-scope” analysis; it
considers internal process deviations. that could due to equipment failures or human errors,
potentially violate the success criteria of the' appllca_ ;Siiosafety strategies and eventually lead to
a ROE. External hazards, such as seismic events; ‘or internal fires were not considered as they
would have greatly enlarged the scope of the study. Fault trees and event trees for the systems

Ofﬁzial Uge Or/y
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and processes considered were constructed and quantified using NRC's SAPHIRE code based
on the very limited data available for equipment failures and potential human errors in fuel cycle
facilities. Based on this limited analysis, which incorporates a large amount of uncertainty, the -
main contributors to ROE are as follows:. common cause failures in the venting system and
operator failure to flush the system on schedule in the first evaporator of the acid recovery unit;
common cause failures in the venting system and failure of operators to recognize low level
alarms in the concentrates collecting tank of the acid recovery unit; and operational failures of
.the slab settler, sampling failures, and failure of air lift to stop process solution transfers leading
eventually to ROE in the evaporator of the oxalic mother liguor recovery unit. These
contributors arise from accident scenarios that mainly involve failures of the evaporative cooling
‘'strategy. Failures of the TBP prevention strategy that could arise from failures of density
instrumentation and controls were also analyzed; their contribution to ROE is much lower since
they involve failures of multiple barriers. The PRA provides information that is expected to be
useful to the staff in their review of the license application.

The analysis performed using PRA techniques can be gonsidered as risk-informing the
qualitative analyses to assist NRC staff focus attention 69 i
Hence, the risk analysis methods support risk-informed, décisi
results of the risk assessment of ROEs should be. ¢ fishiered prelgminary, in view of the very
limited data available on equipment and human re mg%% i

s of higher risk significance.
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The U.S. Nuclear Regulatory Commlssmn (NRC) isé iin the process of licensing a facility to
manufacture mixed oxide (MOX) fuel at the U.S. Department of Energy's (DOE) Savannah
River site in South Carolina. MOX fuel is a blend of plutonium dioxide and depleted uranium
dioxide that will be used as fuel in commercial nuclear power ptants (NPPs). Depleted uranium
is a byproduct of the uranium enrichment process. -Plutonium dioxide will be extracted from
surplus * plutonium originally intended for use in nuclear weapons. The purpose of
manufacturing MOX fuel will be used in. meeting the goals of the DOE’s Surplus Plutonium
Disposition Program. Under this program, Russia. and the U.S. will reduce the inventory of
fissile material from nuclear weapons by each converting approximately 34 metric tons of
surplus weapons-grade plutonium into MOX fuel for use in commercial NPPs. Converting the
fissile material into MOX fuel and using the fuel in a commercial nuclear reactor renders the
plutonium less attractive for use in nuclear weapons.

1. INTRODUCTION

The responsibility for ensuring that the facility ‘Is ‘designed onstructed, and operated safely
resides with the license applicant: Shaw Areva MOX S s, LLC (MOX Services), a
contractor to DOE, whose responsibility is to desi uuld, and, operate the MOX Fuel
Fabrication Facility (MFFF). NRC's role is to proyﬁ sufﬁment “\}' ight and regulation to
ensure that public health and safety, the commoggd‘%fu%eg‘?nd security, and the environment
remain protected. The NRC approved a ConstructignAutherization Request. (CAR) for MFFF in
2005 and is currently in the process of rewewmg {
2007.

the specific processes proposed t tosbe
specifically on an mdependent “u {

employed at the MOX. FFF. “GNL s ~eant to assist NRC reviewers assess the risk
significance of the red oj en@ . The NRC is responsible for the overall review of the LA
to ensure that the facili E@ted wit in the envelope of the applicable regulations governing
safety contained in «(S%Code -ederal Regulations (CFR), Title 10 Part 70 (10 CFR 70).

11 .Backgrou

The MOX facility is expected to receive plutonium feed from two sources: (1) the DOE Pit
Disassembly and Conversion Facility (PDCF) located adjacent to the MOX FFF, and (2) other
DOE sources, known as the Alternate Feedstock Source (AFS). The PDCF will disassemble
plutonium pits from weapons and convert the material to plutonium oxide for feedstock to the
MFFF, while a smaller amount of plutonium will come from AFS. PDCF feeds will contain
impurities, mainly gallium, americium, and high . enriched uranium, while AFS feeds are
expected to contain more diverse and higher amounts of impurities [1-1]. These impurities will
be removed in a three-step process consisting of dissolution, purification and conversion before
the fuel can be used in a commercial NPP. The first step involves electrolytic silver-catalyzed -
dissolution of the plutonium dioxide powder in a nitric acid medium. The second step will be
purification of plutonium by solvent extraction: The solvent is tributyl phosphate (TBP) dissolved
in the diluent hydrogenated propyiene: tetramer (HPT):, In the third step, the.purified plutonium
will be converted to plutonium dioxide powder (sing the oxalate conversion process, and
calcination. The purified plutonium’ dioxide will be mixed with depleted uranium dioxide to form

1-1
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the MOX powder This powder is pressed and.bonded into pellets through a heating process
called sintering. The pellets are then loaded int6carrosion-resistant thin metal tubes calied fuel
rods. The rods are bundled into fuel assemblies that are shlpped to NPPs licensed to use MOX
fuel.

MOX fuel is not currently being produced in the U.S., but European countries have been
producing MOX fuel for more than 20 years. Their supply of plutonium, however, is from spent
nuclear fuel rather than disassembled nuclear weapons.

In September 2000, the U.S. and Russia signed -an agreement to reduce their respective
stockpiles of surplus plutonium. The'DOE evaluated: the different strategies to dispose of this
material. Under the DOE Surplus Disposition Prografti; approximately 34 metric tons of surplus
weapons-grade plutonium are planned to be converted into MOX fuel to be used in commercial
NPPs.

chnology to purify piutonium
| exploswe mtratlon OXIdatlon

Facilities such as the MFFF that employ chemical separatlo:
are vulnerable to a hazard known as the “red oil phenome
chemical reaction which has occurred before in older {

hazard.

The objective of the earlier study wa.'s to

\s:-a

ipwith Seme in epth information that would be useful in maklng
' '@?and use license for a MOX facility.

systems and operatlons in‘the MOX facility for ROEs and obtain an approximate point estimate
of the ROE frequency based on the system design revealed in the CAR. This assisted the NRC
reviewers in determining the relative risk significance of various systems and processes. The
risk insights obtained from this work were meant to help the NRC staff involved with reviewing
the LA carry out a more risk-informed assessment of the design proposed by the applicant. In
carrying out the analysis, appropriate comparisons were made with the findings of both the CAR
and the NRC's Final Safety Evaluation Report (SER) [1-4].

The work performed in Reference [1-2] followed the general approach outlined in the guidance
document for risk-informing the nuclear waste and materials arenas: “Risk-Informed Decision-
Making (RIDM) for Nuclear Material and Waste Applications” {1-5]. The RIDM approach has
been designed to focus NRC resources on areas.v'c"ommensurate with their safety, provide a
framework for using risk information, and where amenable, use risk information to provide
fiexibility for making decisions and managing the workload in NRC more effectively.

- - | . 1-2
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in addition to providing a risk-informed perspective of the work that had already been performed
by the applicant in the CAR (and by NRC in the SER), the tools and methods developed were
expected to be useful adjuncts to the safety evaluation related to the red oil phenomenon that
would be associated with the NRC review of the Integrated Safety Analysis (ISA) Summary, and
other documents submitted by the applicant in support of the possession and use LA,

12 Objective of Study

The objective of the study presented in this report is to provide an independent assessment of
the risk significance of the red oit phenomenon in the MOX FFF based on the design contained
in the application submitted by the applicant for a possession and use license. The assessment
takes into account the safety strategy for dealing'with the red oil phenomenon that is outlined in
the ISA Summary [1-6] submitted by the applicant along with the LA. It is stated by the
applicant that the current strategy for preventing red oil events has several differences from the
one that was adopted earlier in the CAR, which was reviewed y3BNL in Reference {1-2]. The
risk significance of potential red oil events provides a source addmonal information expected
to be useful to NRC staff in the context of determining' wh %e&gn meets the qualitative
likelihood criteria of 10 CFR 70.61 for events that have g lgh consgguence for facility workers.

1.3  Outline of Report

The remainder of this report is comprlsed of the follo
~ overview of the risk-informing process in. mt xt of thexperformance criteria established in
10 CFR 70.61 and their relation to red oil e‘ S h: 8 contains an overview of the red oil
phenomena based on a review of the Ilter = ppi e to extractlon faculltles such as the
MOX FFF. Chapter 4 reviews theg iesy )
events. Chapter 5 provides a désti i%gt of thﬁ‘relevant process units W|th|n the MOX Facility
that are susceptible to ROEs&nd co’/ms& gualitative discussion of the risk of red oil in each
process unit taking into acco thélsa WU‘alysus and safety strategy with regard to red oil
provided in the ISA Sy 3 pter 6 provides a failure modes and effects analysis
including fault trees ariﬁ%% S { é@es Qf S elected ROE scenarios and a point estimate of the ROE
frequency for the it &f risk sigaificant¥process units based on the design detalls presented in
the ISA. Chapter®

uncertainties that impa
a detailed list of the fault trgegjand event trees used to carry out a probablhs’uc risk assessment
(PRA) of the process units Selected for detailed analysis. Appendix B contains a list of all the
equipment and vessels protected by the three strategies proposed by the apphcant (TBP
prevention, heat transfer, and evaporative cooling) for guarding against ROEs.  Finally,
Appendix C contains a detailed response by the BNL team to the comments made by Dr. Dana
Powers of the Advisory Committee on Reactor Safeguards on an earlier draft of the BNL report.

ichapters Chapter 2 provides a brief

N 4.%
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2. RISK- INFORMED DECISION MAKING (RIDM) PROCESS
2.1 RIDM for Fuel Cycle Facllltles

The U.S. NRC Office of Nuctear Material Safety and Safeguards (NMSS) is increasing
the use of risk insights and information (i.e., risk-informing) in the nuclear materials and
waste arenas. Risk insights and information should increase NMSS's efficiency and
- effectiveness in its regulatory processes: of rulemaking, licensing, inspection and -
enforcement. SECY-04-0182 [2-1] and its associated Staff Requirements Memorandum
provided information and guidance on the status of risk-informing processes within
NMSS. Further guidance for RIDM was-developed by NMSS in Reference [2-2], which
has recently been updated [2-3]. - ' :

The essential elements of a risk-informed process are:

1. Performing a risk assessment that is suitable togt afety or licensing issue in
question

2 Obtaining or adapting relative measur sreferred to as risk
guidelines in the RIDM) in terms of the Cs g2 culated in he risk assessment,

a benchmark or yardstick to€&Valuate igmﬂcance of the change |n risk due to
implementation of the issugfior regulatoryat

RIDM process. Quantitdfive gu lines two important thlngs (1) establish - the
quantitative metrics for inf o '-lrgg%a%t,yt ecisions, and (2) provide the measurement
scale for determininggthe; misk that exists. Hence, risk guidelines can be used to
i,F reducmg unnecessary conservatism in purely

d/chan be used to identify areas with insufficient
termlnls, analyses .and provide the supporting lnformatlon for
g’ regulatory actlo

deterministic’
conservatism in ol
-ldentlfylng the poten

In the Guidance for RIDN for the Nuclear Matenals and Waste Arenas [2-2], six draft.
quantitative health guidelines (QHGs) are proposed. The formulation in terms of health
guidelines was done because it was desirable to have a framework that was consistent
with the reactor counterpart which was formulated in terms of the Reactor Safety Goals
in the Commission’s Safety Goal Policy Statement of 1986 [2-4]. The six draft QHGs
covering the risks of early fatality, latent cancer fatality, and severe injury for both the
public and the workers are provided in Reference [2-2], which contains a detailed
discussion of the rationaie for (and the bases underlying) the chosen values of the
various QHGs.

For fuel cycle facilities, 10 CFR 70.61 [2-5] provides regulatory requirements in terms of
performance criteria. These criteria reqmre e‘applicant to analyze each credible event
in terms of both iikelihood and consequences The likelihood is expressed in-qualitative
terms, i.e., “highly 'unlikely” and “unlikely”. The consequences, radiological doses, and
chemical expos'ures, are expressed in quantitative terms.

onpafeos
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The requirements of the performance criterié in 10 CFR 70.61 are stated as_.follows:

The risk of each credible high-consequence event must be limited. Engineered
controls, administrative controls, or both; shall be applied to the extent needed to
reduce the likelihood of occurrence of the event so that, upon implementation of
such controls, the event is highly unlikely or its consequences are less severe

- than those of high consequence events. High consequence events are those
internally or externally initiated events that result in:

(1) An acute worker dose of 1 Sv (100 rem) or greater total effective dose
equivalent; ‘

(2)  An acute dose of 0.25Sv (25rem) or greater total effective dose
equivalent to any individual located outside the controlled area;

(3) An intake of 30 mg or greater of uranium in soluble form by any individual
located outside the controlled area ldentlf/ed itizsuant to paragraph (f) of
this section; or :

(4) An acute chemical exposure to an /ndlyd
hazardous chemicals produced from licéreed Fiiate
() Could endanger the life of a wogke %

(i) Could lead to irreversible %%ébr/ sefious, longs
fo any individual located outgide,
possesses or plans o possessgg

i)

from licensed material or

asting health effects
ntrolled area. (If an applicant
jities of material capable of such

‘chemical exposure the Sop ngmant shall propose appropriate

quantitative standardslforithese healthfeffects).

ss than those of /ntermed/ate consequence
sequéénce events are those lnternally or externally

(3) A 24-hour averaged release of radioactive material outside the restricted
area in concentrations exceed/ng 5000 times the values in Table 2 of
Appendix B to Part 20; or.  #7

(4) - An acute chemical exposure to an /ndlwdual from licensed material or
hazardous chemicals produced from licensed material that:

(i) Could lead to irreversible or other serious, long-lasting health effects
to a worker, or

(i) Could cause mild transient health effects to any individual located
outside the controlled area '

In addition to complying with paragraphs"(b) and (c) of this section, the risk of
nuclear criticality accidents must.be I/m/te d: by assuring that under normal and
credible abnormal conditions, all nuclear processes are subcritical, including use
of an approved margin of subcriticality for safety. Preventive controls and

2-2
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measures must be the primary means of protection against nub/ear criticality
accidents. '

Table 2-1, taken from the MOX FFF LA [2-6]; shows that in order to meet the
requirements of Part 70.61, high consequence events need to be made highly uniikely
and intermediate consequence events need to be made at least unlikely through the
application of items relied on for safety (IROFS). The IROFS consist of passive controls,
active engineered controis (AEC), and administrative controls whose application is
intended to reduce the likelihood of an identified event to an acceptable category as
shown in Table 2-1. The ISA Summary [2-7] identifies the IROFS for each class of
accident events. The following qualitative deﬂnltlons of Ilkehhood are provided in
Chapter 5, Section 5.2.2.5 of the ISA Summary

« Not Unlikely — events that may occur during t e"llfetlme of the facility.

+ Unlikely - events that are not expected to occur durl he lifetime of the facullty or

- The ISA Summary indicates that * § )
‘ performance requurements of 10 CF )

consists ny finlikely human actions that have no motive,
and which have never occu Qgg' v'a fuel'process facility, and (3) process upsets that are
not possible or extrémelEunlikejAbased on physical laws. In Table 2-1, the qualitative
definitions of likelihood andj deﬂg\mon of “credible” are consistent with, and based on,

“For the facility worker, conservative qualitative consequences were used.
Consequences were categorized as high (H), intermediate (1), or low (L) based on
the three severity levels; the facility worker is considered to be located inside the
MFFF, near a potential accident. Radiological consequences to the facility worker
are qualitatively determined. Facility worker consequences are qualitatively
determined based on the material released, the release mechanism, and the
location of the worker relative to the release.- In most.cases, events involving an
airborne release of plutonium or americium are judged to have high consequences
to the facility worker and IROFS are applied.”

A ROE that leads to a breach of a vessel or other equipment in a process unit is, in
" principle, a high-temperature, high- pressir release Such a release is a high
consequence event for a facility worker and; in terms of the performance criteria of
70.61, each ROE scenario or sequence would have to be shown to be “highly unlikely” in
qualitative terms,

2-3
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Table 2-1 Event Risk Matrix.

3
No IROFS Applied

High

(3)

2
No IROFS Applied -

Intermediate
(2)

1
No !ROFS Applied No IROFS Applied

3
No IROFS Applied

CONSEQUENCE

Low
(1)

Highly Uniikely
GO

Not Unlikely
3)

events that could potentiallyle:
then followed by the devel
and the construction @ , e
tree. The level oG assess ,,ent is limited by the resources and time
€ it'as well as the ‘availability of data and information at
ibrocedure level for a new facility. It is understood that the
ye, "the risk assessment is meant to provide an independent

RC reviewer and is not meant to offer any determination of

the system, co

Sy

facility licensing which is¥nade under the requirements of 10 CFR 70.

- The Standard Review Plan for the MOX Facnllty NUREG- 1718 [2-8], provides guidance
to the NRC staff on the notions of unlikely and -highly unlikely that are introduced in
10 CFR 70.61. Chapter 5 of NUREG-1718 prowdes acceptance criteria for gualitative
definitions of likelihood. While’ the - regulatldrf does not require a quantitative
determination of likelihoods, NUREG-1718 also provides acceptance criteria and some
guidelines for quantitative definitions of likelihood. It is stated in NUREG-1718 that, “the
quantitative guidelines...are derived from safety performance goals for the whole
industry”, not one specific facility. The numerical guidance in Reference [2-8] is provided
to inform the NRC staff reviewer. 10 CFR 70.61 requires that intermediate consequence

. events be rendered unlikely and high consequence events be rendered highly unlikely.
This is consistent with the idea of an iso-risk line, where risk is regarded as probability
multiplied by consequence. In the case of the MFFF, the Ilcensee chose to apply the
qualitative definitions of likelihood.

' Ofﬁ?ll'al



Ofﬁléia{ L}seoﬁy

Thus, the evaluation of the frequency of a ROE and the worker prompt fatality draft risk
guideline can be useful in risk-informing an NRC reviewer regarding the issues related to
acceptability of red oil scenarios and measures employed to prevent or mitigate them.
One approach is to use a three-level decision diagram as described in Reference [2-2]
and discussed below.

2.2 Three-Region Dlagram ;  : "

Reference {2-2] provides a dlscussmn of the nslq individuals from a regulatory action
that is based on a concept of three regions of risk to individuals:

1. if a proposed action results in risk to individuals that are judged to be too high,
this may be sufficient grounds to reject it.

2. If the resuiting level of risk to individuals is judg lie-in the tolerable region
(and other factors are adequately addressed), th¢

preferred based on highest net cost-benefit. e?,; v

Reference [2-2] indicates that the abovv fi
framework can be applied to managing sk
as ROEs). This risk involves both
occurrence for each scenario, §‘I as ‘,
are multiple possibie accidenfiseénatios, ri
of the product of frequeney nd ‘
level of consequence). Ffffik Yo £6
over all possible ROE
worker fatality. s e\%bree region framework risk is often expressed as
frequency of fa veyer, Reference [2-2]: tates that unlike routine doses under
10 CFR Part 20%(% Commli A has not ascrib&d’ ‘generally applicable numerical limits
on risk due to ac6 negligible level of risk is useful as a screening tool.
Negligible risk levels ¢ \ﬂ, I below the regulatory limit levels of risk, and represent an
insignificant addition rel&tive to average normal risks.

nsequence that would occur. Since there
s evaluated as the sum over all scenarios
quegee (or the probability of fatality given that
dilieve s the risk would be evaluated by summing

The three-region risk diagram displayed in Figure 2-1 is a conceptual representation of
these decision considerations. As indicated in Reference [2-2], the “lines” separating the
regions of unacceptable, tolerable, and negligible (or insignificant) risk are not precise
but take into account uncertainties that impact the risk. Such uncertainties are often
accounted for by incorporating considerations related to defense-in-depth, such as levels
of diversity and/or redundancy, and safety marglns or by prescribing conservative
methods for calculating and analyzing risk. \
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' UNACCEPTABLE RISK (UR)

— Regulatory Limit
(Upper TR).

TOLERABLE RISK (TR)
{Lower TR),

i :Safety Guidéline

INSIGNIFICANTRISK (IR}

Figure 2-1. 'Th'rée-region risk acceptance diagram.

th risk metrics (public or
etfics into three regions: an
insigpificant risk region. The
i gginsngmﬁcant@ﬁnsk region from the

This diagram divides the risk space for any appliCabIe
worker acute fatallty etc) or equwalent surrogate risks

corresponds to the risk implication of the regulato that separates the unacceptable
risk from the tolerable nsk region. The f¢ : range is further regarded to be

s Il iy , . :
Reference [2-2] foc . mean values of the risk metrics. As discussed
above, in makmg Gl i i e aid.of thls dlagram it is very |mportant to aiso give

that they are mat ned thr hout the risk acceptance process.

It is clearly understoc ,,za ithe frequency of a ROE and the various draft QHGs that are
i

applicable are meant .nly to provide additional information and an independent

perspective on risk to the NRC reviewer. They are not meant to serve as the basis for

any determinations related to facility Ilcensmg which is made under the requirements of

10 CFR Part 70.

2.3 References

2-1.  U.S. Nuclear Regulatory Commission, ‘Status of Risk-informed Regulation in the
Office of Material Safety and Safeguards,” SECY-04-0182, October 7, 2004 and
Staff Requirements Memarandum, January 18, 2005.

2-2.  U.S. Nuclear Regulatory Commission, “Risk-Informed Decision-Making for

Nuclear Material and Waste Applications,” Draft for Trial Use, ADAMS Accession
No. ML042730524, May-11, 2005.

o 2-6
Off ia‘l,‘ué;o?(:y N



2-3.

2-4.

2.8,

2-6.

2-7.

2-8.

g Off(élal L/se gﬁy

U.S. Nuclear Regulatory Commission, “Risk-Informed Decision Making for

"Nuclear Material and Waste Applications, “Revision 1, February 2008.

U.S. Nuclear Regulatory Commission, “Safety Goals for the Operation of Nuclear
Power Plants Policy Statement,” Federal Register, Vol. 51, p. 30028 (51 FR

- 30028), August 4, 1986.

U. S. Code of Federal Regulations, 10CFR70.61,
http://www.gpoaccess.gov/cfr/iindex:html.... - -

Shaw Areva MOX Services, LLC.,‘ “Mixed Oxide Fuel Facility License
Application,” Revision, December 17, 2007.

Shaw Areva MOX Services, LLC, °‘Integrated Safety Analysis Summary,”
December 17, 2007. )

U.S. Nuclear Regulatory Commission, “Standargd: %t Plan for the Review of
an Application for a Mixed OX|de (MOX) FueF‘anc éi Mt acility,” NUREG-1718,
August 2000. o '

2-7

Offigial. Ufefsn'y



Of?bia! L?se o(ﬁry
3. THE RED OIL PHENOMENON
3.1 Red Oil Event Phenomenology

The purification and/or separatlon of metals in the MFFF is accomphshed by a process
known as liquid-liquid extraction, or solvent extractlon that is also commonly used in the
chemical and petrochemical industries. In this process, one or more components, e.g.,
metal impurities, are transferred between two immiscible liquid phases, typically an
organic phase and an acidic aqueous phase. The solvent proposed to be used in the
MOX facility is TBP diluted in an organic matrix to improve the physical characteristics of
‘the organic phase. The diluent is HPT that is similar to dodecane (a relatively inert and
radiation resistant organic chemical); it reduces the viscosity and density of the organic
phase to improve phase separation and also acts to lower actinide concentration in the
liquid and hence reduce criticality concerns.

This report focuses on events that may lead to the form A% of red oil and the explosive
decomposition of organic nitration and/or oxidation re en nroducts within the aqueous
polishing (AP) process where plutonium is. npurl '
defined as a substance of varying composition’ 'form
with nitric acid. In the AP process, these sub <4
decomposition products, and impurities in the dijuegtaWith nitric acid. Previous studles
have shown that red oil decomposition js exothe%and generates a relativeiy large
amount of gas, leading to the risk of a ay, reactm%} and overpressurization.

Ve m‘f rred three times in DOE facilities:
53 and then again at Savannah River in

According to official sources, red oul eve
at Hanford in 1953, at Savang:

1975 [3-1]. A red oil event ogglirred; tthe e ; sk facmty in Russia in 1993 [3-2] and at a
facility in Canada [3-3]. (zﬁ ed.ojL / E‘ urred at Oak Ridge in 1959 [3-4]. A
recent report issued by the efense uc@ﬁr F ities Safety Board (DNFSB) [3-1] on

ROEs summarizes e;geve hat have occurred in the extraction operations at
Savannah River and (3? andgitie accident at the Tomsk plant.in Russia. From 1953
untit the presenty g period ugh V' 50 years, the six red oil events which have occurred
establish a grosst ‘sd oil eventfrequency of approximately 0.1 per year.

The report issued by e' .NFSB identifies the issues involved, and controls needed, to
prevent red oil explosions within DOE facilities. As defined in the DNFSB report, red oil
is a substance of non-specific composition that can be created when an organic phase
consisting of TBP and diluent in contact with concentrated nitric acid is heated above
122°C (251.6°F) under reflux (a stream of condensed overheads returned to the bouhng
liquid for increasing or decreasing the concentratlon of one or more components in the
boiling liquid). The red color is believed to be ‘due to nitrated organic species as well as
the evolution of nitrogen dioxide, a gas with a reddish-brown color.

3.2 Chemistry of Red Oil Excursions

Organic matter in contact with nitric acid may lead to the formation of red oil. The rate of
formation and possible decomposmon of red 'oil. and/or organic components, such as
TBP, is enhanced by: :

o, 3-1
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1. Nitric acid concentration (in typical reprocessing 'facilitiés, this concentration

varies from low acidity to about 13.6M; the limit is the nitric acid/water azeotrope:
68.4 wt % nitric acid at a boiling temperature of 122°C [251.6°F)

2. Temperature (normal operating temperatures except in the calciner are
maintained below 130°C [266 °F]) - s
3. Residence time (depending on the- equupmént involved, this may vary from a few

minutes to many days for storage)
Efficiency of contact (mass transfer)

Radiation dose — leading to possible radiolytic decomposition of orgamcs to form
more reactive species.

s

The conditions that contribute to a red oil event are shown in Figure 3-1. Adequate
venting to remove the heat generated in ‘the exothermic reaction and prevent
overpressurization is important for evaluating the potential consequences of a ROE.

ditions for a red oil explosion to occur

Organics are referred to4i general terms in this report; the organics which are mostly of
concern are TBP, TBP nitrates, TBP decomposition products, such as dibutyl phosphate
(DBP), monobutyl phosphate (MBP), butanol and impurities in the diluent. Additionally,
because most of the solvent is recycled within the process, generation or input of even a
small amount of impurities will tend to build up, uniess special care is taken to monitor
and purge such buildup. Unlike the class:iof chemicals mentioned above, contact
between the organic diluent used and nitric acid is not considered as a possible source
of unwanted reactions, because the organic diluent used is HPT, which does not react
with nitric acid at the temperatures normally encountered in this process.

The amount of red oil depends on:

1. The rate of formation o
2. The area of contact between the orgamcs and the ac:ld phase

3. Length of contact time be_t_ween the two phases

,‘;'g.. 45
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The oxidation of TBP and its decomposition products, i.e., red oil formation, takes place
over a wide range of temperature, with the rate dependent on temperature, acid
concentration, radiolysis, etc., as illustrated in Figure 3-1. At lower temperatures, below
about 60°C, the heats of reaction and the volumes of gases evolved are generally small.
What is of concern is the very energetic exothermic decomposition reaction and
associated overpressurization, the so-called’ self-heating runaway reaction, which has
been observed at higher temperatures.

The risk of red oil formation and decomposition exists in any area that contacts TBP.and
other organics with an oxidizing agent, such as nitric acid, or that receives organic
material that may have previously contacted: nitric acid or aqueous material that may
have come in contact with organic compounds. The undesirable reactions are promoted
by the presence of unstable organic constituents, such as TBP decomposition products,
high nitric acid concentration, high' temperature long residen c{gstrme the catalytic effects
of metals in solution such as plutonrum 2|rcon|um-~'§,and uranitim on the reaction rate, the
the radiolytic dissociation of organics present;” And y heat associated with

H rimary containment, is

plutonlum and americium. Severity of events such 2@ pture

Previous studies, e. g., Hyder [3-5], indicate )
negligible below 130°C (266°F). For example
page 6-1] states that “maintaining ofgh
accepted as a means to prevent any re@
criterion for process equipment where
the material is renewed freque

d:pil exothermic decomposition is
i€ DNFSB Technical Report [3-1,
o less than 130°C is generally

¥ ‘és»tend to be in minutes or less, and
s0'in tanks and dead Iegs in the piping

> |nd|cated in the DNFSB- report [3-1)] tanks and
nllkely to have suff cient heat removal capablhtres or

Exothermic reags could
where the initial * ,‘;erat&
stagnant fluids can Ggilegta
correctly measure the té ¢'perature in all such places

In mixed systems, if TBP in the aqueous phase s consumed by any reaction, it will be
replaced (by mass transfer from. the mterface);wlth additional TBP from the organic
phase. Whether it slows down the overall rate of degradation will depend on total
interfacial area and mass transfer flux in comparison to the reaction rate. In emulsions,
for example, there may be sufficiently high-mass transfer rate to replenish material lost
due to reaction. The initial phase of the reaction is likely to be strongly dependent on the
area and thickness of the interface between the aqueous and organic phases.

Possible reactions between TBP and nitric acid that include possible TBP decomposition

products are described in NRC’s SER [3-6] and the MFFF ISA Summary [3-7]. These
reactions can be summarized as follows:

W
®

S | S ) 3.3
Offigial U{e (j’nly



1. - Hydrolysis reactions — TBP to DBP to MBP and eventually 3 mols of butano! and
1 mol of phosphoric acid:

(C4HgO)sPO + H,0 — (C4HgO),POCH + C4H,OH
(C4HgO),POOH + Hy0 — C4HaOPO(OH), + C4HyOH
CsHsOPO(OH), + Hz0 > HgPO, + CaHsOH

which can be summarlzed as

(C4HO)3PO + 3H20 - H3PO4 + 3C4H90H

2. - De-alkylation reaction: TBP may undergo de-alkylation with nitric acid as follows.

(C4HgO)3PO + HNO; — (CaHgO)zPOOH + C4HgO

present.

In addition, butanol, butyl nitrate, and TBP n
sources of energy and gas evolution.

It is difficult to predict the extent to whic ,' ; g above reactions will proceed under
various conditions of nitric acid concentrgg%n,ﬂ,i ugamlcs to nitric acid ratio, amount of

dlssolved nltrogen oxides, temperature Eﬁ&s €nce time and mass and heat transfer
g e s \

Hyder [3-5] proposes the
carbon dioxide, phosph

times higher than t energy derived by Elsenhawer et al. [3-8] based on
experimental measurement by Nichols [3-9]. The ISA Summary [3-7, page 5.3.6-61)
considers a different stoichiometry for theTBP oxidation mechanism:

(C4H90)3PO + 15 HNO; — 12 CO, + 7 N2 +19 H,O + H3p04 + HNO;, (2)

The heat generated from this reaction is approximately 1689 Kcal/mole TBP, making the
reaction energy higher than the reaction mechanism proposed by Hyder [3-5). Similarly,
the moles of gas evolved from the second mechanism are greater than the first
mechanism, making it an even more conservative design reaction. However, both Hyder
and the ISA Summary remark that the above theoretical reaction energy evolved is
based on the assumption that the TBP undergoes complete oxidation, which is overly
conservative. According to Hyder, the extent of reaction is limited by the concentration
of nitric acid (i.e., the oxidizer) in the organic phase, so that only a small fraction of the
oxidant that is required to fully oxidize the TBP is available. Further, in an open system,

Ofﬂ?él %e, on;(/
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if the reaction produces intermediate products that evaporate the amount of reaction
heat is further reduced.

For safety analyses, one may consider the extent of oxidation, which depends on the
amount of TBP that is present, as an uncertain parameter and perform a range of
sensitivity calculations, from the bounding energy released in the reaction represented
by the equation above to the energy release assumed by Eisenhawer, to determine the
amount of heat and the volume of gases evolved.. For venting calculations the bounding
condition is the reaction(s) that will produce: thev maximum volume of gas. For practical
applications, Hyder [3-5] explains why the lowér heat evolution, with some relatively
minor corrections is appropriate to use for design calculations.

However, to consider the boundmg condition, the vent calculations for the Hyder .
postulated reaction of Equation (1) would have to be sized for total moles of gas
generated by the above reaction pius moles of volatile matéggal that will vaporize as a
result of the reaction heat. Moles of material vaponze%ﬁ depend on molar heat of
vaporization. It is worth noting that molar heat of vaposiza f butanol, approximately
10 Kcallgm-mole [3-10], is about the same as: tha ol
amount of moles vaporized, and, therefore gas m me.

Nazin et al. [3-11] recently performed expé
thermochemical degradation of the. two-phase
dodecane-HNO; heated in a sealed Y,

TBP-HNO3 and 30% TBP in
s-periments were carried out over

interface. In thls way, a mofi -; '- of the temperature dependence of the
reaction in different phase ) '

he facters like e a‘poratlon mixing of the phases and gas
liberation. Themperature asurements reveal that the reaction starts not only in the
bulk of the organi hase %élso at the interface of the two phases. If the exothermic
heat in the organic p duced by the oxidation reaction is greater than the heat
loss through the walls he vessel and to the aqueous phase so as to result in a
progressive temperature rise, the oxidation process is accelerated and there is an abrupt
step increase in temperature and pressure within the vessel as shown in Figure 3-2
(taken from Figure 2 of Nazin et al.). If the heat losses are greater than the heat
evolved, the self-heating rate is_.low, and the. oxidation of the organics remains
incomplete as shown by the amount of gaseous sproducts generated in the reaction.
Nazin et al. remarked that the difference between’ heat gain and loss in the exothermic
reactions occurring in the two phase systems at relatively low nitric acid concentration “is
very sensitive to various factors, so that insignificant variations in the process conditions
can change remarkably the thermal oxidation rate and extractant conversion.”

The experimental results of Nazin et al. on the onset and maximum temperature of the
reaction, the mean heat up rate and the maximum pressure generated as a function of
nitric acid concentration are shown below in Table 3-1. These data show the

g 3-5
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acceleration of the reaction and the lowering of the onset temperature as the nitric acid
concentration increases.

250 250

200 202

‘ _g 1501 ?1»50:;_-

FE' 50r / 50 [
Y 50 300

O;
150 200 250 300'
Tlme min

Flgure 3-2. (1-3) Temperature and (4 -6) pr ' ",,:sure ev 1utt|ons during heating
of the mixtures of 7.8M HNO; with (1,@ 1760% TBP,
(2, 5) 30% TBP in dodecane, and (2, 6){100%jdodecane.
Thermostat temperature 170°C (3385F) an:‘:%amc to
aqueous phase volume ratio 1:3. (Slitce: Nazin eﬁ%%[s 11]).

HNO; conc in

Onset of , ean heat up Max pressure
.aqueous exothermic rate' (atm)
phase, M reaction (5 (°C/min)
1.5 142 - 145“” ‘i - 29
3.0 145 : 1.2-2.6 21.5-68
5.0 135 2.1-11.5 20-87.5
7.0 378 16 100
10.0* 4K 13580 > 14* > 90*
14.0* W, 1235 > 123* - -

*Break of safety membidies,dfifie autoclave precluded measurements
. (Source: Nazin et al. [3W- : o "

The effects of irradiation on the onset temperatufé of the exothermic reaction were also
studied, and it was observed that the onset temperature decreased and the intensity of
the reaction was higher. In an irradiated mixture similar to what was believed to be
present at the time of the Tomsk accident, the exothermic reaction was observed to start

at temperatures ranging from 85 - 85°C (185 — 203°F), well below what was observed in
the non-irradiated mixtures.

Nazin et al. go on to conclude: “it is not improbable that in actual extraction systems
exposed to the combined impact of oxidizing agents, temperature and radiation, the
onset temperature of hazardous exothermic reactions can well be comparable with not
only the evaporation temperature of nitric acid solutions but also with the maximal
temperatures realized in the extraction recovery stages. Note that extraction systems

o 3-6
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can approach these temperatures by virtue of both an external heat/ng source and inner
self heating produced by radioactive decay.” :

Paddleford and Fauske [3-12] report the results of a number of experiments on TBP-
nitric acid mixtures to determine runaway reaction temperature, pressure rise and safe
venting practices. Heat generation from exothermic reactions and decompositions
involving TBP and other organics is proportional to the reaction rate. Thus, the heat
generation relationship can be represented by an Arrhenius equation with appropriate
coefficients. The activation energy in the Paddleford-Fauske experiments is reported to
be about 26,800 cal/(g-mole-K). In other words the rate at 130°C (266°F) will be about
40 times higher than at 90°C (194°F). The above relationships, plus thermodynamic
data (such as heat of vaporization for various compounds, vapor pressure relationships,
heat capacity, etc.), given the heat removal capacity of the equipment in question, would
aliow one to calculate the net temperature and pressure rise as the result of the relevant
reactions.

the heat generatlon for
Viols ns present |n the AP

process.” This model [3-13] is. stated to be b sed on data

experiments” that examined the lmpact of tem F’m[ fure, qaitric acid

ke
catalytlc effects of plutonium, uranlum and zircg fconcentration on the reactlon rate

A supporting document provided by th
contains criteria for effective eva

sources. It is stated that € X
subsequent oxidation o ‘@ ,* products and the rate of degradatlon is
uncertain as itis a "4% oml n

organic phase, f :170]
then compared open vented) system wvth the heat that could be carried away by
the evaporation o eac:;t “‘ts thus providing a measure of the effectiveness of the
strategy of evaporat é‘ﬁ\g as a means of removing the energy generated by the
oxidation reaction.

The experimental data cited for the open system are from the experiments done by
Tashiro (cited in Ref. [3-14]) in a kinetic study at 90°C (194°F) of 3:1 volume ratio of
aqueous (10M HNO;):TBP mixture plus 3 wt % butanol under atmospheric pressure.
These data yield a heat of reaction of approx:mately 237 kcal per mole of TBP reacted.
(This is a little less than one-sixth of the energy. ‘e‘nerated from the complete oxidation
of TBP based on the Equation ( 2) cited above from Hyder’'s data and about one-seventh
of the amount cited in Equation (3) above). This heat of reaction can be equated to the
latent heat .of evaporation of water, approximately 540 kcal per kg at 100°C and
atmospheric pressure, to provide a rough estimate of the quantity of water needed to
provide evaporative cooling. The quantity of water needed depends upon the
concentration of nitric acid, because the energy production due to TBP degradation is a
function of nitric acid concentration and its rate decreases with decreasing acid
concentration. The solubility of nitric acid in TBP is low, and since the nitric acid/water is
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evaporated around the azeotropic limit of 122°C, the limiting reagent for heat generation.
would be HNO;. '

The calculation carried out in Referencei‘{fﬁ"‘-f';ﬁ]‘ assumes an organic phase of TBP
(without any HPT) in contact with 13.6 M HNO;, containing 64.2 wt% TBP, 32.5 wt%
HNOs, and 3.3 wt% H,0, on top of an aqueous nitric acid phase containing 67 wt%
HNO3 i

The calculation performed in Reference [3-12] is approximately as follows:
TBP concentration in solution . =64.2 % by weight

TBP molecular weight
Solution density

With heat of vaporiza} Y
to dissipate the heati® = 571kcal/L/(540 Kcal/kg of water)
Or, amount ofy > = 1.06 kg of water per kg of above
’ solution

This appears togbe,the basisjof the criterion mentioned in the ISA Summary that an
approximate 1:1 w%% water to. TBP will provide effective evaporative cooling
and prevent a runawaygreaction in a nitric acid-TBP system. The criterion is stated as
being conservative, SINGOPT i based on a TB
HPT-30% TBP in contact with nitric acid that wil

litric acid system alone, not the 70%
Fbe used at MFFF.

For a closed system, Reference [3-14] cites data of Nichols corrected by Los Alamos
National Laboratory to obtain a heat generation of about 312 kcal/mol TBP for
experiments carried out at 120 C. Following the aboveé calcuiation procedure for the
higher heat of reaction, 312 kcal/mol of TBP versus 237 kcal/mole of TBP yields a mass
ratio of water to TBP of around 1.3:1.

It is acknowledged that evaporative cooling will not be significant in a closed system
because once the system reaches equilibrium further evaporation of water will be
prevented and. it will cease to be a means of removing the heat generated by the
oxidation reaction. : '

3-8
Ofﬁﬁal u/é 7/nly




Ofyéial u7é by

To determine the criteria for the safe venting of red oil, runaway reactions conditions
more severe than normally encountered in the process were deliberately created in the
Paddleford Fauske expenments to mduce the exo’thermlc reactlon The goal was to

pressure in the container. The |mportance of‘their work is that it gave the industry a

simple design criterion of about 32 kg/cm for the threshoid amount of organic material
needed to initiate a runaway reaction to establish an adequate vent size. Their
experiments also clearly determined that the vent size in the Tomsk event was
inadequate, about 70% of what was required.

The total amount of organics that is present in any area of concern is a key factor.
During normal operation, the amount of organics is expected to be little more than their
solubility and the solubility. of organics in weak acid is low. It is difficult to estimate
during de3|gn or early operations the amount of organics that will be carried through in
off-normal events. Some scenarios may predict leveis thatﬁ're an order of magnitude
. il

higher than normal. Thus, in essence, even.if: ng IS swtably designed based
on the above Fauske criterion, the amount?"

available, beyond the criterion for safe venting, ‘become anﬁ!gma portant factor from a
risk standpoint. The controls that MFFF ha$] >stablished on ‘preventing TBP from
migrating to vessels it is not supposed to enterifigvessi nificantly alleviated this concern
(see Chapter 4).

system The back pressure, ag &m
by increasing the solubility gfis6
speed up the reaction. S
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4. RED OIL SAFETY STRATEGY IN THE CAR AND THE
LICENSE APPLICATION "

The MFFF LA [4-1] pomts out that the Integrated Safety Analysis {ISA) has been a
“developmental process.” The process started with the safety assessment (SA) phase
that was carried out in support of the Construction Authorization Request (CAR) [4-2];
and it became progressively more detailed to support -the LA and the ISA
Summary [4-3). The ISA analyzes hazards and potential accident sequences, and
identifies the ltems Relied Upon for Safety (IROFS) and management measures as well
as codes and standards and quality assurance to ensure that IROFS are available and
reliable to perform their function when needed. The ISA is designed to be a systematic
analysis to identify plant internal and external’hazards and their potential for initiating
event sequences; the potential event sequences; their likelihood and consequences; and
the structures, systems, and components (SSCs) and activi tles of personnel that are
relied on for safety (i.e., IROFS).

41 CAR Safety Strategy for Red Oil

analysis consisted of further analyzm‘lev% _
assessing the radiological and ¢ emlcal%'c:on y
defining the principal SSCs (i [

es establishing a safety strategy,
‘o_ administrative controls and their associated design

R

f those principal SSCs.

1. Provide '

2. Limit the expos me of organic matenal such as TBP to the oxidizers, such as
nitric acid and the (radiological) metal impurities to reduce the likelihood of a
temperature rise that may cause a red oil event;

3. For closed systems, ensure an adequate aqueous phase inventory to provide
evaporative cooling to limit temperature rise and maintain temperature below the
level for runaway reaction.

The prineipal SSCs identified in the CAR to accomplish the above safety functions were
as follows:

1. Offgas treatment system. The -fun 'tlon of this system was to prevent
overpressurization by providing an adequate vent capacity in the event of a ROE
so the consequences would be tolerable in terms of protecting the worker, the
public, and the environment in terms of the performance criteria of 10 CFR 70.61.

In the CAR, the provision of adequate venting was analyzed separately for an
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open system and a closed system In the open system, adequate vent area was
based on the empirical’ correlation established by Fauske in terms of the
threshold quantity of organic material per unit vent area, i.e., 32 kg of organics
per square centimeter, which would allow the gases evolved in the reaction to be
safely vented. The CAR desu};n basis value was a vent size based on an
organics limit of 12.5 kg/cm®, this provided a safety margin factor of
approximately 2.5. In a c|osed system, when significant amounts of organic
material are expected to be present, the offgas system was designed to provide
an exhaust path for evaporative cooling of the aqueous phase in any process
vessel where a ROE could conceivably occur. The design basis chosen for
evaporative cooling was that the heat removed must be 1.2 times the sum of the
steam energy input at 133°C (271. 49F)'=-_and the energy generated chemically
from the reaction. .

2. Process Safety Control Subsystem (PSCS): The PSES,was meant to ensure an
- adequate aqueous phase inventory through conti%i ous feed or injection so that
evaporative cooling can be provided in a close system The functions of the

PSCS were three-fold: first, to limit the bul tempewr%}eram ! of solutions that have

P

 limitgthe reS|dence e of organics in the
presence of concentrated nitric acid; and third, to prowde sufﬁment aqueous
phase inventory to ensure. evapora- ofing, thus limiting both the bulk
temperature of the solution: and “its ramp * While the design identified the
controls on the steam temperatu y bthe process vessels, i.e., the first
safety function, the other two ful tl it NIZ, dl”g remdence time and provudlng

O iminants like cyclic chain hydrocarbons that
smperature.

Lol a review of the CAR is documented in

= cussuon of red oil phenomena, this report noted that the
appllcant indicated ;hat solyerit carryover can be considered as an anticipated event in
the facility.” NUR ‘3%@2 ﬁvalso pointed out’that “Duke, Cogema, Stone & Webster
(DCS) [4-5] has commvmed to further evaluate the red oil phenomena, including
continuing analyses and experiments which could result in an increase or decrease of
the temperature at which action is required to remain below the design basis value.
DCS is also evaluating the effect of impurities on the initiation temperature in closed
systems.” The NRC staff concluded that “operational concerns related to...possible
abnormal conditions are best addressed in the ISA when more specific des»gn
information is expected to be available.”

4.2 Post-CAR Red Oil Safety Strate"’ :

As indicated above, the red oil safety strategy at the CAR stage was mainly mitigative; it
was assumed in the design that the organic solvent could migrate to a process vessel
where it couid potentially encounter the conditions for a ROE. The safety strategy
adopted was to ensure that adequate agueous inventory and vent area would always be
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available, even in a so-called closed 'system, to avoid initiation of a runaway nitration-
oxidation reaction. '

This approach. to ROEs has changed significantly in the post-CAR licensing application
stage. The strategy now being proposed is largely preventive, based on attempting to
ensure that the organic solvent will not migrate downstream, beyond its solubility limits,
into process vessels where conditions for ROEs potentially exist. A presentation made
by MOX Services to the BNL team on June 3, 2008 [4-6] indicated several reasons for
the change in safety strategy

1. Evaporative cooling was claimed to have been demonstrated in laboratory scale
experiments, based on the ability of aqueous solution to migrate through the
organic phase and evaporate at a rate commensurate with heat generation while
removing the heat of reaction. However, it was difficult to experimentally
demonstrate the effectiveness of evaporative coolingin a full-scale evaporator
filled with solvent in the presence of highly concent ted (13.6 M) nitric acid. This
would have required either a credible large ext‘;M el%%rl of laboratory-scale data
to full-scale conditions or would have involved p.é!rformi ig,a full-scale experiment
that was judged to not feasible. ]

process sapf og nsi} monitoring and control, etc., to ensure that TBP does
not mlgr e}to unir JFocess unitsibeyond its solublhty limit. IROFS are
credite @Ehe suctess of this strategy  and include sampling points and drip
trays, procéssidensit s@ontrol loops, and a slab settler. To ensure proper sample
head, process:sary 5 ing is performed with active controls that include redundant
air operated va (AQVs) on lines from the sample tank with redundant
controller mterlocks and hand switches to prevent unauthorized transfers and
programmable logic controllers in the sampling unit and the sampling pneumatic
system.

2. Heat Transfer Strategy: Meant to demonstrate adequate heat transfer to the
external environment of any heat produced from an exothermic reaction using
simple convective and radiative heat transfer mechanisms. It is applicable to all
vessels normally contalmng separate phase TBP and is designed to ensure that
heat dissipated is greater than hﬁ _':generated through solvent-nitric acid
reaction, including catalytic effect of metal impurities like Pu, U, and Zr, and the
decay heat from Pu and Am. A computational heat transfer model, which
depends on vessel geometry and ambient cell/room temperatures, has been
" created to evaluate this strategy. IROFS credited for the success of this strategy
include geometry of process vessels, temperature controf loops to limit self-
heating, adequate off-gas venting to relieve pressure from released gases, and

e 4-3
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reagent sampling controls ‘to ensure th
process.

he proper diluent is added to the

3. Evaporative Cooling Strategy: Provides for heat removal via evaporative
aqueous phase cooling mechanism based on maintaining a minimum quantity of
agueous phase in process vessels where some (limited) amount of TBP could
also be present. The success of this strategy is premised on the large heat of

" vaporization associated with the aqueous phase and assumes the control of key
parameters like maintaining minimum water to TBP mass ratio, a maximum TBP
layer depth, a maximum process solution temperature and a vented “open”
system. IROFS credited include process sampling and administrative flushing
controls to limit TBP accumulation in vessels, level controls to maintain minimum
aqueous to organic mass ratio, . temperature controls to limit solution
temperatures, and offgas venting to relleVe pressure from released gases.

4.3 Discussion of Red Oil Coping Strategies in the ISA

- Purification Cycle (KPA) unit. TBP is diluted to, 0% by volur

solvent that is used in the aqueous pollshln SUAP) process. TBP and HPT are both
“‘ vonts” that are associated with the
3nliis a subpart of the broader hazard
X thermlc reactlons of TBP and its

As indicated in Chapter 3 above, TBP is used at M@F as a .yk nium extractant in the
%’b}n HPT to form the

‘of explosion events. It is focused: specgg%l
degradatton products mcludmg possvb \

The ISA states that some prg e'é il event exists in the following AP process
units:

» Purification Cycle (.KPA)
» Solvent Recove’%KPA,h
*  Acid Recovepy, (KPC), &b

+  Oxalic Precipitation and @ fdatlon (KCA)
« Oxalic Mothe}@g\Reﬁy ery (KCD),

» Aqueous Waste Recepi'nan (KWD), :

+ Solvent Waste Recep! tion (KWS), -
- Laboratory Liquid Waste Receipt (LGF)

These process units could contain TBP, or its associated byproducts, in addition to
concentrated nitric acid, and they are also potentially subject to elevated temperatures.
In addition, the solutions in the process vessels contain radioactive materials such as
plutonium and americium and are thus subject to radiolysis.

Assuming its occurrence, the unmltlgated consequences of the TBP-Nitrate (Red Oil)
explasion scenario are high to the facmty worker:.’site worker, and individual located
outside the controlled area boundary. so the eyent'must be rendered highly unlikely to
conform to the performance requirements of 10 CFR 70.61.

44
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As indicated above, the current safety strategy delineated in the ISA Summary for the
red oil event involves the implementation of one of the following approaches, based on
the operational constraints associated with each process vessel:

« TBP prevention — segregation of separate phase TBP from acid-bearing process
equipment to prevent runaway TBP—nitric\k;;gpild reactions

- Heat transfer — adequate heat transfer from TBP-bearing vessels to the surroundings
to prevent runaway TBP-nitric acid reactions

- Evaporative cooling. — maintenance of an aqueous phase in TBP-bearing vessels to
ensure evaporative cooling to prevent runaway TBP-nitric acid reactions.

4.3.1 IROFS

duction level attributed to

. Active Engineered Controls (AEC) are ph ﬁ%l devuces ik téuse active sensors,
electrlcal components or movung pa 0 a'tam sge process conditions

. Enhanced Administrentrols QEAC) refer to procedurally required or
prohibited humanons eombm !

include augmented adg |r|e ontrols that add assurance that the required
human pe g‘ pWil

discussed in Cha
NUREG-1718 [4-7].

The IROFS selected to implement the safety. strategy for the red oil event are described
in the ISA Summary. Tables 4-1 and 4-2 are based on the information contained in
Tables 5.3.6.2 and 5.3.6.3 of thé" ISA Summary ‘and describe in detail each of the
engineered IROFS and the administrative IROFS, the process units they refer to, the
functions they are designed to perform, and the safety strategy that is applicable.

4.3.2 IROFS for TBP Prevention Strategy

The IROFS for the TBP Prevention Strategy consist of: (1) density controls for the
detection of HPT/TBP, (2) the slab settier in the KPA unit, {3) process vessels and pipes
that ensure no leakage into process cells, (4) administrative control of process sampling,
(5) administrative control of drip tray sampling, and (6) administrative controls to preload
the slab settier.

4-5
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Table 4-1. List of engineered IROFS for the red oil safety strateg‘y.

Vessel Off-gas
venting

evaporation remains effective by
carrying aqueous phase vapor out of
the vessel head space

Control Process Unit(s) | Function _ Safety Strategy
Density KPC, KPA, KPB | Prevent introduction of solventinto - | TBP Prevention
controls for equipmenit. which.can operate at
HPT/TBP | temperatures abgve the safety limit
detection ‘Prevent aqueo($ organic interface on | TBP Prevention
the KPA slab settler from dropping
below the weir
Ensure any separate phase TBP that | TBP Prevention
accumulates in the KPB alkaline
waste tank is detected to preclude
transfer to the KWD alkaline waste
tank
Prevent introduction of HPT Evaporative Cooling
downstream of the KPC by rftank to
Process level | KPC Ensures that the mz |mum watet Evaporative Cooling
controls TBP mass rétio’ mﬁ‘i/{ is malntaln
| Process KPC, KPA, KCA | Ensures that hé%ﬁran enfrom Heat Transfer
temperature applicable ves es isadequate to
controls avoid self-heatingk TBP/nitric acid
reactiofissm. N
Ensuri\%&ea’mn utferTemal Evaporative Cooling
sourcesi{e.g. Water) remains
ithin ligi & .
Provides additional
it | safety margin for red
2Jasiin oil events
Process W&m z rgeome"iry for adequate Heat Transfer
vessels #i8heat transfer -
| %ﬂlgned to make leaks into process | TBP Prevention
ells unlikely
Process Ensures that heat transfer due to Evaporative Cooling

(KPC unit)

Ensures that off-gas from TBP nitric
acid reactions are adequately vented
to prevent overpressurization

Heat transfer (ail
process units)

Slab Settler

KPA

Passive engineered safeguard to limit
the amount of diluent/TBP transferred
to downstre‘am vessels by providing
sufficient set’tllng time to allow for
separation of diluent/TBP from
aqueous solution caused by density
differences

TBP Prevention

Vessel vent
System

KCA

Provides sufficient capacity to allow
venting of off-gasses generated from
soluble solvent potentially added to
KCA drying-calcination furnace to

ensure an overpressunzatlon event is
hlghly unllkely : .

Protects against all
solvent explosions in
the furnace inciuding
any generated as a
result of red oil
events
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Table 4-2. List of administrative IROFS for the red oll safety strategy.

Control Process Unit'(s) Function _| Safety Strategy
Flushing KPC, KWD Ensures a maximum depth of Evaporative Cooling
control TBP layer within which sufficient :

heat transfer due to aqueous
phase evaporation is
demonstrated to prevent red oil
explosions in KPC EV2000 and
downstream vessels

Process level KPC, KWD Ensures that the minimum Evaporative Cooling
control . water-to-TBP mass ratio of 1:1

is maintained
Process temp KPC, KWD, SPS | Ensures that the heat input from | Evaporative Cooling
control external sources (e.g., stea{;g%

from SPS) remains withi
limits assumed by analysi

Drip Tray KPC, KP8B, KWD, | Ensures that a samplgiis té’ﬁé?} TBP Prevention
sampling KCD, KPA to establish the @gc
control |-leak and ensugi i @

.4 .| 'organic prig i

| jet :
Process _KCA, KPB, KWD, | Confirms the he dbgaiice o of TBP Prevention
sampling KCD, KPA orgafi beforegl oWi

control Sletsit gssels’ at operate

3e.solvent
Reagent S g546"confirm HPT diluent | Heat Transfer and
sampling 4 t )priate characteristics | Evaporative Cooling
control g introduged into the process
Settler Preload - o EEﬁl‘s'“fx‘ré“s'that KPA slab setfleris | TBP Prevention

control
iprocess solution potentially

\ contalnln% organlc material is

added to prevent sendlng bulk

quantities of organics

downstream for potential LFL

and red oil issues

The objective of the density sampling controls, -consisting of density transmitters and
controllers, is to ensure that a chosen maximum concentration of soluble TBP is not
exceeded prior to transferring solution to.vessels where any separate phase TBP is to
be prevented. These controls are.implemented.in.the KPA control tank to prevent TBP
transfer to the KPC unit, in the KCA ‘batch cgnbtitution tanks to prevent TBP from
reaching the KCD unit, in the KPB alkaline Waste tank to prevent transfer of any
separate phase TBP to the KWD unit, and in-drip trays located in the KPA, KWG, and
KCD units. It is stated that the location of the sampling points -and associated
administrative IROFS will ensure that the samples are representative of a well-mixed
tank or vessel and the sample vial traceability, sampling integrity and .communication of
results from the laboratory to the control room are preserved. These features of the
sampling process, which can be regarded as an AEC supplemented by an administrative -
control, are designed to make TBP migration leading to a ROE highly unlikely.

a7
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The slab settler in the: KPA unit is credited as a PEC to prevent separate phase TBP .
transfer to the KCA unit. Administrative. controls are imposed on the operation of the
slab settier to ensure that the operators rmplement pre-load procedures and additional
density instrumentation is provrded to". ensure; hat it operates as designed. The
operation of the slab settler is evaluated in Chapter 5 and its possible failure to perform
its function is analyzed in Chapter 6.

In some process vessels where sufficient soluble TBP could accumulate to eventually
become a separate phase, administrative flushing controls are imposed to flush out the
vessels periodically to ensure that the amount of accumulated TBP remains below a pre-
determined limit. Administrative controls are also imposed to sample leaks in drip trays
to ensure that organics are not transferred by steam jets. Administrative sampling
controls are employed to sample for organics before allowrng transfer to vessels that
operate above the solvent temperature safety limit.

The controls implementing the TBP prevention strateg)
failures or operator errors, or the formation:of.emulsions o \" %ayers in the KPA unit
that are subsequently transferred to downstreamﬁ ts. The"’pact of the failures of
these controls on the likelihood of a ROE are a

vessels and pipes, (2) process tempera
and (4) administrative control ofe@gent sa

te reaction rates are low, that vessels will heat up if they
eans for cooling.

According to the ISA Suaigmary “the heat transfer strategy [is] applied to various process
vessels in the KPA, KPB, KWD, KWS, and LGF units.”

The IROFS controls used to implement this strategy are as follows: vessel geometry, a
PEC, coupled with process temperature. contrql -an AEC. The.ISA Summary states that
using models of red oil reaction kinetics and energy generation, it was analytically
demonstrated that heat transfer to the surroundings from those vessels where the
strategy will be employed is sufficient to prevent any runaway red oil reactions. The
temperature controls employed are based on preventing solvent explosions, for example
from.the combustion of the diluent HPT, which has a LFL much lower than the initiating
temperature of a red oil event. implementation of these temperature controls is
conservative with respect to the red oil phenomenon and provrdes an addmonal margin
of safety for preventrng ROEs. y \ ‘

The other IRQOFS used in the heat transfer strat;gy are process vessel off-gas ventlng
and sampling controls on the diluent to'ensure QUahty

Ofﬂyfal u§é 07(y
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In vessels that employ the heat transfer strategy for maintaining a proper heat balance,
the evolved gases must be vented, even at low reaction rates, to prevent any
overpressurization that could in turn raise the temperature and the reaction rate. The
ISA Summary indicates that “vessel vent sizing is based on widely recognized criteria for
red oil vent sizing”, an apparent reference to the criterion established by Fauske for
successful venting to prevent runaway reactions. The ISA Summary alsostates: “vessel
vents are PEC with a high degree of reliabitity. Vessel vents are designed to perform
their safety function consndenng all credlble failure modes. Therefore, redundancy is not
required.”

The heat transfer strategy applles to process vessels at lower temperatures (50°C —
55°C and below) where the heat:generated in arly@TBP -acid reaction can be adequately
removed passively by dissipation to the cell enVIronment The success of this strategy
depends mainly on the availability of room cooling, i.e., thg%proper functioning of the
HVAC system of the facility. The failure of the HVAC syste f m has implications for many

other potential accidents besides a ROE. Thus failuregftheaheat transfer strategy has

study.

4.3.4 IROFS for Evaporative Cooling sat

For those vessels or tan
energy from both c
processing, the strafeqye oS
that the large lat “Pheat -’ 'apo tlon of the aqueous (water and nitric acid) phase will
be sufficient to rﬁ‘eve the at generated by-the chemical reactions involving organics
“and nitric acid prowdéd (19athe amount of a separate organic phase overlaying the
aqueous phase is limitegygesas not ,.to impede he: «_-ransfer by evaporation, (2)-adequate
venting capacity is a e to remove the:iVapor and other gases that may be
generated, (3) the external heat input is limited and (4) the aqueous mass is replenished
to maintain a2 minimum aqueous-to-TBP mass ratio. If the aqueous inventory is
replenished, the maximum temperature that can be reached in the presence of adequate
venting and, consequently, the absence of significant backpressure, is the nitric acid-
water azeotropic temperature of 122°C (251.6°F) associated with the maximum nitric

acid concentration of approximately 68 wt%.

Vepheat transfer is not sufficient to remove the
g and the external heat input needed for
njisyevaporative cooling. Evaporative cooling assumes

The ISA Summary indicates that “in the absence of HPT, the parameters to be controlied
and their associated limits are as follows: minimum water-to-TBP mass ratio of 1:1,
maximum TBP layer depth of 34 centimeters (cm), maximum process solution
temperature of 122°C (251.6°F), and an open. (adequately vented) system. In the
presence of 5% HPT, the maximum TBP Iaye . pth is reduced to 26 cm.’

It is also pointed out in the ISA that “in the absence of a separate aqueous phase, if the
initial solution temperature is limited to a maximum of 80°C (176°F), over 600 minutes

4-9
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(10 hours) is required before the solutson temp f‘ature resulting from TBP/nrtrlc acid
reactions ramps up exponentralty Injection” of an aqueous phase (at ambient
temperatures) to fulfill the 1:1 minimum water-to-TBP mass ratio at any time during this
interval will quench the reaction and maintain the system within a safe operating
regime.”

To control the parameters needed to ensure the success of the evaporative cooling
strategy, the density controls used for preventing migration of separate phase TBP to the
KPC unit are employed. However, some accumulation of soluble TBP can occur in the
first stage evaporator of the KPC unit that can eventually lead to the formation of a
separate organic phase on top of the aqueous phase in the evaporator or a transfer of

' TBP o the concentrates tank in the KPC unrt

By controlling the amount of soluble TBP transferred to the KPC unit below a level of
50 mg/l, the maximum amount that can accumulate based @R, the process flow rate is
about 42 liters of TBP per year. An administrative flusm o'ntrol is implemented to
flush out the vessel every six months to limit the maximm, accumulation of TBP to
ensure that the minimum aqueous-to-TBP mass ati?rs.tmtarned along with the
maximum TBP Iayer depth. The ISA mentions ﬂgﬁ?’as part ofét e evaporative cooling

strategy, there is “an admmrstrattve control <9 Ls-lstrng “o operat ctlon to penod|cally

VR

heat transfer due to agueous phase evaporatno i
This should effectively limit the resrde
limiting residence time in plpes the IS
system as being “designed to effi crently m
Systems are laid out so as to minimize f

The evaporative cooling it
of both AEC and admini
%

C o¥maintain process solution temperatures within
COntH N%ts are used to shut the KPC unit evaporator if there is
giis a firther administrative control for the operator to verify
nemthe temperature reaches 80°C (176°F) to ensure the maintenance of
the aqueous-to-TBEgmass \atto in the case of a potential red oil event in a vessel,
based on the reacti x'ne ¢s and heat generatlon the temperature controls applled are
bounded by those used} ]
temperature limit for solvent explosions is more restrictive than for the preventlon of red
oil, these controls (detailed in Section 5.3.6.2.6 of the ISA) are conservative and credited
for prevention of a red oil event [4-2, page 5.3.6-64].

The offgas system is designed to provide an exhaust path for evaporative cooling of the
agueous phase in any of the process vessels where a ROE may have a potential to
occur. The ISA [4-2, page 5.3.6-66] states,: “in order to ensure that adequate heat is
transferred out of the system via evaporatlon (evaporatlve cooling) and the vessels are
not overpressurized, approprlately snzed off—gas vents are utilized.”

Administrative controls on reagent sampling énsure that the diluent HPT does not
contain any contaminants like cyclic chain hydrocarbons that could initiate a ROE at
lower temperatures. This is accomplished by checking the flashpoint of the fresh diluent
to make sure that it is within acceptable parameters.

4-10
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According to the ISA Summary, the use of “industry codes and standards” and the
“management measures ensure that the selected IROFS are reliable and available upon
“demand; thus, providing additional assurance’ that it is highly unlikely to expose the
facility worker, site worker, individual located outside the controlied area boundary, or
the environment to potentially unacceptable consequences associated with this event”.

The controls that impiement the evaporative cooling strategy, in terms of the success
criteria listed above, can potentially fail due to equipment failures and/or errors on the
part of operators to implement administrative controls. The implications of these failures
on the likelihood of a ROE are evaluated in Chapter & below. °

4.3.5 Defens'e-i'n-Depth

The ISA Summary also points out that in addltlon to the IROFS there are several
defense-in-depth features that protect the workers “in the higily unlikely case a red oil
explosion” take place. These features include: rigid process) Vessels and pipes that can
withstand a significant amount of energy release, proces§l barriers that will contain
the explosion within a cell, and ventilation systemgawi With H lters that will prevent
exposure of workers to any released radioactive ma erials.

4.3.6 Normal Process Controls

The ISA Summary indicates that norpiBinprocess

g trols that are used to maintain
aqueous/organlc (A/O) mterface levels | r Vi

e protec lq; agamst a red oil event. These

; ¢'h ashe settllng zones of the mixer-settlers. In
addition, normal process é&mpera gre contf ; on vessels help to reduce the potential
challenges to the IROFS p »esstetmgiergamre controls and maintain a margm below the

J mre the exothermlc reactlons may be of concern in

Shaw Areva MO* Serwces “MOX Fuel Fabncatuon Facility License Application,”
December 17, 2007.

4-2. Duke Cogema Stone & Webster, “Mixed Oxide Fuel Facility Construction
Authorization Request,” February 2005.

4-3. Shaw Areva MOX Services, “ISA Summary,” December 17, 2007.
44, U.S. Nuclear Regulatory Commission, “Final Safety Evaluation Report on the

Construction Authorization Request for the Mixed Oxide Fuel Fabrication Facility
at the Savannah River Site, South Carolina,” NUREG-1821, March 2005.
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4-5. DCS (Duke, Cogema, Stone & Webster) was the applicant at the time the CAR
was issued. They have since been replaced by Shaw Areva MOX Services.

4-6. Shaw Areva MOX Services, presentationf;t_o BNL team, June 8, 2008.
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5. MOXFACILITY OPERATIONS RISK RANKING

The MOX facility consists of the following:

. Aqueous Polishing (AP)
. MOX Fuel Fabrication (MP)

The MOX AP process consists of four main areas. They Include: (1) Plutonium
Purification, (2) Recovery Processes, (3) Waste Storags, and (4) the Oﬁgas Unit,

Figure 5-1 Mustrates the AP process units that consist of: (1) the dlssoluﬁon unit (KDB),
(2) the plutonium purification process unit (KPA), (3) the solvent recovery unit (KPB),
(4) the oxalic precipitation and oxidation unit (KCA), (5) the oxafic mother liquor recovery
unit (KCD), (6) the acid recovery unit (KPC), (7) the ofigas treatment unit (KWG) (8) the
aqueous waste reception unit (KWD), (9) the soivent wasig@eception unit (KWS), and
(10) the laboratory liquid waste reception unit (LGF). 1 d output flows from sach
of these units are shown n Fugure 5-1 thatis reprodu he MFFF LA [5-1).

er )
| i 7\/\
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5.1 Process Déscription '

Weapons-grade plutonium-is received. from the proposed pit.assembly and conversion
facility, and from AFS at the Savannah River site.: The plutonium is milled into a powder
form and then dissolved in a nitric acid medium.with silver as a catalyst to promote
dissolution. For the AFS, however, dechlorination is required before dissolution if the
chioride content is greater than 500 ppm. According to the ISA Summary [5-2, page
4.2.5-3], the process takes place at temperatures ranging from 20°C (68°F) to 40°C.
(104°F). Plutonium nitrate is then fed to the purification cycle, where plutonium is
extracted through a solvent ‘extraction process, using TBP in an organic diluent HPT,
- that is, a modified Plutonium Uranium Recovery by Extraction (PUREX) process. The
extraction process removes impurities, such as gallium and americium, and the purified
plutonium nitrate is fed to a continuous oxalate calcination process that converts it to a
plutonium dioxide powder. The oxalic mother liquors pro%@%d in the precipitation to
oxalate are recycled to the oxalic mother liquor recevery unit. The solvent is .
-regenerated in the KPB unit and the acid is recycled u;i“t % unit. The liquid waste
storage tanks contaln low and hlgh level alpha-.llqéids stnp g, uranium and organic

it %r temporary storage

Rimts

generic risk of ROE due to the ot occurr ce QIfeVents, such as internal fires, that can
potentially happen in any of i‘ﬁye pr units and serve as an external energy
source 1o raise the temperatur. of aetd orga@xc phases to a level where the autocatalytic
reaction can be initiated@sikor- eféqg g, ‘%lsoussed in Chapter 3, the TBP-diluent
organic mlxture degrades s sence of ‘water and nitric acid with the rate of
emperature of the liquid, the nitric acid concentration,
nd, _, transfer. TBP degrades by hydrolysis to form,
successively, d ic at |d monobutyl phosphoric acid, or phosphoric acid,
and butanol. G «

Butanol has a low flashp mt of around 40°C (104°F) and a relatively low boiling point
(117°C [242. 6°F]) and is, therefore, a potential combustible hazard in case of-a fire. The
* degradation rates for TBP increase with temperature and nitric acid concentration and
above a certain temperature the degradation, which is exothermic, proceeds at a fast
enough rate to generate large amounts of heat and flammable vapor. The heat
generated increases the bulk liquid temperatyre:and, therefore, the rate of reaction and
can ultimately lead to an autocatalytic reaction:.. .

Generic hazards that can impacf the risk of ROE include the following:

1. internal fires in process cells that may occur due to other than process-related

causes;

2. Natural phenomena hazards such as selsmlc events, external floods, tornadoes,
and external man-made sources such as plpellne explosions, etc.

3. Loss of offsite power events, mclude loss of all AC power, i.e., station blackouts,

that can potentially. lmpact the functlomng gf vital safety systems

Offifial Uge gfnly
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According to the ISA Summary, the applicant has taken measures to render internal
fires, due to other than process-related causes, highly unlikely by ensuring that there is
either a lack of ignition sources or a very low combustible loading in the AP process
cells. The detailed justification is provided in a SUpporting document {5-3].

External hazards, other than seismic events are also not a concern at the facility due to
their low potential likelihood and the exterior features of the MFFF. The justification for
the exclusion is contained in two supporting documents [5-4 and 5-5].

Seismic events have been implicitly treated as a potential cause of process upsets in the
analysis that could lead to ROE or other related accident outcomes. The applicant has
chosen to apply seismic qualification measures to the IROFS that provide protection to
-process cells or vessels. For example all primary confnement boundaries for the KPC
acid recovery unit that are identified as IROFS for’ protectronfagamst loss of confinement
events are also required to be selsmrcally qualifi ied:as are cﬁve and passive engineered
IROFS that must provide a safety function during a seise lc“’ ’ﬁe\nt [5-6].

o

The basis for the design of the elec’mc power « ystems in tw‘ MFFF is provided in
Reference [6-7]. The power system provides fg ogzéggbupply durrng normal operation,
abnormal operation, design basis accident (OB ditions, and during loss of offsite
power. Normal power is supplied by offsite poweraseurces and consists of two separate
and independent sources. The normaWower equrp is designed to uniform building
code (UBC) earthquake standards. Nrﬁ%er ?%ugmented by Standby power
system consisting of emergency diesel also designed to UBC earthquake
standards. - )

If normal power and stggd er systs',-.are lost, then the Emergency Power
System (EPS), consistinge und“%n’tg independent emergency diesel generators,
provides power to IR&J&S thatineed electric power to perform their safety functions. The
EPS is designated iSvqualified under 10 CFR 50 Appendix B QA program
for design basi hqu em’ ndnall normal, off-normal, and accident environmental
conditions. The is capable of maintaining full operation of emergency loads for at
least 7 days

Certain IROFS loads arejpowered from the Uninterruptable Power System (UPS). The
UPS will furnish power to designated 120 VAC ;and 480 VAC important loads. It is
stated that the UPS may be either battery or mg chanical storage type. The UPS will
comply with IEEE 446 and will be designated ‘Class 1E or standby type depending on
load served. The UPS comprises of two essential inverter sets. The first inverter set
provides power to loads like fire detection, fire control, criticality accident alarms, health
physics monitoring, and communication systems. The first essential set will be capable
of supplying power for at least 60 minutes. The second inverter set supplies only loads
designated as IROFS. It will also be capable of supplying power for at least 60 minutes.
It will also supply power to loads such as stack release monitors, seismic detectors, and
IROFS HVAC instrumentation. The HVAC eqmpment providing heatrng/coolrng to the
UPS battery room is desrgnated as an IROFS.

Based on this description of the power systems at the MFFF, a station blackout event is
likely to have a low frequency of occurrence.

v : _ 5-3
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While the generic risks initiated by events like internal fires or external hazards, such as
seismic events, have the potential to eventually lead to a ROE, they have not been
analyzed specifically in this study for two reasons. First, according to the ISA Summary,
the licensee has taken a large number of steps and actions through measures, such as
IROFS, to reduce the likelihood of fires as well as the likelihood of externally initiated
event sequences to low values consistent with the highly unlikely category of event
frequencies. Second, ROEs are only a small subset of the outcomes of generically
initiated event sequences hence, a consideration of generic initiators would greatly
enlarge the scope of the study, Wthh s llmlted-‘v'to ROE alone durmg normal facility
operatlon AR

5.3 Unit Operatlon Risks

There are eight process units within the AP process where or anics and nitric acid either

contact each other during normal operation or have the poten
These are: (1) KPA, (2). KPB, (3) KCA, (4) KCD, (5) K
(8) LGF. ’ ;

ifB) through (8). Recalhng the
lic oxudatlon (ROE) reaction, each

sequence of operations, and the condit

5.3.1 Purification Cycle - k

plutonium is solvent extrac!
in Figure 5-2 are as »_,o‘ WS

g‘,.,‘ '

on' frem the dechlorlnatlon and KDB units

. plutonlug%pitrate SOl
. plutoniu ﬁvate solut en recycled from the oxalic mother liquor recovery unit
. high plutomﬁm%cont g 'solutions from laboratories

The outputs of this unit shown in Figure 5-2 are:

.- raffinates (solvent lean, residual feed solution wnth one or more components
extracted) to acid recovery unit (transferred in batches)

. solvent/diluent to solvent recovery cycle (continuous transfer)

. stripped uranium solutions to aqueous liquid waste reception unit (batch transfer)

. purified plutonium to oxalic preCipitaticn an'd cxidation unit (b_atch trans'fer)

Plutonium nitrate solution from Dechlorination/KDB units is batch fed to feed tank
TK1000.

54
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PULS 2000

Pu (IV) in 45N HNO; aqueous solution is extracted by solvent (30% TBP in HPT) in
pulsed extraction column PULS 2000 which is the primary extractor that transfers
plutonium and uranium to the organic TBP phase leaving the impurities and nltrlc acid in -
the aqueous raffinate. i

The chemistry of the process described is represented by the equation below:
PU(N03)4 + 2 (C4Hg)3PO4 x4 PU(NO3)4 2 (C4Hg)3P04

The Pu (IV) nitrate/TBP complex formed has very low solubility in aqueous solutions of
moderate strength HNO;. The extraction coefficient for Pu (IV) in TBP is a function of
nitric acid concentration and temperature. The operating conditions for high extraction
efficiency are described in the. LA [5:1, page - 11.2.6-4l®as - being a nitric acid
.concentration = 4. 5N HNO; and temperature of T 30°C (8 . . »

process are as follows
The organic phase to the aqueous phase flow ':
Tem'perature:

Pressure:

Nitric acid concentration:
Pressure relief is provideds

external energy addition
very low energy in|

10 the process. The pulsatlon generator provides
there is no heating or cooling.
o Input and outputfiew contro

Aqueous phase
QOrganic phase IR

By airlift under flow control
. Under flow controf

Aqueous phase out: _By all’llft under r.level (interface) control
Organic phase out: " By airlift from overflow

- Because of relatively low temperature (amblent) the rate of red oil formation is expected
to be low.

However, PULS 2000 is the first potential source contributing to either having organics in
the aqueous phase or nitric acid in the TBP phase. Events that may cause a contribution
to red oil formation in downstream equipment are listed below:

. incomplete separation
— Emulsion formation
— Smaller droplets

Ofﬁ7{al u[se ovﬁy
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~ — Wider droplet size distribution
- Inadequate coalescence

. Extraction of HNO; in TBP (Depends on solubility and partition coefficient)

. Flooding

- Restriction in outlet flow or airlift failure

. Reduction in density difference (due to lower diluent concentratvon or lower acid
concentration) : :

. Formation of a third phase

+ . Formation of a significant rag layer

. | Interface detection instrument failure

Following extraction, the aqueous raffinates awﬁed by dilggent HPT in the pulsed
scrubbing .column PULS 2100 (to remove trages”of P) and, Sfer complexation of
fluorides by a zirconium nitrate solution, tran raffinate reception tank TK9000.

stream The aqueous raffinate

for waste processing.

PULS 2100

Orgamc phaseLpile L 03L
Aqueous phase ) Nifric acrd 15L

The aqueous phase to the organic phase flow ratio is 50. {5-1, page 11.2.6-5]

Temperature: Ambient

Pressure: Atmospheric

Pressure relief: ' Vented to scrubbing system

Nitric acid concentration: 3.7 Normal (approximately 21.0 wt%)

There is little external energy addition or rem . The pulsation generator involves very
iow energy input per mass, -and there is negligible heating or cooling.

5-7
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Ihput and output flow control: ‘

Aqueous phase in: By airlift under flow control -

Organic phase in: ~ Under flow control
Aqueous phase out: . - . - By airlift under‘leve! (interface) control.-
"~ Organic phase out; ‘ By airlift from overflow

This equipment is designed to reduce the probability that TBP and other organics,.which
may be present in the raffinate, will enter the downstream equipment and therefore it
reduces the probability of red oil formation. This is accomplished by washing the
raffinate with a hydrocarbon diluent and thereby extracting any TBP that may be present
in the raffinate from PULS 2000 (see above). The hydrocarbon diluent, HPT in this case,
is resistant to nitric acid attack.

The aqueous phase leaving the KPA unit goes to various inﬁzeg;ﬁediate tanks before
- passing to the KPC unit where nitric acid recovery operatigisrare carried out. Under
normal operating conditions, the operation of.PULS 2100‘~sh€>,ul_d be sufficiently effective
at removing TBP from the aqueous raffinate to allow fi&¥processito function since the
TBP detectors (designated IROFS) in the downstre@p’ control ta K-9100 have a
sampling detection limit of 50 mg/L. Table 5-1 sHEWs tgg solubility®f TBP at 25 °C

WA

(77°F) in aqueous solutions as a function of hitrde&ci ﬁ%centrat'ion. Under the

conditions prevailing in PULS 2100, the solubility éP is approximately 0.266g/L. To
reduce this below the detection limit of SOQ@QIL. impligsithat the extraction efficiency of
TBP extraction in PULS 2100 should b&lgreatemthan 84 » This is believed to be readily

reate
achievable in units of this type.

ey

LAY

cid Solutions at 25°C (77°F)
butyl Phosphate [5-8]).

Conc. HNO;, Solubility,
Molarity g TBPIL
2.78 0.304
3.09 0.304
3.16 0.266
4.01 - 0.266
5.26 0.203
6.41 0.178
7 0.133
i <85 0.133
07961 0.185
9.92 : 0.147
11 0.170
12 0.328
13.1 0.328
13.8 0.666
15.6 1.704

159 = : 1.217

5-8
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If operated properly, HPT should replace, 'or at least dilute the organics in the raffinate.
However, if a stable emulsion is formed in PULS2000 and carried forward to PULS2100,
it is unlikely that pure HPT wash would break the. .emulsion.

Possibility of Red Qil formation:

This equipment, operating at low temperature and with mostly HPT as the organic
phase, is unlikely to contribute to red oil formation. It should be mentioned that while
HPT itself is resistant to nitric acid, the impurities present in commercially available HPT
might not be as resistant. Quality control of incoming HPT, especially with regard to its
bromine number (degree of unsaturation), is crucial. This feature is specifically
mentioned in the ISA as a quality assurance item since HPT quality is designated as an
IROFS.

Contribution to Red Oil formation in downstrqarﬁ;eq’uipmen

This equipment with the diluent as the only organi

. does not increase the
probability of red oil formation in downstream equipment? 2

PULS 2100 Events:

(See list under PULS 2000)
PULS 2200

bed with 1.5 N‘ nitric acid (about
2200 to remove impurities that may have

sgalso helps to reduce the amount of nitric
cid in this step contains aluminum nitrate to

' The loaded solvent stream fromaR)

9 wt%) in the pulsed scrubbigd
been co-extracted in the sdivent p Zse. Thish
acid dissolved in the TBP%h% e itriey
remove any fluorides

sPulsed liquid-liquid extraction column with trays or
packing

Chemical Inventory:

Organic phase: TBP and Diluent 11.6 L
Aqueous phase: Nitric acud 15 L

The aqueous phase to organic phase flow ratio is 0.3. [5-1, page 11.2.6-5]

Temperature: Ambient

Pressure: Atmospheric

Pressure and pressure relief: Venteq,té scrgpbing system |

Nitric acid concentration: . 1.5§cr<lorma}§:; ”‘E‘broximately 9.0 wt% nitricj

5.9
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External energy addition or removal: '

Pulsation generator: Very iow energy input per mass
Heating and cooling: "~ None

Input and output flow control:

. Aqueous phase in: ' By airlift under flow control

Organic phase in: . By airlift under flow control
Aqueous phase out: By airlift under level (interface) control
Organic phase out: By airlift by overflow

Possible Events:

This equipment reduces the probability that HNO3 (which maﬂ?},gbe present in the solvent
phase) will enter the downstream equipment:and thgﬁﬁé%re reduces the problems
associated with red oil formation. This is accq'rﬁﬁl“isheﬁi%%@v shing the solvent phase
with dilute nitric acid and thereby extracting any dissgg\?gfj ni ‘cid that may be present
in the solvent from PULS2000 (see above). «‘g‘

: ‘?e%%he concentrated acid or at least
.”Qgion is formed in PULS 2000 and
sidimay help break the emulsion due

Under normal operations, the dilute nitric acid“g
dilutes the nitric acid in the solvent. If a stable'e
carried forward to PULS 2200, contact wi
to the difference in pH.

;.

Red oil formation:

p(about 30°C [86°F]) and dilute nitric acid
sformation is expected to be very low; in fact,

PULS 2200 Events

(See list under PULS 2000)

PULS 3000

This step of the process performs a valency adjustment. In PULS 3000 Pu(lV) in the
solvent phase from PULS 2200 is reduced to Pu(lll) with 0.15M HAN (hydroxylamine)
solution and then re-extracted in acidic water (0.1N nitric acid or 0.7 wt%). The
plutonium stripping (i.e., reduction reactions) by HAN outlined in the LA {5-1, page
11.2.6-25] are:

2NH;OH* + 4Pu** — 4Pu™ + N,O (g) + H,0 +6H" and
2NH;OH" + 2Pu™ — 2Pu"™ + N, (g) + 2H,0 + 4H"

5-10
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‘These reactions are exothermic, and proc‘eéjq-:?irapidly while the reaction rate increases
with temperature and concentration. Both solvent and aqueous phases are first heated
to about 65°C (149°F) to accelerate chemical reduction of Pu(iV).

Equipment type: Pulsed liquid-liquid extraction column with trays or
packing

Chemical Inventory:

Organic phase: - - TBP and Dilignt
Aqueous phase: - Nitric acid =22

~ The drganic phase to:aqueous phase flow ratib is.1.3 [5-'1", page 11.2.6-7].
Temperature:

Pressure:

Pressure and pressure relief:
Nitric acid concentration:

External energy addition or removal:

;w £ l;gy input per mass
enl atrand ac‘ﬁ feeds are heated

Puisation gehe(ator: . Ver
Heating and cooling: solv

Input and output flow contye o

y airlift under flow control

By airlift under flow control

By airlift under-level (interface) control
‘ By alrllft by overflow

Aqueous phasg.in

Organic p@
Aqueougsphase out
Organlc‘% eout: ¥

Possible Events:
The PULS 3000 events e the same as those listed under PULS 2000.
Red oil formation:

Despite the higher operating temperature, the rate of red oil formation is expected to be
very low because of the very iow concentration of nitric acid (0.2N).

In terms of contribution to red oif formation in downstream equipment, it is possible that
the acid phase may transport organlcs to the downstream equipment due to solvent-acid
contact.

The stripped pvlutonium is washed with diluent in the pulsed scrubbing column
PULS 3100 to remove any traces of organic material before the final valence
adjustment. Any remaining U in the stripped Pu aqueous phase is separated from Pu by

oagecpy
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solvent extraciion in the pulsed scrubbing column PULS 3200. For batches with low U
content, a bypass of PULS 3200 is available.

intermediate Tanks (TK9000, TK9500, TK9100, TK1000, TK1500)

. ltis assumed that, along with the raffinates, some organics are fed to these tanks. In the
tanks that are not mixed, the organics will form a separate upper layer unless a stable
emulsion is fed to the tank, in which case there will be a single emulsion phase along
with 'a bulk phase. Location of the emulsion in the tank will depend on its composition
and, therefore, its apparent density. o

The MFFF process relies heavily on tank mixing in application of its IROFS. Tanks need
to be well-mixed in order to effectively apply the heat transfer strategy, as well as
perform representative sampling of the tanks' contents. If the vessels are not well-mixed,
then hot spots or uneven heat distribution can occur. Simlla“'

ys a sample taken from an
unmixed tank can imply that there is little or no TBP presen en if that isn't actually the
case.

Feed Tank KPA TK1000 is geometrically:safe andrts contentsuxed by a sparging
pipe supplied with compressed air [5-2; page 4: 3] alhe Raffiiates Reception Tank

TK9000 is designed to be geometnca"y safe’ smixed by an air sparger [5-2,
. page 4.2.6-20]. Control Tank KPA TK9100 is geq&g;’mcal!y safe and homogenized with
an air sparging pipe [5-2, page 4.2.6- 261;]. Recyclinggliank KPA TK9500 is geometrically
safe and homogenized with compressed

sTom spa ‘/mg pipe [5-2, page 4.2.6-22].

Tanks can be fed either continuou Iy or teﬁm;tten ly. The intermittent flows are likely to
disturb the separated phases- ing the\l%z%phase to enter the feed to the evaporator

train.

process sampling controls to ensure that.
maximum concengv,f{" O& P%@ the solution is sufficiently low (below the sampling
“limit of 50 mg TB;/L’) beforefits cagtents are transferred to vessels further downstream.

These controls% eant t pgevent (1) a separate phase layer of TBP and (2) greater
than 50 mg/L of s" ,
the tank is well-mi e and therefore any organlc phase (Ilghter Iayer) will not
accumulate in the tank: lf/y he light phase is not removed frequently, then it is possible
that a portion of the organics will remain in contact with the acid for a long time.
Therefore, despite a low tank temperature and relatively low nitric acid concentration,
there could be some red oil formation.

Tanks are at atmosphenc pressure and vented to the scrubber system. The only heat
removal is through the tank walis to the atmosphere by natural convection. The amount
of heat lost to the atmosphere is a function of t liquid level in the tank. The following
- (qualitative) scenario may be of some’ concern.’

At low liquid level, if there is some exotherm due to the onset of a chemical or radiolysis
reaction, the temperature of the tank contents will rise. Essentially only water will
evaporate because the aqueous mixture composition is below the azeotrope on the
water side. Water evaporation will 'increase the acid concentration and therefore
increase the reaction rate. Additionally, loss of water will decrease both the total mass
and the liquid specific heat and thus the temperature rise will be greater for the same

Ofrl(iég ‘u7é_‘om/
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heat generation, further increasing the reaction rate. However, the tanks are provided
with temperature sensors that would allow the operator to take comrective action in case
of a rise in temperature and terminate any self-heating chemical reaction. :

5.3.1.1 Summary of ROE Risk in the KPA Unit

Based on the discussion of each of the operations in this unit, the overall tisk of 8 ROE
Is judged to be low due to two main factors: either the operations are conducted at
relatively low (ambient) temperature or théy involve very low nitric acid concentration.
However, as outiined in the analysis of events that can occur in the extraction process in
PULS 2000, it is possible that this unit can serve to introduce organic material to places
it s not intended to go through features that are intrinsic to liquid extraction processes.

5.3.2 Solvent Recovery Unit

Cted in Figure 5-3. The
perature of about 50°C

The solvent recovery cycle operation is schematically ,
solvent TBP is received fmm the purtﬁcation cyde g

sodium carbonate wash at ambient temperat" : -stage caustic soda
wash 1o further remove the degradation prod€s e- hydrazolc acid is soluble in
fed back and recycled into the
3 [5-1, page 11.2.7-3] as follows:;

(b)(2)High

Using sodium carbonate: 2HN; + Na,CO, - 2NaN; + H,CO4

Usinpg caustic soda: HN3z + NaOH — NaN; + H;0

' 513
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The DBP and MBP migrate from theorganic phase to the aqueous phase after the
alkaline wash. The aqueous wastes after washing are subjected to a diluent wash ina
mixer-settler battery at ambient temperature to further remove any traces of entrained
solvent. The washed solvent is returned to the KPA via a dosing pump. Pure TBP
makeup is added as needed to adjust the TBP content of the washed solvent.

5.3.2.1 Summary of ROE Rlsk in the Solvent Cvcle Unit

The risk of a ROE in 'this unit is judged to be very low mainly due to the aikaline
environment in which the operations are performed.

. 5.3.3 Acid Recovery Unit

The function of the acid recovery unit shown in..Figure 5-4-is to recover concentrated
nitric acid for recycling in the overall process,\concentr [©» the radioactivity in the
effluents for sending it to the liquid waste unit* and rever ‘the distillates from the
yod crd recovery unit receives

the extraction raffinate from the purification cycle, oxalie’f lgbor distillates from the -
: boratone tches. Active liquid

KCD, KWD, and KWG units, and effluents from t

eatment “equipment ventilation A
system.

Red oil formation and decomposition 43% - likelyzito occur in the evaporator area
because of its higher operating tempetataneiaing, higl
acid recovery evaporators, EV2000 Yand ‘oH and the rectification column,
CLMN2500 are used to sepr %khnutnc (

The discussion below aséu
in Chapter 6, a sufficient amountof

the previous unlt ef 1’10 s ORhE
out the system pétiodically {Onc 0
separate layer Ofg <

the evaporator, whether the organics will form a
20N several factors, including:

. The evaporalogdi B lgn " more specuf caIIy the degree of mixing

. The concentratlon of nltrlc acnd Wthh ”Affects the degree of solubility of the
organic solvent in the aqueous phase (, e evaporator temperatures are higher
than the previous unit operation and thus the aqueous phase will tend to dlsso|ve
a higher amount of organics.)
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Evaporator EV 2000

This evaporator is fed acidic raffinate, vent scrubber liquid from the offgas treatment unit
and waste streams from the laboratory from Feeding Tank, TK1500. It separates volatile
acid and water from the insoluble salts. Vapor for the evaporator is condensed and re-
evaporated in EV 6000. The bottoms containing acid and non-volatile salts are sent to a
waste handling system.

Type: - ' Evaporator body for vapor/liquid separation with external
thermosiphon reboilers.

Operating temperature: ' 65°C (149°F)

Operating pressure: 100 mmHg absolute

Heated by: Temperature controlleddidt water
Heat removal by: : Water cooled conde nser
Vacuum generation by: Liquid ring

Feed: . : Continubus
Distillate removal . Continuousf
Bottoms removal - s Intermittenty

" Areas where conditions necessary fo

-The bottoms are removed intermitte % i [5-1, page 11.2.12-1] states,

“Concentrates from the first evaper e rawn off several times a day at a constant

rate by an airlift.” It is not clea %% iithedevap tor is completely drained or not. If it is not

completely drained, and if here Ji}f op se arated organlc Iayer then the organlc layer
) v ey

high boiling aze Qpe at abou 68 wt% acid (13 5 N), WhICh has a normal boiling point of
about 122°C (251% atmos phenc pressure and according to Boulblik [5-3], at about
72°C (161.6°F) at @@)‘ ‘ " the EV 2000 operating pressure. Simple distillation or
- evaporation can not incrgase the acid concentration beyond the azeotropic value if the
starting material concentration is below the azeotrope. At concentration beiow the
azeotrope during evaporation, the vapor will be rich in water causing acid concentration
in the liquid to increase, until it reaches the azeotropic concentration. Once the
azeotrope is reached, the vapor and liquid compositions will be identical and thus no
further concentration will take place. Until the bottoms are drained, the acid
concentration in the liquid will keep rising and .approach the azeotrope (68 wt% or
13.5N). This acid concentration is well above the QN limit recommended in the literature
for safe operation. Accident scenarios that may-dévelop from this condition leading to a
ROE are analyzed in Chapter 6 using failure modes and effects analysis techniques.

Evaporator EV 6000

Distillate from EV 2000 is re-evaporated in steam heated EV 6000. Vapors from EV
6000 are fed to column CLMN 2500 for acid rectification; bottoms concentrate is
intermittently removed and recycied to EV 2000.

5-16
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Type: Evaporator body for vapor fiquid separatron with external thermosrphon reboilers.
Vapors fed to CLMN 2500 '

Operating temperature: '120-122°C (248-251.6°F)
Operating pressure: Near atmospheric’

Heated by: Steam under pressure control
Heat removal by: Water cooled condenser
Feed: o ' ‘Continuous "

Distillate removal © .~ Continuous

Bottoms removal : Intermittent”

Areas where conditions necessary for ROE could exist

EV 6000 has the same areas where conditions nece a “for ROE could exist as
indicated above for EV 2000. If organics do enter E) @,

formation and possible exothermic reactions are igh
following:

il

hrgher acid concentration, near the azeotr@e;- |nt
Steam vers@
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therefore the temperaturg.could i ove its normal 122°C (251.6°F)

. Any obstruction to vafiorgflow in\ mn CLMN 2500 or the vapor line will
increase reboiler press re '

. An exothermlc rea t;p; will add to the heat input from steam and may

However, as dl$ ssed lat @%9 Chig
EV 6000 in sufﬁo@@t quant to be of- concern frpm a ROE standpomt is significantly
lower than in EV 2000 Th% A-Summary statés’that due to the aggressive conditions
in EV 6000 and CLM{:® ﬂé;é the rate of TBP destruction will be faster than the rate of
TBP accumuiation in th’e vessels. This is likely to be the case because the amount of
TBP that can reach EV 6000 beyond the sampling limit is small and since there is
frequent draining of EV 6000, very little is like to accumulate. Further the high operating
temperature will destroy the soluble TBP thus significantly decreasing the possibility of a

ROE. This is discussed further in Chapter 6 below.

Rectification Column CLMN 2500

Vapors from EV 6000 are rectified in column CLMN 2500. The feed is separated into

acid water as distiliate and concentrated nitric as the bottoms product.

"The condenser CND‘2800 is vented through a steam ejector to the vent system. Pressure in EV 6000 will
be almost the same as the pressure at the condenser (nearly atmospheric).

- 517
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Type: 'CLMN 2500 is a trayed distillation column with a water cooled condenser and a
steam heated reboiler.

Operating temperature: 120-122°C (248-251.6°F)
Operating pressure: Near atmospheric (see footnote 6)

Type of Internals: Multlple Bubble-ca rays
Feed location: . Column middle

Heated by: Steam under pressure control
Heat removal by: Water cooled condenser
Feed: Continuous

Distiliate removal Continuous

Bottoms removal Continuous .

Areas where conditions necesséry for ROE could exist 45

The areas where conditions necessary for ROE could

istifor the CLMN 2500 system
are same as that noted above for EV 6000. ;

be higher than in the other units.
' entratlon coupled with the feature

»of different sources increases
|II be fulfilled especnally if there is

The KCD as shawp in Figue, 5-5%i

KCA. It also ré%es ven |Iat|on effluent droplets from the oxidation and degassing
columns. This unitége entates the oxalic mother liquors in a subcritical evaporator to
destroy the oxalic ions; iIremove the plutonium from the distillates. The distillate which
contains nitric -acid and$water is sent to the KPC as previously discussed. The
concentrate is recycled batchwise to the KPA.

o 5-18
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The functions of the oxalic mother liquor recovery unit are:

1. Pﬁmary recovery of nitric acid that is then concentrated in the acid recovery unit.
2. Concentrate plutonium in the mother liquid bottoms (Concentrate) so that it is
suitable as recycle to the Pu purification section.

The primary production controls for these two streams to be suitably recycled are:

1. Concentrate that is free of oxalate ions, and -
2. Distillate that this is free of Pu.

Mother liquor during concentration is treated to relatively high temperature, (about 120°C
[248°F]), long residence time,.and hngh nitric acud concentration to assure complete
destruction of the oxalate ions. g

To obtain- distillate free of plutomum the vapors fron
washed with clean reflux through a series of bubble eapf trays

being transferred downstream A mor feta
page 5.3.6-62 of the ISA, where is it s ﬁ h
the maximum concentration of TBP in lutlo >
to vessels where TBP (separat @hase) 5 W nted, IROFS process sampling controls

: o pr iect downstream unlts vulnerable to a red oil

ussion of this issue is presented on
ceV sampling controls ensure that

3 ssomated admmlstrat(ve IROFS reqwred to
ensure the sampledt of the contents of the tank (i.e., vessel isolation,

Az dlihe purging, 'sample vial traceability, laboratory
sampling procg" ‘@aand comgunlcatlon of results from laboratory to the control room)
ensure red oil exﬁgg ons_'ﬁe highly unlikely. However, in case these preventive
measures are meffe

, any reason, the principal concerns in this unlt can be
summarized as follows! .

1. The conditions required. for destruction of the oxalate ions, namely high nitric

: concentration, high temperature and long' residence time are precusely the same

. conditions that promote red oil explosion. Thesé conditions exist in this unit
operation as normal operating conditions.

2. The necessity of obtaining plutonium free distillate introduces a number of
complexities to the unit that may make rapid and reliable venting of generated
‘gases difficult.

These risks are discussed below.
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The LA (5-1, page 11.2.11-2) provides the following process description:
The oxalic mother Ilquors supplied: from the feeding tank, are concentrated in the
natural-circulation thermosnphon evaporator. The evaporator included the followmg
components: :
. A boiler used for evaporation of the feed solution and reflux from the rectification
column. It is a tubular exchanger. The heating fluid (steam) occupies the shell
side and the mother liquor to be evaporated circulates in the tubes. '

> Instrumentation used for measuring the ievel, density, and temperature.

. A rectification column, which backwashes the steam, rectifies the acid and
decontaminates the distillates.

Areas where conditions necessary for ROE could exi

_ Operatmq Conditions:

sufficient quantlty of organic material is pres

&
ge reliable and adequate venting
per the Fauske criterion or some other acceptabl

&rion will have to be implemented.

Reboiler Temperature:

The reboiler is heated by a closg
steam system. This is to 5 ye'gt
plutonium for EV 3000. Jhe ste

temperature on the proc i
maximum tube wall tempera
- temperature. The 4fiaXimiin, stes

ossnbi%ieehtamination of the plant system with
V1S geﬁv"ggsated in EV 5000. The normal operating

option in small steam generators) or as a result of pressure let- down between steam
generation point pressure and the use.point pressure. This is mostly done to minimize
steam losses via condensation in the supply piping. For example, if steam were
produced at 10 Bar (atm) (1 MPa) in a- standard boiler and used at 4 Bar (atm)
~ (0.4 MPa), the superheat would be a little less than 21°C. What is'more important is the
amount of heat available from superheat (less than 2 kd/kg/C) versus-that available from
condensation (2133 kJ/Kg). Because of high heat release and high condensing heat
transfer coefficients (versus convective coefficient for superheated steam), in reboilers
and other steam heated equipment the condition known as dry tube wall. zone is rare.
For practical considerations, the assumption that the tube wall is at the steam saturation
temperature at the condensing pressure is reasonable as shown below

The process control system controls the averagg’ process srde bulk temperature The
difference between the controlied: temperature ahd the tube-wall temperature T, is a
function of individual heat transfer coefficients and heat load:
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Q= UA*(TeTy) = hs*(TeTu) = ho(Te-Tu)

Where,

Q = heat load, kW

A = heat transfer area, M?

U= Overall heat transfer coefficient, kW/M?/°C

hs= steam side heat transfer coefficient, kW/M?/°C

h,= process-side heat transfer coefficient, KW/M?/°C

Tw = wall temperature, °C

Ts = steam side bulk temperature, °C
= process side bulk temperature, °G. .

Ignoring the -difference between the tube wall inside and outside temperatures, the
above leads to the average tube wall temperature as

- Tw = (hs*Ts+h* To)/(h+hs)

Tw= T, +hy/h T,

Or, Tw=Ts

resuror the equnvalent ‘saturated temperature is a reasonably

et

accurate measure ofthe turbe 'wall temperature.

The above equation indicates that the wall temperature will be higher than the bulk
temperature; up to the maximum steam temperature (as Q goes up or as h goes down).

Besides reduction in circulation, the. process side heat-transfer coefficient can be
substantially reduced as a result of tube fouling which may occur because of the
presence of organics, introduction-qfla rag layer in the reboiler orthe presence of solids.

Vent path:

Thorough decontamination of rising vapors requires several cleaning steps. Although
bubble cap trays used are effective in c|eamng the vapors, they do so by imposing a
tortuous vapor path. In the chemical industry there have been numerous recorded
incidences where a sudden rise in vapor flow has dislodged tray stacks [5-...]. These -
can then cause a major obstruction to vapor flow and consequently increase the bottom
‘pressure.
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in addition, there is a wire mesh demister above the tray stack. This is susceptible to
plugging. It is important that the source pressure, such as at the reboiler vapor return to
the evaporator body, is monitored and maintained at a safe level. This is to ensure that
the principal assumption of an open system remains valid.

Discharge of the concentrate:

It is not clear in either the LA or the ISA Summary whether the evaporator is complete.ly
or only partially emptied during 'each=drayy' off.

Partial draw-off: If the concentrates are drawn-off only partially then any accumulated
organic layer, which will float on heavier acid layer, will continue to accumulate in the
system. In this case, even a small amount of continuous orgamcs flow to the evaporator
could eventually lead to an accumulation of the inventory of gfganics in the evaporator
Partial draw-off also causes the level in the evaporate
non-optimum reboiler operation and possible i lncrease tub

iary and therefore causes
al temperature

Complete draw-off: Complete de-inventory wr vent Aany pOSSI g accumulation of an
organics layer. However it requires unit shut d: angithius a batch operation.

Steam pressure management:

The unit has its own steam generation the unit is generated in’EV-SOOO, a
closed circuit vaporization sy
pressure is the maximum pr%@y
(2.13 bar gage). This correg

 limited by steam relief valve set pressure
%team condensation temperature.

Loss of cooling:

Complete loss off an cc’x iue to coollng system fallure Partial loss of coohng

can occur if thé¥galumn reﬂuxﬁts reduced or 'stopped. Either loss of cooling scenario will
ﬁ(ﬁ,;g,\

increase bottom (vaperlzer gpressure and therefqre 'the temperature; limited by steam

temperature stated ab -

Evaporator EV 3000

High acidity, high temperature and long residence are used in EV 3000 in order to
destroy residual oxalic ions and convert Pu(lll) and Pu(IV) to Pu (VI). Section 11.2.1 of
the LA describes the process chemistry. as follows:

“The residual oxalic acid ion content in the concentrates does not exceed 10° M. A high
level of acidity (approximately 13.6 N and a temperature of around 248°F [120°C] in the
evaporator) destroys the oxalic ions. Plutonium oxalate is converted to plutonium nitrate
and oxalic acid. This latter decomposes itself.into H,0, CO,, and NO2:

PU(C;04) + 4HNO;3 —> PU(NOg)s + 2H,C,0,

H2C204 + ?.HNOa e d 2002 + 2N02 +2H20
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These reactions are catalyzed by Mn*" ions.

Since Pu nitrate undergoes- proionged b0|I|ng and consndermg the high acidity of the
medium, Pu(lV) nitrate is oxndlzed and glves Pu(VI) (as PuO,%") nitrate as the following
reactlon )

3Pu(IlV) + 2H,0 — 2Pu(lll) + PuQ,** + 4H*
The medium being highly acid, Pu(lil} is itself oxidized into Pu(IV):
| 3Pu(lll) + HNO; + 3H" — 3Pu(lV) + NO + H,O
Therefore, at the end of the evaporator, the concenttates contain Pu at valency VI as

PuQ,(NO;),. The above severe operating conditions, (high acidity, high temperature and
long residence time) necessary for the required che &bl conversions are- also

Type: Thermosiphon evaporator connected to a tlﬁcatlo Iumn with bubble cap
trays. 4 &

Operating temperature: . 120-122°C

Operating pressure: Near atmospheric
Type of Internals:
Heated by:

Heat removal by:

" Feed:
Distillate removal
Bottoms removal

Hence the Areas
as follows: 5

Organics i

o
High operatlngg%e
High acid conceRtration, near azeotrope

High heat source temperature.

. High tube wall temperature.

. Failure of cooling in condenser CND. 3200 will increase reboiler pressure, and,
therefore, the temperature above its normal 122°C (251.6°F).

. Any obstructvon to vapor flow in column or the vapor line will increase reboiler
pressure.

. An exothermic reaction in EV 3000 will add to heat input from steam and may

exceed condenser CND 3200 capacity, causing increased back-pressure.

5.3.4.1 Summary of ROE Risk in the KCD Unit

The risk of ROEs in the KCD is Judged to, be sngmt"cant conditional on organic material
being present. if organic materiali(e.g., “TBP) enters this unit, which is operating at high
temperature with high nitric acid concentration’'coupled with long residence time
increases the likelihood that the essential conditions for a ROE will be fulfilled. This is
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especially true if there is an equipment failure leading to loss of contro! of some vital
‘parameter like temperature or adequate venting. Possible ROE scenarios that could
occur in EV 3000 are analyzed further in Chapter 6. -

5.3.5 Oxalic Precipitation and Oxidation Unit (KCA)

The function of the precipitation and oxidation unit is to receive purified plutonium nitrate
from the purification cycle, then convert the nitrate to oxalate by reacting it with oxalic
acid and precipitate out the oxalate. The operation is shown in Figure 5-6. The nitrate
solution is received in batches and reacted With oxalic acid at 60°C (140°F) in the
precipitators PREC 5000 and PREC 6000. The plutonium oxalate precipitate is carried
by the mother liquors to the filter FLT 7000 where it is filtered, washed, and dewatered
before entering the heated rotary furnace. The washing of the cake is done in-situ with a
wash solution suppiied by a nozzle. The flow diagrams in the LA indicate that
concentrated nitric acid is used as the wash solution. The rgfary furnace is used to dry
and calcine the filtered cake; calcination converts the oié'lé‘yte to the oxide. The LA
provides the process chemistry for the nitrate to oxalat as follows:

2H2C204 + PU(NO3)4 —>
and the calcining reaction:

PU(0204)2 + 0O, -
unit.

follows:

e precipitator contains organics, then due to the vortex
created in the pre lpltator e rotation of -a magnetic rod driven by a static motor (as
stated in the LA onﬁ’ {9%72.8-4), insoluble organics will be dispersed along with the
solids. Depending on the sollds surface properties, the organics may preferentially wet
the solids. The aqueous wash will not adequately wash the organics from the solids and
it is not unusual in such processes to discharge wet cakes containing a substantial
quantity of liquid from a filter. The furnace operates at a high temperature that is
substantially higher than the reference 130 C where a ROE can be initiated.

5-25




" (o)2)Hi

The two zone drying and caicination fumace is designed to provide the conditions of
high temperature and iong residence, especially .in its calcining zone. The calciner
(FUR 8000) is a multi-zone annular cylindrical- elactrically heated fumnace. Its first zone is
used as a dryer, followed by’a higher temperatiifé calcining zone. Wet plutonium oxalate
from filter FLT 7000 is fed continuously to the drying zone where piutonium oxalate is
dried at 250°C (482°F) for at least 10 minutes. Solids are moved into the calcining zone
by an Internal screw mounted axially in the cylinder. In the calcining zone, dried powder
is further heated to fts caicining temperature, of 450°C (8420F), and drled for at least

30 minutes.
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According to the LA, “the furnace consusts ofaan annular cylindrical body, which contains
an array of heating resistors and thermocouples a screw conveyer that is driven by a
motor located outside the glovebox for moving the powder, and a filtration system to filter
the offgas through candle type filter. The furnace has two main sections heated by
[electrical] resistors: a drying zone where the Pu oxalate is dried and a calcinations zone
where the oxalate is transformed into PuO,. The temperatures of the drying and
calcining zones are regulated independently. The effectiveness of the calcinations
process is controlled by a combination of residence time and temperature. The speed of
rotation of the screw is adjusted to’ maintain' the. .required residence time in the drying
and calcining zones based on furnace temperature The gases produced during drying.
and calcinations of the Pu oxalate ¢cake (CO; and steam), along with excess oxygen,
scavenging nitrogen gas, and the air from upstream and downstream processes are
removed by an offgas system.”

The LA describes the calciner desugn in some detail, but dog‘y s, not include process and
instrument diagrams for the system. However based on sjgiilar mdustnal equipment and

the information available to BNL, we assume the follong

N J

is operated under negatlve pressure “"w aC|ty exhaust fan) and most likely
not designed to withstand substafiti mternaﬁ%b essure.

consists of three stain| St teel &8 dlé typ f Iters and a second in-line filter
‘made of sintered st% 4 eel t e§§rocess flow sheet shows three segments.
The candle type fyéers areuncloggeg}durmg operation by sequential air pulses
with compressed, sgg lnstrument Air System (IAS).

° Air is adde
flow. :

Vent Design:

Based on the process flow sheets for the KCA unit, the vent path from the calciner body
to the pair of exhauster fans is as follows:

. "~ Gases are filtered in internal segmented filter element banks, FLT 8300.
® ‘They are then chilled to lower the dew point beiow ambient, CND 8400.
o Chilled gases are de-entrained in demister vessel DMST 8500, which has

provision to wash the demisting element to prevent them from clogging. (It is not
clear if the wash is intermittent or con uous).

. The gases are superheated by an electrlc heater to avoid clogging of the
downstream filter.
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. They are then filtered through two HEPA fllters in series, FLT 8520 and FLT
8530. :

. The gases are finally exhausted by a 100% capacity exhaust fan with an installed
spare that provides the driving force to induce the negative pressure on the
furnace.

Areas where conditions necessary for ROE could exist

The temperature, around 450°C (842°F), in the calciner is far greater than that normally
required to initiate red oil reactions. Conditional on TBP being present in the feed, and
nitric acid with the feed, TBP will decompose. Thus the safety issues are principally
related to the size and reliability of the vent system, specifically an accurate estimate of
the amount of gas evolution and pressure drop through the system

5.3.5.1 Summary of ROE Risk in the KCA Unlt

However, by design, this unit is designed to handlé% rge volumesief gas flow so even if
some red ail is formed the chances of a high- pressure Aevent are . Therefore, further
guantitative analysis was not performed for thls‘ tead the resources at BNL were
focused on the KPC and KCD unlts

The possibility of a ROE in the KCA exists if organic iterial\m. n: ages to reach this unit.

-5.3.6 Slab Settler

f gves the plutonium diluent pulse washing
column from entering the @gﬁhm porator The conditions in the KCD unit's
evaporator under its, >Orma ‘~rat|ng condition are such that ROE is inevitable if
sufficient -organic maten%rent It is operated at high temperature, high nitric acid
concentration andylong res;dence time, conditions that promote organic/nitric acid
reactions. The WA#and the SA documentation take credit for the slab settler barrier as
an IROFS.

The slab settler is a passive device that separates the lighter organic phase from the
heavier aqueous phase based on density dlfference alone. When operated properly it is
an effective barrier against flow of organic phase to the oxalic acid treatment area. The
ISA Summary indicates (page 4.2.6-15): “In the settler, any organic phase will separate
since the organic and aqueous phases are non-miscible. The lighter organic phase will
rise to the top of the liquid while the aqueous solution remains on the bottom. The
solution remains in the slab settler long enough to ensure separation of any organic
solvent from the solution.”

A schematic drawing of the slab settler, obtained from the licensee, showing the layout
of the design is shown in Figure 5-7.. A brief description of the s!ab settler is provided in
the ISA Summary and in the LA (page 11 2 615

5-28
Official U;(e Or)ﬁy '



N x;\,,

) - ex)

Af"g 4 i

uBiH(zNg)

; 5-29



Official Use Only

Interface location:

The interface location on such designs is only a function of relative densities. The design
principles, which the designers have followed, are:

Heavy (Aqueous) phase is removed ff@rr_i‘a low point in the settler.

Aqueous phase is looped with a vent at the highest point

Light (Organic) phase is an.overflow

Organic phase overflow and the top .of the aqueous phase loop heights are such
that under all conceivable density ratios the interface height is well above the
aqueous phase removal level.

5. All flows have equal, usually very low, frictional pressure drop. In other words,
pressure balance (defined below) is a functlon of densities only and not the flow
rates.

PON=

If the above principles are followed the mterface loc tid oes not vary with individual
phases or the total flow rate. In cases where the llggt Hase: content of the feed is zero,
the light phase outflow is consequently zero. Nog ;v fumentafie required to operate
this equipment due to its inherent passive desig &’

Pressure balance:

With equal pressure above the light ph
pressure balance has the following equéw\y

where \ 1
X1 = Heavy phase Io ihei
Xz =Lighty ,as overflow elght
X3 = Int ce height
X4 =Cl Wﬁgce of heamy phase outlet ( Or Datum level)

py = Heavy{éase density
P2 =Light phwg' é&g

It should be noted that the equation ‘ab'ove_ does not contain flow rates; only construction
dimensions and densities. This is illustrated in.Figure 5-8 below where the relative
dimensions and locations of the different levels of heavy and light phases are shown.
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Given the current slab settler design, the respective locations of the baffle and the
~ outlets of the organic and aqueous phases are shown below: ‘

. separation baffle 80 mm from the bottom (X,),
. aqueous outlet 435 mm from the bottom (X,),
. organic overflow 450 mm from the bottom (X5).

These values are input into the equation above along with various values of the aqueous
and organic phase densities to evaluate the.interface height Xs.

The results are shown in Table 5-2 below, which shows the interface location for various
organic and aqueous densities. The organic phase seal remains intact as long as the
interface location is above the bottom of the partition plate, 80 mm.

Case | Aqueous Phase Seal Broken
Density (kg/m3)
1 1012.2 (0.5M HNO3) No
2 1012.2 No
3 1012.2 No
4 1012.2 No
5 1026.9 (1M HNO3) No
6 1026.9 No
7 1026.9 No
8 1026.9 . No
9 1086.1 (3M HNO3- NEH92510) . No
10 1086.1 o . . No
11 1086.1¢ 11825, . No
12 1086 & [7800.0 ° nerti . No

If the ratio of organlc phase density to aqueous phase density is greater than 0.9595, the
seal is broken. If the ratio of these densities is less than 0. 9595, then the seal remains
intact. Since the ratio of pure TBP density to pure water density at 25°C (77°F) is 0.97
and there is going to be some admixture of the (lower density) diluent HPT in the organic
phase with TBP (which will lower the organic phase density) and of nitric acid with water
in the aqueous phase (which will increase the aqueous phase density) it is clear that the
slab settler will continue to work, i.e., the seal will:rémain intact as long as the densities -
remain in the range considered. . ThlS analys:s slimited as it is a static head analysis,
which assumes that ethbnum is reached to allow the phases to separate. However,
the formation of emulsions or of a rag layer, etc. may defeat the normal operation of the
settler. These possibilities are examined further in Chapter 6.

The ISA Summary indicates (page 5.3.6-63) “To ensure the slab settler operates as
-intended, operators ensure, via an IROFS administrative control, that the slab settler is
loaded with aqueous solution prior to start-up and redundant IROFS density
instrumentation is provided to ensure (1) the density interface on the settling side of the

Ofﬂ?al yisé O/Hy

5-32



~2

Ofﬁ)lial U e'o74y

slab settier does not drop below the weir height, (2) the settler is not initially filled with
the lighter density material, and (3) the lighter material is not sent to the KPA oxidation
column.” Although the slab settier is based on intrinsically safe design principles
(dependence on gravity and density difference alone), its proper operation depends on

. operational ‘procedures being correctly followed by the operators, hence it is difficult to

classify it as a purely passive safety device.

The impacts of possible failures of the slab settler, due to operational errdrs or due to
holes and leaks in the baffle plate that may be caused by corrosion or other causes, are
analyzed in Chapter 6. ,

5.4 Overall Design Strengths and:G8nsiderations
The discussion below offers some considerations related to the strengths of the design,

possible concerns and deficiencies, and data that is needed to do a more detailed
assessment. Y

5.4.1 Design Strengths

‘The process design has substantlauy reducey is yof uncont olled decomposition

during normal operation by:

. Use of stable pure HPT as ag lu' A yrosene, which had been used

. Use of “wash columnsgd queous nitric acid phase with the diluent

and similarly the usg i : water or dilute acid to wash the organic
phase.
s Operation o /ﬂrs raporation under vacuum, at a temperature substantially

below 1308 C (‘26,7,,)» (theftemperature suspected by many investigators as a
critical tewperature pve thh uncontrolled runaway reactions can start).
. Continuous ~E:"s"oval TBP .decomposllntl,on‘i-products by alkali treatment of the

PR A;?f
entire solvent Rase
P&

) The entire set of IROFS controls that implement the red oil prevention étrategies
' previously discussed in Chapter 4, i.e., prevention of TBP migration to undesired
process vessels, heat transfer, and evaporative cooling.

As is well known, the frequency of events that can impact safety during normal
continuous operation of a well designed and operated plant is low. Experience indicates
that most safety-related events take place due to or during intermittent operations, for
example, start-up or shutdown operation. This effort of analyzing the risks associated
with the design of the MFFF provides insights into whether the above-mentioned basic
design elements reduce the event frequency, including expected upsets, the
deterioration of equipment such as fouling of” heat exchange surfaces, instrument and
other equipment failures, and startup and shutdown.

5.4.2 Overall Design Considerétions
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-. We are principally concerned with two types of events:

Formation of red oil in the equipment or process under. consideration

Contribution to a condition that may lead to red oil formation in downstream
equipment such as allowing passage of organics in the aqueous phase or acid in
the organic phase as examples..

Conditions that can potentially lead to the above events are as follows:

1.

' Anecdotal information from the industry based on

Incomplete Phase Separation. ThIS is characterized as intermittent
contamination of phases, where the outlet concentration of a phase may exceed
the solubility limits by several times. Trace amounts of impurities, in particular,
have a profound impact on interfacial tension and thus separation ability.
formal telephone survey

nging from around 0.5 to
G

Sion formation which differs
from simple inadequate separation. Inade e ‘&%’.ﬁon can be usually

corrected by providing adequate settllng tlpﬁ%f%nd/or lowering interface velocities.

Emuisions on the other hand are d& t -t fsgreak and” sometimes require
additional corrective measures siich ‘a&% pH adjustment, addition of anti-
emulsion additives, etc. : Emulsions aré ed by a combination of excess
mixing energy per mass and preg ive ioni

indicates that this event may have a frequenc
3 events per year. This phenomenon includes £

Flooding: under normal conditio %E&:taon column the two phases flow in
opposite directions; tha of the phase to be dispersed flow in the
opposite direction to ow. This works as long as the buoyancy
due to the densit can ercome the drag forces caused by linear

velocity, viscosity

v echanics parameters. Fiooding in an
extraction colu mn |s%

‘ d as a-condition under which one phase is prevented
dlrectlon to the other phase. In other words, it drags
ay occur when there is an |ncrease in veIocnty due

re ’g er sait concentratuon or Iower diluent concentration. Air-

lower tem 1§
gicontrol failure or lower density dlfference can lead to this

lift failure, in
condition. -

Rag layer formation: In most liquid-liquid operations, ionic and surface active
impurities tend to collect at the interface. Because the light liquid is removed
from near the top of its layer and similarly the heavy liquid is removed from the
near the bottom of its Iayer the rag layer continues to build up, eventually

_preventing clean separatlon of the two phases

incomplete Draining: Incomplete dralnlq f equipment such as evaporators, |
other process or storage vessels could'lead to accumulation of the hghter organic
phase.

Tube wall temperature in steam heated exchangers: Tube wall temperature is
dependent on the bulk temperature of fluids of the tube and relative heat transfer
coefficients on either side of the tube. If heat transfer coefficients on both sides
are equal, then the tube wall temperature is close to the average of the two bulk
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temperatures. in steam- heated heaters, because of relatively high steam-side
heat transfer coefficients compared to the process side, the tube wall
temperatures are closer to the steam temperature than the process side bulk

‘temperature. For safety studies, the hugher tube wall temperature, rather than the -

average bulk temperature, should be considered for the reaction initiation
temperature. Fouling of heat exchanger surfaces, usually on the process side,
further exacerbates the difference between the tube wall and the bulk
temperature. Another concern regarding heat transfer is the relatively poor heat
transfer properties of organics/solvent phases as compared with aqueous or
steam phases. This issue has been discussed in NRC's SER on the CAR design
[5-11] as a contributor to red oil formation. in event that a phase inversion occurs
due to salts getting trapped in the orgamc/solvent layer.

A critical part of the MFFF IROFS is that aII vessels ‘where a red oil event could
occur are deemed to be sufficiently vented or “opengiBased on the information
that was available at the time this report was4 ared, it seems that the
ventilation system for each piece of eqmpmen 'g venting was evaluated
as being a fixed length with a. fixed numbep, 6! elb »iurns, vaives, etc. To
support the applicant's evaporative coohg trategy, a pportlng document [5-
12} provides the vent sizing guidelines af (o} asesfor vesselin which a ROE may
conceivably occur.
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RED OIL SAFETY STRATEGY - AN OVERVIEW

As detailed in Chapter 4, the safety strategy adopted by the MOX facility is mainly
preventive, i.e., it reduces the likelihood of a ROE rather than simply trying to mitigate its
consequences should it occur. It relies on three different strategies. The
implementation of the appropriate strategy depends on the operational constraints
associated with each process vessel. These strategies are recapitulated below:

1.

" accomplished by design (no credible ‘pathways

. heat of reaction, &

TBP Prevention — This strategy ‘inV6lves segregation of TBP (in a separate
phase) from acid-bearing process equipment and limiting the amount of TBP.in
soluble phase to prevent runaway TBP-nitric acid reactions. For those process
vessels not normally containing TBP, and where separate phase TBP can be
effectively segregated considering credible process upsets, a safety strategy that
prevents TBP migration (separate phase) into the Agssel is employed (e.g.,
process vessels in the KCA, KCD, KPA, KPC, BY and LGF units). This is
{o:receive TBP) or through the -
implementation of IROFS controls. These co %ist of process and drip
tray sampling controls and associated IR@@S to m & in sampling integrity,
organic phase detection controls includingfdensity monitdh;‘g,n nd the slab-settler.
The objectives of these controls areg ¢ re't~ the propagation of separate
phase TBP to downstream vessels a it the soluble amount of TBP
transferred by aqueous phase.

lequate’heat transfer from TBP-bearing
enidunaway TBP-nitric acid reactions. Simply
stated, the heat transfgrfiiust exge the energy generation of the system to
ensure that a therm&@%a @ doesinat occur. Experiments have shown that the
at i’@w temperatures, will eventually lead to a
: siadiabatic and no means for cooling is provided.

W will not occur when the heat removal rate exceeds
the heat prog étiia:ge is is the basis. of the heat transfer strategy applied to
various é%%§ss vessels in the KPA, KPB, KWD, KWS, and LGF units. For those
vessels theﬁ?at transfer strategy is employed to prevent red oil
explosions, \the IROFS controls are used: vessel geometry, process
temperature copfEelS, process vessel off-gas venting, and reagent (diluent)
sampling control$¥ In addition, to ensure the effectiveness of the heat transfer
strategy, the HVAC system is designed and controlled in a manner to limit the
temperature in the associated rooms/cells.

N if sp

2

Evaporative. Cooling — This_strategy ensQreS.that-the ‘heat input from chemical
reactions and other souncés is limited tqal;[lg’at which can escape the vessel via
evaporation. This requires maintenancé”of an aqueous phase in TBP-bearing
vessels to ensure evaporative cooling to prevent runaway TBP-nitric acid
reactions. For evaporative cooling to be effective, an aqueous phase should be
constantly present and adequate venting be available. Furthermore, the depth of
the organic layer must be limited so as to not impede the heat transfer due to
aqueous phase boiling. It should be noted that the solution boiling temperature
can increase as water is boiled off and the remaining nitric acid becomes more’
concentrated, up to the point where the azeotropic limit of nitric acid is reached
(68.4% nitric acid, boiling point = 122°C [251.6°F]). Therefore, the presence of an .
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aqueous phase below a limited depth TBP-bearing organic phase, or in the well-
mixed confines of the vessels, combined with adequate venting. capability,
provides assurance that. TBP-nitric acid:reactions will not result in ‘red oil
explosions. For the vessels in which theqevaporatlve cooling strategy applies
(i.e., process vessels in the KPC and KWD units), it.is important to understand
“the source of separate phase TBP. The following controls are used to ensure
effective evaporative cooling strategies: administrative flushing controls to ensure
the maximum TBP layer depth will not be exceeded; process level controls (both
active engineered and administrative) to maintain the minimum water-to-TBP
mass ratio; process temperature controls (both active engineered and
administrative) to maintain process solution temperatures within permissible
limits; process vessel off-gas venting to ensure adequate venting; and reagent
sampling controls to maintain the veracity of assumptions made in the
evaporative cooling analysis regarding the less reactive nature of the diluent.
Selection of HPT diluent is an important factor in miaintaining the evaporative
cooling strategy. .

process [6-1]. Thrs model was developed to 3 ; catalytlc effects of plutonium,
& and is based on data resulting
from over 80 individual experiments th xammedi eeffects of temperature nltnc acrd
concentration, uranium concentrati o ,

concentration on the rate constants. zeffect of other elements was not
considered since their mass fragli Mr,ons we jadh o be insignificant. Using empirical
correlations obtained from thefé x nment e s, the corresponding heats of reaction
were established at vanous%;solutr ‘”tempe‘%‘twes The heat associated with plutonlum
and americium decay was: <@ CONRTEM:S

reaction heat generat|on maodg i del was then used as a basis for development
of safe operatmg reg 3 : e heat transfer and evaporative cooling strategres

IROFS controls to maintai sampling integrity, organic phase detection controls, and the
slab-settler, which prevents the propagation of separate phase TBP to downstream
vessels. Process sampling controls ensure that the maximum concentration of TBP in
solution is satisfied below some limits priorito-transferring solutions to vessels where
TBP in large quantities should be prevented. This also applies to drip trays where TBP
may be leaked and subsequently transferred to a vessel where TBP has to be
prevented. IROFS process sampling controls are taken from the following vessels to
protect downstream units vulnerable to a red oil event: both KCA batch constitution
. “tanks (TK-1000 and TK-2000) to protect the KCD unit and KPA control tank (TK-9100) to
protect the KPC unit. IROFS drip tray samples are taken from drip trays in the KCD and
KWG unit to protect the KCD unit which is vulnerable to a red oil event. Additionally,
IROFS drip tray samples are taken at KPA drip trays which may contain TBP to protect
against a steam jet draining these; trays Thus, these sample points and the associated
administrative IROFS required to ensure the sampjé is representative of the contents of
the tank (i.e., vessel isolation, vessel homogenization, sample line purging, sample vial

6-2
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traceability, laboratory sampling process, and communication of results from laboratory
to the control room) ensure red oil explosions are highly unlikely.

At the KPB alkaiine waste tank, organic phase detection controls detect any separate
phase TBP that accumulates in the vessel via redundant IROFS density transmitters and
controllers, along with automatic action to shut off the transfer pump to the KWD alkaline
waste tank. This prevents the transfer of separate phase TBP to the front-end of the
KWD high alpha azide destruction vessels. Administrative procedures provide guidance
to the operator regarding appropriate actions when low density solution is detected
(i.e., commence flushing operations).

To ensure the IROFS are not cha‘llengéd, opevrétors pefiodically purge organics from this
process vessel, via an administrative control, to prevent TBP accumulation that triggers
the density IROFS. :

The passive design features of the slab settler tank in theurﬁ' catlon cycle is credited as -

end of the’ punf ication: cycle and on to the KCA upit¥ To Sure that the slab settler
f ES adm% SMative control, that the
' rlor&\start up @and redundant IROFS

jénsity mterface on the settllng Slde

slab settler tank is Ioaded with aqueous solutn
density instrumentation is provided to ensure (%
of the settier does not drop below the weir heig

active engmeered redundant densnty inst
unlikely to occur |n downstream

lsolatll?)“g‘,";y

traceablllty, Iabor Vi amp1 i/g process, and communlcatlon of results from laboratory
. to the control room) e ed oil explosions are highly unlikely in the KCD unit.

Table 6-1 provides an example list of the majdr_components and the associated IROFS
that act as barriers for prevention strategies. A complete listing of all vessels/equipment
protected by the TBP prevention strategy is provided in Appen_dix B.
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Table 6-1. Prevention strategy IROFS, Example of Major Prevention Strategy Barriers.

Component IROFS Protected ‘ Commént
Components -
KPA-TK-9100 [protected by the heat transfer | Redundant KPA*SMPT9100 @PC-TK-1000 Organic layers and

strategy and it provides TBP prevention
strategy]

soluble organics

Slab Settler 3300 [protected by heat transfer
strategy and it provides prevention strategy]

Redundant Densﬂy transmitters (need iD
number) :

Administrator control {o preload Settlerw _
and some dnp trays

KCATR.100 |

KCA-TK-2000

KPB-TK-3000 [protected by heat transfer®
strategy and it provides prevention strategy]
Density transmitters

Passive Slab Settler &

KPAYEGEMN-6000
KPA-CLMN-6500
&

KPA-TK-7000

P 1)

Organic layer

Soluble organics

Whole process KCA
and
Whole process KCD

Soluble organics

%@dundant KPB*DT3001 A&B

KWD-TK-4010

Organic layer

1. (ISA Summary page 5.3.6-63, pp 2452) states: “...redundant {ROFS density instrumentation is provided to ensure (1) the density interface on

the settling side of the settler does not drop below the weir height, (2) the settler is not initially filled with the lighter density material, and (3) the
lighter material is not sent to the KPA oxidation column.”

' 64
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6.2 Heat Transfer Strategy — Component Specific Application

Heat balance calculations performed for several process vessels confirmed that during
conservative upset conditions the maximum temperature rise would not be sufficient to
cause the solvent temperatures to exceed. their safety limit. However, for those vessels
and conditions in which the temperature rise would potentially exceed the safety limit, a
preventative safety strategy is utilized. The safety limit here depends on the hazard
being protected against. A temperature limit of 50.6°C to 55°C (123.1°F to 131°F) is
considered for vessels when both TBP and HAN are present [depending on the amount
of diluent present in the vessel], and a temperature limit of 125°C (257°F) is considered
for the ROE. When a component could be exposed to both hazards the lowest
temperature limit is applled which provrdes a Iarge§§afety margins for the other hazard.

To prevent the creation of ﬂammable or explosuve vapors wuthln vessel head spaces and
in- venting ducts due to process temperature deviations, | 1

controls provide an element of redundancy to shutdowdiitt
heating loop flow sources when a high temperature j ecled. Residual heat will be
dissipated primarily to the surroundlng envrronme , '

For the KPA Pu stripping. pulsed colu w2 condititiiwhere the temperature monitors
would not be effective (i.e., prior to exceeding 6%, of the ), two independent sets of
neutron sensors, consisting of redunda \‘( ements and transmitters, are used
to detect an aqueous flow copdit on leadings
neutron flux ratio, these nefl o ,gtectlys IROFS stop the transfer of solvent and

: to thr pulsed column by actuatlng the shutdown

ature safety limit as a result of heat from a transfer
pump is preve ‘ by an<administrative control credited with limiting the operation of
some pumps S mix pr EESS vessels contalnlng solvent in turn l|m|t|ng the amount
are enhanced with Progs Bges ‘Uld temperature momtors and warnings providing operators
with early detection of p‘my cess fluid temperature deviations. The major components for
which heat transfer strategy are applied with the associated IROFS are shown in
Table 6-2. A complete listing of all vessels/equipment protected by the heat transfer

strategy is provided in Appendix B.
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- Table 6-2. Heat Transfer strategy IROFS, Example of Major Components.

Process vessel Off-Gas Venting

Reagent Sampling

Components IROFS Protected Components Comment
KPA unit Geometry of Process Vessel | KPA unit: Note that as discussed in the text, use
Whole process to and pipes Whole process to of a neutron monitor instead of the
CLMN6000 Process Temperature Controls | CLMN6000 temperature  monitor  should  be

KP ,,\}vhole process

SAME ASABOVE

| criteria are for Pulse 3000 and 3200
Pdue fo exothermic reactions for Pu

considered for KPA pulse 2000. Note
that the most restrictive temperature

stripping by HAN, and the potential for
oxidation of Pu from valence Il to IV.
Therefore, the red oil -issue is not as
much concern for heat transfer
methodology [temperature limit of 48°C’
for Pulse 3000 and 53°C (127 4°F) for
Pulse 3200].

KPBJANK-3000 is 200 I|ters and it
contams some amount of Pu-and U.
This is a consideration for Heat transfer |
strategy.

_ SAME AS ABBV KWD whole process ‘High Alpha Waste (HAW) tanks, Pu, U,
KWD-TK-3010 and Americium;.
KWD-TK-3020 :
KWD-TK-3030
KWD-TK-3040
‘KWS-TK-4000 SAME AS ABOVE 7 KWS whole process
KWS-TK-5010, :
LGF-TK-3000 SAME AS ABOVE LGF-TK-3000

HAW

O/ﬁ‘ciai U}>e Q\S'Y |
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6.3 Evaporative Coollng Component Specnfnc Appllcatlon

The concept of evaporative cooling is to ensure that the temperature in a vessel
containing a TBP and nitric acid is maintained below the azeotropic limit of nitric acid
(122°C). For a mixture of nitric acid and TBP within a vessel where a limited depth of
separate phase TBP is floating on top of an aqueous phase, or in a well-mixed
“environment of a thermo-siphon evaporator, the maximum solution temperature of a
TBP-nitric acid mixture for successful evaporative cooling is limited essentially to the
boiling point of the ‘aqueous phase, since any organic present consisting of TBP or
TBP/HPT mixtures has a higher boiling point.

.. As stated above, a semi- empmc'al mode! describing the heat generation for TBP/nitric
acid reactlons was developed by the apphcant to specifi cally account for conditions

constantly present, as well as that adequate venting evall. nd that the heat input
from chemical reactions and external sources i

follows
. Minimum water-to-di
L Maximum TBP Iay e

Maximum pro

solution temperatureXi
(10 hours) is required before the solution temperature resuiting from TBP/nitric acid

reactions ramps up exponentially. Injec’uon of an aqueous phase (at ambient
temperatures) to fulfill the 1:1 minimum water-to-TBP mass ratio at any time during this
interval will quench the reaction and maintain the system within a safe operating regime.

IROFS for the Evaporative Cooling Strategy have been described in Chapter 4. An
example of IROFS density controls for the detection of HPT is in the KPC buffer tank.
IROFS sampling in the purification cycle control tank ensures that no separate phase
TBP will enter the KPC. IROFS density controls in the KPC buffer tank therefore would
detect HPT and prevent HPT from ‘passing downstream so that the maximum
permissible TBP layer depth for apphcable downsjré}am vessels is 34 cm.

The major components that are protected by the evaporative coollng strategy_are shown

in Table 6-3. A complete listing of all vessels/equipment protected by the evaporative
cooling strategy is provided in Appendix B.

6-7
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6.4 Red Oil Scenario for KPC- EV 2000

KPC-EV2000 is a natural recirculation thermo-siphon type boiler,” which utilizes
pressurized super heated water from the Hot Water System (HWS) as a heating fluid.
Nitric acid vapor distillates from this evaporator are condensed and routed to a feed
“buffer pot that decouples operation of the first evaporator from the second evaporator.

The KPC EV2000 operates under vacuum. The normal process temperature is below

66°C and the normal super heated hot water temperature is 105°C (221°F). The hot

water system temperature is equipped with controls to ensure a maximum temperature

of 122°C (251.6°F) is not violated. The red 0|l preventlon strategy applled to EV 2000 is
evaporative cooling.

6.4.1 Conditions Necessary | for Red onl Expégsuon

The following two conditions are necessary fora vnable'

< ‘
% )

1. A rising process temperature above 80°%Wy§ 76°F ); this caf k ibe due to (1) inability

to maintain the hot water system terqgevaturlz;elow 12 *C (251.6°F), (2) the

occurrence of a heat exchanger tube rUPLYLES;:

2. Failure of evaporative cooling ta
occurrence of ROE.

The necessary conditions i

. ' 5134 centimeters (cm)
. Maximu rocess solutton temperature of 122°C (251.6°F)
- Open (adeg te ﬁ’{ed ) system

Based on the process flow rates, failure to flush the system every 6 months can lead to

an accumulation of TBP that will V|olate the condrtlon of maintaining a minimum

aqueous-to-TBP mass ratio of 1: q.: Hence farlurerto flush every 6 months is also a
condition for a ROE to occur.

The following sections provide an evaluation of how each of the conditions for
evaporative cooling could be violated. Due to dependency among these conditions they -
are categorized into two groups. The criteria for the aqueous-to-TBP mass ratio and the
depth of the TBP layer are in one group and the venting and process temperature
criteria are in the other group. The following sections discuss possible ways in which the
minimum aqueous-to-TBP mass ratio and maximum TBP layer depth criteria as well as
the maximum process solution temperature of 122°C (251.6°F) or adequate venting
criteria could be violated. '

' 6-8
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Table 6-3. 4Evaporative Cooling Strategy IROFS, Co;nponents'Applied, and Components Protected.

Compdnents

months . ;
2. Redundant temperature transmit
alarm and_: operator action

|/ KPC-EV-2000

IROFS Protected Comment
‘ Components
KPC-TK-1000 Density Measurements KPC-TK15 0
. i
KPC-TK-1500 1. Administrative control for flushing every
6 months '
2. Redundant temperature transmitters wuth
alarm and operator action
KPC-TK-3000 1. Admlnlstratwe contro! for flushing every KPC-TK-3000 ‘is fed from EV-2000

" V'and KPC-TK-1500

1. Administrative control fordiife
months.

2. Redundant process
controls™ with controller
valves (AOVs)
3. Redundant 4
with controllefs
rupture

ase of tube

KWD-TK4020

KWD-TK4030

KWD-TK4040

KWD-TK4050

KPC EV-2000

-KPC EV-2000 is fed- from KPC-TK-

1500

1. Administrative coritf
months
2. Redundant process
controllers and AGVs

3. Redundant process temperature controls
with controllers and AOVs

r flushing every 12

level controls with

KWD-TK4020

KWD-TK4030

KWD-TK4040

KWD-TK4050
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6.4.2 Minimum Water-to-TBP Mass Ratio ‘and Maximum TBP Layer Depth

To assist the discussion relatlng to TBP accumulatlon the following definitions are
helpful:

- Normal TBP accumulation: accumulation of a small amount of TBP which was dissolved
. in the aqueous phase and the accumulation by droplets of solvent that are mechamcally

entralned W|th the aqueous phase.

TBP accumulation due to an upset condition; severe process malfunction resulting in
the transfer of a large volume of solvent. The malfunctions could include failure to
maintain the interface level between aqueous and organics phases as well as such
phenomena as the formation of an emulsion, a third phase formation, and phase

inversion in pulse columns. Such rapid accumulation of TB

6.4.2.1 ROE in EV. 2000 un_der Normal TBP" mulation

tv\,coolmg strategy is required for
wwepdition in EV 2000.

controlied through regular w
less likely than ott@ iSi ce a slow mcrease in solution temperature could be

actions.

The first condition Se' 6.4.1) in evaporative cooling, i.e., ensuring the minimum
aqueous to TBP ratio ofg¥, is maintained by flushing out the vessels every six months.
The second condition in evaporative cooling, i.e., maximum TBP layer height of 34 cm,
during normal TBP accumulation is maintained both by flushing out the vessels every six
months and by ensuring that the level in the'_, vaporator EV 2000 never falis below the
low level limit which ensures that the evaporator contains at least 42 liters of solution.
This strategy is based on the maximum calculated accumulation rate of separate phase
TBP, which indicates that at most 21 liters of TBP would be accumulated in the
evaporator before the semi-annual flush out of the system. In this manner, the total
amount of TBP transferred from the first evaporator in the KPC unit to the KPC
concentrates tank would be about 42 liters/year. Semi-annual flush-out of the first KPC
evaporator, the KPC concentrates tank, and the KPC feeding tank, collectively, will then
ensure that no more than 21 liters of TBP. is ever. _present in any of these vessels. By
ensuring that the total volume of the solution in EV:2000 does not exceed 42 liters, one
could ensure that the aqueous-TBP ratio is- malmamed Similarly, the maximum TBP
layer depth of 34 centimeters is also ensured by’ the accumulation rate of TBP and the
evaporator design dimensions as well as by the flushing-out procedures.

Oﬂfcial /Jse or(sy
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The probability that the vessels are not flushed out in six months is conservatively
assumed to cause an unavailability of evaporative cooling for six months when the next
flushing out is scheduled. The failure probability/unavailability for level controls is
estimated through standard fault tree methodology. The level transmitters KPC-LT-
'2000A/B and low level controllers: KPC-LLC-2000A/B will close KPC-AOV-2003A/B to
terminate the HWS. Standard fault/tree modelmggls used to also evaluate the possibility
-of operating at low level when the vessel is heated.

The potential of ROE in EV2000 under normal TBP accumulation is pictorially presented
in the event tree of Figure 6-1. The initiating event for this scenario represents the
different ways in which the solution temperature can increase such that it can initiate a
ROE if the evaporative cooling strategy fails. This can occur either due to .a loss of
_ temperature control in the HWS or a heat exchanger tube rupture. The loss of
temperature control is modeled via a standard fault tree modgigshown in Figure A-2, of a
two train temperature control system. This system consistsief the temperature elements
KPC TE 2003 A/B, temperature transmitters KPC 3 A/B, and temperature
controllers KPC THC 2003 A/B, which signal the cI stire oft hot water shutoff valve
KPC AOV 2003A/B. The failure of these, compme ts base "e‘ he failure rate data

. temperature control The frequency of thelgheatde &xChanger tube rupture and its
associated uncertainty is based on generic data.®

The next event in the tree “Level Contrg BP” models different ways that
the evaporative cooling criteria for TB ass ratio or TBP layer thickness
are violated. The heading represents el u s ccess (or failure) of level control or
the probability that a flushing, \Gompleted (or not completed) properly or itis
not missed (or missed) as he fault tree for this top event in Flgure A-3.

The probability that th tished out%t the end of the six-month interval is
conservatively assum BCaUS ea_ unavallablhty of evaporatlve cooling for snx months -

when the next Mmg )
based on error robablllty to carry out an action.  The" failure
probablllty/unava l% vel controls is estimated through standard fault tree
methodology. The Natil for the two-train level control system is displayed in
- Figure A-4. The level tragsmitters KPC-LT-2000A/B and low level controllers KPC-LLC-
2000A/B will close KPC-AOV-2003A/B to terminate the HWS. Standard fault tree

modeling is used to also evaluate the possibility of operating at low level when the
vessel is heated.

The “venting” heading represents the success of venting to ensure that the evaporative
cooling: strategy is successful and the solutigfi; temperature is maintained below 122°C
(251.6°F) to prevent the ROE. Venting is provided by a two-train system consisting of
fans and HEPA filters with an additional fan as standby. One fan and one bank of HEPA
filters are sufficient to ensure success of the venting strategy. The fault tree model used
to evaluate the venting failure probability and the associated uncertainties are shown in
Figure A-6. The operation of vacuum pump and the success of condenser cooling are
assumed not to be required to ensure the venting and neither of which is credited in the-
current PRA model. An open venting path, an operational exhaust fan and non-restricted

6-11
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Loss of temperature control or Level control or no excessive Venting system of evaporator
HX tube rupture at EV2000 TBP :
LOSTC_EV2000 LC NETBP VENTING . # | END-STATE-NAMES
. L
t [OK

2 | ROE-EV2000-1-NQ

3 t ROE-EV2000-2-N@

Figure 6-1. The event tree for ROE in EV2000 due to failure of
evaporative cooling under normal TBP accumulation condition
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flow through HEPA filters are all that is: needed’ to'ensure the venting requirement for
gvaporative cooling. As an example, no vacuum; 8 ‘required for evaporative cooling since
all the related criteria are based on azeotropnc temperature at atmospheric pressure.
Establishing vacuum and cooling the discharged vapor is important for operation of

EV 2000, but not necessary for evaporative cooling.

In the fault tree modeling of the EV2000 scenario, it is assumed that individual trains of a
two-train. control system are physically independent of each other, i.e., the two trains
have their own sensors, transmitters, controllers, and actuators, and do not cross-feed or
cross check each other (i.e. no system interactions were assumed).

The mission time considered for evaporative cooling is assumed to be 24 hours.
Therefore, the mission time or the time required- for venting to be operational post
initiation of evaporative cooling is assumed;fo be 24 hours. For example, if the running
fans fail after the initiation of evaporative coolmg the standby fan starts and needs to
operate for 24 hours for ventlng to be considered success '

There is one embedded assumptron in developmg t ven! The loss of the super

heated hot water temperature control by itself ca Ugwnot gener %Jff icient heat to fail
evaporative cooling if no other failures occur. é@*ﬁou e noted\that according to ISA
the evaporative cooling could fail if the solutio ) e::ature exceeds 122°C (251.6°F).

Since the azeotroplc temperature at 100 mm-Hgg itric acid-water solution is about
i : 51.6°F) is not expected to-be

|eved by electrical heating and it
is controlled for a maximum tr@‘peratu 5122 (251 .6°F). To achieve a solution
temperature of 122°C (251463 co tﬁast to hot water temperature of 122°C
(251.6°F)], the hot water } gg a)

temperature control, the
likely to be controlled,A

solution tempeg jFe co
" temperature conRtfghis lost
judged to be unlikelygsince fai
detectable.

nd the heat exchanger tubes are ruptured. This event is
ilures in the hot water temperature control would be readily

]

6.42.2  ROE in EV2000 for TBP Accumiilation under Upset Condition

As discussed earlier, a severe process malfunction resulting in transfer of a large volume
of solvent is considered for TBP accumulation under upset conditions. The malfunctions
could include failure to maintain the interface level between the aqueous and organics
phases, as well as due to such phenomena as the formation of an emulsion, third phase
formation, and phase inversion in pulse columns. Such a rapid accumulation of TBP,
even though the exact amount is not known, is' referred to as upset TBP accumulation.

For addressing TBP accumulatron durlng the upset condltlon the TBP transfer path
beginning from the source vessel where solvent: @‘lntroduced to the destination vessel
should be identified. This is shown in Figure 6-2. The major barriers in each of the
transfer path are discussed below:

s 6-13
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Path-1 begins with KPA-PULSEZ2000 which could inadvertently transfer TBP in an upset
condition to KPC-TK1000 through KPA-TK9100. Path-2 starts from KPA-PULSE3200
through KPA-TK9500 and again through KPA-TKS8100.to KPC-TK1000. The path
between the KPA-TK9100 to KPC-EV2000 via KPC TK 1000 is common to both TBP
transfer paths. The following Section describes the barriers to detection of TBP transfer
under upset condition. s o

6.4.2.3 EV2000 Barriers against TBP Accumulation under Upset Condition

KPA-PULSE 2000 & 3200

For the purpose of this study and consistent with the previous BNL study [6-2], a
frequency of one per year is assigned to a-major malfunction of the aqueous-organic
(A/O) normal process inter-phase level control.  While the amount of TBP transfer is
assumed not to be known, it is assumed that it. would sufficient to violate the
conditions on aqueous-to-TBP mass ratio ‘and maxnmum Amn Iayer depth necessary to
satisfy the evaporatlve coollng crlterla for preveﬁflon ye E. The amount of TBP is

could limit the amount of transferre TB
credited as a part of this study. The norry
which control the A/O inter-phase, level Agiueous™flow is normally continuous. If the
aqueous flow stops (for exa qﬁ& to fa Ire of an air lift) the maX|mum drawn-off flow
would be controlled belowiili9.2
transferred before the ano xaly i

The diluents was img puls
discussed above Miection /5B,
dissolved TBP and otheap If anics from the aqueous phase into the hydrocarbon diluent
to reduce the probability Rat organics could mngrate to downstream equipment. These
pulse columns could also be’ effective in breaking up the organics entrained by the
aqueous phase and reduce the potentlal of separaté.phase TBP transfer. They are aiso
equipped with a density measurement device .| the disengaging zone as a part of
normal process control. ’

The effectiveness of the diluents washing pulse columns in breaking up the organics and
the effectiveness of the normal process density controls in timely detection of the low
density organics in the disengaging zone is not currently known. Furthermore, there is
no IROFS associated with these columns.

/' . ' 6-14
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This study has conservatively assigned a 75% probabliity that the diluents washing
.columns would be effective In either breaking up any organics entrained in the aqueous
phase or inducing a manual termination of TBP transfer’,

TR
SHed -
Vo

_..'___\

v

(b){2)High

KPA-TK910Q

Sampling Is- performed on KPA ~TK9100 for detaction of the TBP. The sampling is done
every 75 hours and would include two samplesfor each sampling batch. The entire
group of components that support sampling are considered as IROFS. These are
provided in Table 6-4 below. )

Standard fault tree modeling to evaluate the failure probability of sampling was
developed in this study. This Is displayed in Figure A-10. Given sampling failure, the
downstream vessels were assumed to be exposed to potential TBP transfer for a
maximum mission time of 75 hours before the next sampling activities take place.

! This is based partly on the soluble TBP extraction efficiency of about 80% estimated for PULS 2100
functioning in section 5.3.1).

st
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Table 6-4. IROFS for KPA-TK9100-SMPT9100.

KPA-FI9120 Air flow indicator

KPA-FSL-9120 Low flow Switch

KPA-LT-9100 Level instrumentation

KPA-FSL-9100 Sparging air flow (low sparging air ﬂow switch)
KPA-F1-9100 Spargmg air flow.indicator

KPA-AOV9140A ‘| AOV control to clo$e transfer to down stream tank
KPA-AOV9140B

KPA-HS9140A Hand switch permissive

KPA-HS9140B

KPA-TK9500

Density is measured and controlled in KPA-TK3500
transferred downstream. At a low density thresholdiptRgalo
KPA-DTS501 A/B and the low density controileg (&9 1A/B will signal the
KPA-AOV9510A/B and KPA-AOVS540A/B to Closure o e AOVs (in series)

ensure that organic is not

schemes as shown in Figure A-15. Faild i
expose the system to the potentlal ris

S i
R

kff)'" accumulated TBP is not detected

in KPC-TK1000 is to défect HPT (not TBP) However, they are set at a threshold of
0.9 kg/liter. The density of HPT is 0.77 kg/l. The density of an equal parts mixture of
HPT+TBP is about 0.87 kg/liter. According to plant information, the uncertainty
associated with the density monitor is +/- 3%. Since the density of HPT+TBP is barely
within the tolerance bound of the measurements, it seems that density control at
KPC-TK1000 cannot be fully credited for detection of TBP.

In the current PRA modeling, the density contral at TK-1000 is partially credited to
ensure organic is not transferred downstream to either KPC-TK1500 or KWD-TK4020
through steam jets. At a low density threshold (0.9 kg/l), the low density transmitters
KPC-DT1000 A/B and the low density controliers KPC-DLC1000A/B will signal the SPS-
AQV2675A/B, SPS-AOV2676A/B, and SPS-AOV2697A/B to close. Closure of any of the
SPS-AOV2697A/B (in series) is assumed to terminate the transfer from Tank 1000 to
KPC-TK1500 and KWD-TK-4020. The closure of any valve in any of the other sets of
valves would terminate the steam jet. transfer to the tank assomated with that valve.

6-16
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Standard fault tree modeling is used to evaluate the reliability of these protection
schemes shown in Figure A-11. Failuré ‘of these. protection schemes is assumed to
expose the system to the potentlal risk from R .for a maximum period of six months
(semi-annual flushing out) if the increased aniount of accumulated TBP is not detected
by sampling in Tank 9100. Since the sampling in Tank 9100 is done every 75 hours, the
six month exposure time would be limited to 75 hours for most cases unless sampling is
not performed correctly for over six months. Such persistent sampling faults could only
occur due to hidden failures in instrumentations/analyzers used for the sample analyses
and they are expected to be uniikely. The 75 hour exposure time is considered for the
purpose of modeling the scenano

6.4.24 ROE Event Trees in EV2000 for TBP Accumulation under Upset
Condition

onditions of équeous to
of 34 cm be maintained at

The effective criteria for evaporative cooling requnre thaty
TBO mass ratio of 1:1 and the maximum height of TB(F@,
all times. Accumulation of TBP in downstream: vessel‘ i o ailures of controls that
are an essential element of the prevention strateg are assumeg}to result in a violation
of the basic criteria for success of evaporativegeoolings, Hence, Winlike in the previous
normal accumulation case, the success of vertipgais matrelevant to prevent a ROE from
occurring; adequate venting design is ultlmate%m on the criterion for. the heat of
reaction and amount of gases evolved tha&&'e a Tupgtion of the (threshold) amount of
TBP present per unit vent area. . If th a%wf T @’bresent exceeds the thre’shold
: ventlng will not prevent ROE via the eva rativeican) Ig

this scenario is the same as co

T E)

phase of organics to EVG}@ from

) : 6-17
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Loss of temperature | Malfunction at or before | Dituents wash at KPA Sampling at KPA Density control at’
control or HX tube KPA Pulse2000 Pu]se2100 TK9100 every 75 hours . TK1000
rupture at EV2000 ' END-STATE-
" NAMES
LOSTC_EV2000 MF_PLSE2000 DW_PULSE2100 SPL_TK9100 DST_TK1000 #
'l ok
2] ok
A 30 oK
4 OK
5 { ROE-EV2000-
[7SHRPULSE2000

Figure 6-3. The event tree for ROE initiated from pulse 2000
{Non-OK end-states will lead to separate phase of organic).

O?ﬁcial Use Dnly

6-18




Loss of temperature
control or HX tube
rupture at EV 2000

LOSTC_EV2000

OfﬁLal_ se Oryy
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END-STATE-
NAMES

Malfunction at or before | Diluents wash at KPA | Density control at KPA ; .
KPA Pulse 3200 Pulse 3100 TK9500 Seping j:r’;};’; Density control st KPC
hours
MF_PLSE3200 J DW_PULSE3100 DST_TK9500 J SPL_TK9100 DST_TK1000
K

]

Figure 6-4. The event tree for ROE initiated from puise 3200
(Non-OK end-states wiil Iead to separate phase of organic)

Sy

OK

"ok

OK

OK

OK

ROE-EV2000-
7SHRPULSE3200
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Because TK-9100 is common in the two pathWays shown in Figure 6-2, the maximum
exposure time of the downstream components to the undesired TBP transfer becomes
75 hours. Flushing out the container every six months can thus be neglected in the

study.

The end state of the event trees shown in Figures 6-3 and 6-4 denoted by ROE-EV2000-
75HR-PULSE2000 and ROE-EV2000-75HR-PULSE3200 represents the annual
probability (or frequency) that the separated organic is transported to EV 2000 and the
maximum exposure time for such transfer before it can be corrected. These two .
numbers are translated into unavailability by multiplying the frequency by the exposure
period divided by one year. These two end states reflect the fact that if there is a
separate organics phase, sampling every 75 hours is the Iast barrier to the organics
entering EV2000 and producing ROE. This assumption is gdpservative since some of
the failure modes in the upstream density monitor instruentations and controllers of

The total probability that separated organics are
calculated by simply adding the two unavailabjlify
approach for each of the top events in the even

1. Malfunction at or before pulse 2!

oF ;} alfunctvon causing.the. separated
(0 Wistream into the vessels where normally
amount of empmcal evidence, this event

Sithe estimated frequency was assumed to be
n error factor of 3.

This heading¥gepresents the success of the wash column to break up the
separated organigifayer transported as a, result of operational maifunction. There
is currently no empirical data to support a formal estimate of the failure of the
wash column to break up the separated organic layer. A subjective failure
probability with a mean of 0.25 and error factor of 3 was assigned assummg a
lognormai distribution.

3. Sampling TK-9100

This heading represents the success of the sampling of the content of the tank
TK-9100 to detect the unacceptable concentration of TBP, thereby isolating
further transfer and initiating the: flushing .out process. The detailed sampling
procedure was modeled through standard*»fault tree analysis and human error
evaluation. Since sampling is conducted every 75 hours, failure of a sampling
would expose the vessel downstream for a maximum period of 75 hours.
Consistent with the standard estimates of the expected values of accident
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frequency, one half of this period was used as the fault exposure time for all the
downstream vessels.

Density TK-1000

- This heading represents the partial success of the density monitors in tank-1000
to detect the low density threshold representing the existence of high
concentration of HPT instead of TBP. Upon detection, the transfer would be
stopped and the content of:the tank would be flushed out. The failure probability
of the density monitors and the assomatefd(controllers will be estimated through

formal fauit tree methodology.
Malfunction at or before pulse 3200

This 'event tree heading relates to operational malfunet
phase arganics. to be transported downstream i ‘o’; 3

Diluents wash pulse 3100

This heading represents the s
separated organic layer | :

2 ‘anlc layer. A subjectlve fajlure probability

with a mean of 0% rof 3 was assigned assuming lognormal

distribution. .

(v

detect the low RSty threshold representing the existence of high concentratlon
of organics. Upd ojfn etection, the transfer would be stopped and the content of the
tank would be flushed out. The failure probability of the density monitors and the
associated controllers will be estimated through formal fault tree methodology.
Failure of the density monitor in Tank 9500 would allow the high concentration of
organics to be transported to TK1000.

Loss of Temperature control or Heat Exchanger Tube Rupture

This heading acts as a traditional mmatmg event in PRAs representmg various
‘ways that the solution temperature in"EV 2000 could incréase such that ROE
could be initiated if evaporative coohng strategy is not successful. This could
occur due to loss of temperature control in Hot Water System or heat exchanger

tube rupture.

The standard fault tree model of a two-train temperature control system
composed of KPC-TE2003 A/B ' KPC 112203 A/B and controllers

 Offig lu/se/On
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KPC-THC2003A/B which signal the closure of KPC-AOV2003A/B are utilized for
estimating the frequency for loss of temperature control. This was described
earlier under normai TBP accumulation and the associated fault tree is shown in
Figure A-2. The frequency associated with heat exchanger tube rupture and its
associated uncertainty was obtained from generic data. '

Similar to the case for normal accumulation, the temperature control failure of the
super heated hot water by itself:'can' not generate sufficient heat to fail
evaporative cooling if no other failures occur. It should be noted that according to
ISA the evaporative cooling could faii if the solution temperature exceeds 122°C
(251.6°F). Since the azeotrope temperature at 100 mm-Hg for nitric acid is about
72°C (161.6°F), the solution temperature of 122°C (251.6°F) is not expected to
be achieved unless significant external heating through the heat exchanger by
super heated hot water is in effect. The super heated hot water is achieved by
electrical heating and it is controlled for a maxngg%n temperature of 122°C
(251.6°F). To achieve a solution temperature of (251.6°F) [in contrast to
hot water temperature of 122°C (251.6°F F)l the 4o ,g,ter temperature should be
significantly higher. Even with loss of teriperatiire ontrol, the capacity of the
heating coils would be limited and it is furth‘pﬁhkely to .‘,“_ antrolled by the over-
current protection device. In this study Jej he re have\assumed that for EV-
gistccessful and the solution temperature

could not exceed 122°C (251.6°F) unless"‘dth:’3 the hot water temperature control

is lost and the heat exchanger -mbesare rupflited. This event is assumed to be
unlikely since failures in hotgwate ?tur‘ e control would be readily

detectable.

9. Venting
Under TBP: accum t condition, the venting at EV2000 does not
prevent ROE from o& rscussed earlier. It is effective only under normal

In the fault treemgaehng of,\ EV2000 scenario, it is assumed that individual trains of a
two-train control s“?i.if arg ”‘%ysxcally independent of each other, (i.e., the two trains
have their own sensoggatigansmitters, controllers, and actuators), and do not cross-feed

system, it is also assumed that the mission' times of the runnmg fans are 24 hours
considering the availability of the (thlrd) standby fan

The frequency of the initiating event in EV 2000 |Ie - loss of temperature control or heat
exchanger tube rupture, for all scenarios is about 2.2E-03 per year. Based on the.
frequency of flushing out; the fault exposure times of basic events are all six months.

However, in the Upset Condition case, for those scenarios that involve failure in the
density control at TK1000, the fault exposure times are 75 hours since TK1000 is
downstream of TK9100 where the sampling is performed every 75 hours. It is assumed
that it would take approximately 30 minutes to analyze the samples at TK8100. The
mission time, i.e., the period post initiator where the evaporative cooling should continue
successfully, is considered to be 24 hours.

‘The frequencies of the ROE sequences under both normal and upset conditions are
summarized in Table 6-5. -
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Table 6-5. Frequency of ROE at EV2000.

Sequences ROE-EV2000- ROE-EV2000- ROE-EV2000-1- .| ROE-EV2000-2-
75HR-PUL2000 | 75HR-PUL3000 | NC NC
(Upset (Upset (Normal (Normal
Condition) /year | Condition)/year | Condition) /year | Condition)/year
ROE 1.6E-08 6.5E-11 5.8E-06 5.5E-06
Frequencies

An uncertainty analysis was performed for all of the ROE sequences for EV2000
scenarios using the Monte Carlo simulation provided in -SAPHIRE. This is shown in
Table 6-6, where point estimates of the sequence frequencies and the 5" and 95"
percentiles are presented in Columns 2—4. In addition, the dominant cutsets for each

ROE sequence are presented in Column 5.

In the case of ROE at EV 2000 under the upset con ._

' Offyﬂ u;(c}/y

, te point estimates of the
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Table 6-6. Summary of ROE Sequences of EV2000 Scenarios.

Sequences Point 5" 95" Main Contributors
Estimate percentile | percentile (dominant cutsets)
Frequency (per year) | (per year) :
per Year “ o

ROE- 1.6E-08 4.6E-10 "' | 5.8E-0 DENSITY-CTRL-VALID

EV2000- SN " (Ineffectiveness of density control

75HR- at TK1000)

PUL2000 KCA-FET-SAMP-X-OP-FOP
(fraction of time sampling failed
between successive sampling
intervais)
KPA-PDW-2100-X-OP-FOP
(Failure of diluent wash at pulse
2100
KPA UL-2000-X OP-FOP
P nctlon of KPA puise 2000)

ROE- 6.5E-11 JE- A4E- EDENS -CTRL-VALID

EV2000- : (lneffe iveness of density control

75HR- at TK1000)s2,

PUL3000 b A-DTX-9501-X-OP-CCF (CCF
of density transmitter KPA-
DT9501A/B), -
KPA-LAB-ALYS-1-OP-FOP
(Failure of analysis of samples at

»| TK9100)
KPA-PDW-3100-X-OP-FOP
(Failure of diluent wash at pulse
3100)

KPA-PUL-3200-X-OP-FOP
(Malfunction of Pulse 3200)

ROE- , 3.0E-05"" .| KPC-HEP-PLUG-X-OP-CF2 (CCF

EV2000-1- of plugging of the two sets of HEPA

NC filters)

ROE- 1.9E-05 FLUSHING-OUT-FAILURE (Failure

EV2000-2- to flush out every six months)

NC

6.5 Red Oil Scenario for KPC-TK 3000

Concentrates from KPC-EV2000, the first evaporator, are drawn off several times a day
at a constant rate by an airlift and they are sent to KPC-TK 3000. Another airlift operates
continuously to prevent stagnation and coollng ‘of the liquid at the bottom of the draw-off
system between concentrate draw-offs, thereby minimizing the risk of clogging. The
concentrates containing impurities that are collected in KPC-TK3000, the concentrates
collecting tank, are transferred to the High Alpha Liquid Waste area of the KWD unit or
recycled back to the main feeding tank.

The concentrates are cooled in tank TK3000 which is fitted with a cooling water loop.
This 500 L tank is also fitted with a scavenging air inlet and a decontamination spray
pipe fed by steam jet J3400. It has a buffer capacny of about 15 days for the PDCF
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period operations and about 7 days for the AFS period operations. Inorder to avoid the
formation of sodium nitrate precipitate in tank TK3000 during treatment of solution with
high salinity (AFS period), an acid flush-out is normally carried out after massive draw off
- from EV 2000. The KPC-TK 3000 operates normally at a temperature around 40°C.
" The red oil prevention strategy applied to KPC-TK3000 is evaporative cooling. If the
temperature reaches a set point of 80°C (176°F), steam jets will be shut off, and the
solution volume is verified and maintained at. least at 42 liters to ensure that the
evaporative cooling would be successful. Semitannual flushing ensures that the amount

of TBP is limited to 21 liters in the tank.
6.5.1 Conditions Necessary for Red Oil Explosion in TK 3000

The following two conditions are necessary for a viable ROE scenario to occur:

"%re or degradation of the

1. A rising tank temperature to 80°C (176°F) due to
tank cooling/mixing system : ‘

2. Failure of evaporative coolmg.
The necessary conditions for successful eydporativel as noted in the ISA
Summary are provuded below. Fallure of evapoeg Img is assumed if one or more

§
Maximum TBP layer depth of 34 i
Maximum process solutigns

Two cases were consider: BHCaS e tank contents are well mixed and in the
other case a separajgsphases >Jjs-formed. The evaporative cooling for the
latter case_would SFsingifan, to was discussed for the red oil scenarios in KPC-
EV2000 considghn ielayeRthickness would be much smaller in the tank due to

For a homogenized Yapxiupe, the solution temperature would increase to the boiling
temperature of water first. As some of the water boils off, the boiling temperature of
water and nitric acid mixture would:increase. ‘The trend would continue up to the point
where the azeotropic limit of nitric - acid-water is reached (boiling point of 122°C
[251.6°F]). The homogenized mixture of;nitric ac:d water, and TBP should satisfy the
1to 1 aqueous to TBP mass ratio criteria. This; an be verified through the tank level
indication since the maximum TBP amount would be limited to 21 liters. If the operator
determines that a sufficient level is not maintained, additional injection of aqueous feed
will be commenced using decontamination water spray. It should be noted that the
operator is directed to isolate the external heat sources by shutting KPC J3400 & KPC-
AL2100, and to verify the tank level when the temperature reaches 80°C (176°F) and to
take the proper action and not wait until temperature reaches 122°C (251.6°F).

A demand for evaporative cooling would become necessary when the temperature of the
tank content increases to 80°C (176°F) from 40°C (104°F). Various failures that could

raise the tank temperature are discussed below.
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6.5.2 Conditions that Could Result in Excessive Tank Temperature Rise

Tank TK 3000 receives the concentrate from Evaporator 2000 and cools it. The draw off
of the concentrates depends on the feed cycle. Tank 3000 has a buffer capacity of

- 15 days for the PDCF cycle and 7 days for the AFS cycle. For the AFS cycle, the draw
off of EV 2000 is done in batches.. One-batch cycle typically takes at least 5 days which
includes 84.5 hours for the concentrate phase,.ig;»e{i-hours for the acidic flush out, 8 hours
for massive drawing off, and 24 hours for filling up and heating EV 2000. The tank
content therefore varies depending on the feed, but bounding content compositions for
the tank heat up upon loss of cooling are Pu (7.7. kg or 15.4 g/L), U (7.6kg or 15.2 g/L),
U%® (2.3 kg or about 4.6 g/L), Am (1.566kg or 3.1 g/L), TBP (maximum amount of
21 liters), and nitric acid (~ 9.4 N). . '

The tank’s conditions are amenable to ROE if the temperatuféis raised sufficiently and
evaporative cooling is not effective. The contents of Tank 3@% are normally cooled. The
tank is also equipped with a spray system to ensure piop nixing thereby minimizing
the difference between the bulk and the local temperatdes, The tank content is
composed of radioactive materiai with a highé’ig%a radiati Y 2(e.g., Am). The tank
contents are sampled routinely (approximé;ge e every fivedays to monitor the
various radio nuclides). -

The major heat sources inside the tapkgare: slo y emical reactions and radioactive
decay resulting in alpha and beta emis e fheat removal mechanisms which
are facilitated by mixing of the tank cont%ngﬁ areitheltank cooling system, and the HVAC

4 . ) sy S : X
system. Based on review of varous lice & documents, the following assumptions

. L e . )
Squaliresot room HVAC (Cell 140) by itself is not
ank heaf’up and_initiation of evaporative cooling. This
appears to be consi§tentiith théioperating philosophy of the facility for loss of HVAC. If
loss of HVAC os, theSgBC u@will be shutdown and the tank inlets/outlets will be
isolated. In such\g ses, it ‘appears that the tank cooling is relied on for stable tank
condition. This as %’mgpgig\on Af/ Iso consistent with other similar tanks since the additional

heat generated by radjgdgtiVe decay (alpha and beta emission) is small, about 171 W.

Under normal process co
expected to result in_ex

Well mixed tank content appears to be necessary due to the follIOWing reasons:

Help preventing sodium nitrate from solidifying in AFS cycle,

Preventing the creation of a separate TBP phase in the tank, and

Preventing the potential for hot spots and increased TBP-nitric acid reaction, which, if
not prevented, could generate heat in excess of the normal heat removal capability
provided by the cooling coils and cell HVAG: ™

We therefore consider conservatively that the failure of mixing could result in local hot
* temperature spots, which could result in an increase of temperature in the tank's
contents (the initiating event for ROE scenario for evaporative cooling).

The same assumption, i.e., not réQuiring cell HVAC used for normal process control, are
also considered valid for the case when mixing ‘has failed. ‘ '

oyél/u/e O/I‘y '
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In summary, the following assumptions are used for the PRA analysis:

1. Failure to provide cooling flow-to the:tank heat exchanger is assumed to be
sufficient to result in tank heat up a"ri'ai'vihitiation of evaporative cooling. However,
failure of HVAC system is assumed to result in shutdown of KPC unit but not
initiation of evaporatlve cooling. Therefore, the failure of HVAC is not modeled in

PRA.

2. Failure of spray mixing is assumed to create hot spots inside the tank where
accelerated chemical reactions could take place resulting in further heat up of the
tank content, chemical degradation offTBP and initiation of evaporative cooling.

3. Increased amount of TBP msnde the tank due to inadvertent transfer would
’ increase the exothermic'chemical reactlons The i Mased heat generation is
assumed not to be able to increase the temp@rature of the tank content
sufficiently to cause ROE if all other cooling s; Qggs are available. However,
upon failure of the coohng or the mixing sy‘tem whe e evaporative cooling

RSl @g if they occur, are assumed not to be recoverable ie.,
they are assumed' ".H‘\ b tored before the temperature of the tank content reaches
80°C and evaporatuvyng is initiated. The major support systems that are required
for operation of these sYstems were identified for the purpose of the fault tree modeling.
The cooling water system cools CND 2200, CND:32800, COOL 2900 for EV 2000, and
also provides cooling to the coohng coils of Tank 3000. Upon loss of the cooling water
system, the KPC unit will be shutdown (all vessels isolated). Low flow in cooling water is
indicated through FI3000. Potential leakage of the cooling coil to the tank should be
detected through high tank level warning. The system responsible for mixing is the

~service air or scavenging air. The scavenging air flow rate and low flow warning and
alarms are provided through Fi 3001, and FWL 3001. The HVAC system depends on the
electrical power and chilled water systems; however, it is not modeled here due to the

reasons discussed earlier.

No Transfer of Separate Orqanics:

This branch of the event tree is estimated similar to what was discussed for the Section
for ROE scenarios for KPC-EV2000. As noted-in'that section this heading represents the
possibility that separate phase TBP is transferred into the KPC unit from the KPA unit

on usk oo
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sometime before the occurrence. of th matmg event which results in increased
temperature of the tank's contents.. Due to common pathways for transport of separate
phase TBP 1o various KPC vessels including EV 2000 or TK 3000, the PRA models
developed earlier for EV 2000 would be applicable. The probability estimated from these
models for excessive organics to be present in KPC-TK 3000 vie transfer of separated
organic laysr from KPA unit is shown as “No. Separated Organic” in the event tree
heading of Figure 6-1. .

Level Contro! or No excessive TBP:

This headmg addresses the . operator “action r;quwed fo provide aqueous makeup to
ensure an effective evaporative cooling process in response to a temperature atarm.
KPC-TK 3000 is equipped with redundant temperature transmitters with alarm which
should direct the operator to initiate the evaporative cooling process based on the level
in the tank and assuming that the total amount of organigs. is below 21 liters. The
maximum amount of organic Is controlled by fiushing t C unit every six months.
Fallure to flush out is also considered as a possible faj chanism for this branch. If

atil fail dus to failure of
the temperature transmitters, the agqueous ma required opsrator

Table 6-7 identifies various tank instrumentations'

A

: ‘ontrollers for KPC-TK3000,

(0)(2High .

Y
et
—

The system for agueous make up is decontamination water which is injected through the
spray pipe by steam jet J3400. The operation requires an operator action by opening the
steam and agueous vaive, Since the content of the TK-3000 gets diluted especially after
the massive draw off required for AFS feed (whlch includes nitrate salts of Na and Ga),
there would be ample time available for' the ‘operator .to perform this action. The
evaporative cooling will be initiated upon receipt of a high temperature alarm, and it
would require the operator to monitor and maintain the tank level.
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Venting

The “venting” heading represents the success of venting to ensure that the evaporative
cooling strategy is successful and the solution temperature is maintained below 122 °C
(251.6°F) to prevent the ROE. Venting.is done through demister 1010 from port P2 as
shown in the tank schematic of Figure-6-6. Formal fault tree models are used to evaluate
the venting failure probability and the asso_c:;? d uncertainties for this heading.

Loss of Cooling or No Transfer of Level Control or Venting
Mixing in KPC-TK 3000  Separated Organic no excessive TBP . OK

ROE

ROE

ROE

7y

&R Tree for ROE for KPC-TK3000.
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EV 2000 Drain via TK 2310 . )
. -P2 vent to DMST 1010
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Figure 6-6. Schematic Diagram of KPC-TK3000.
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Table 6-8 shows the point estimate frequency of ROE sequences at TK 3000 under both
upset and normal TBP accumulation conditions. The frequency of the initiating event,

loss of cooling or mixing in TK 3000, modeled in the fault tree shown in Figure A-17, is
about 7.2E-04 per year.

\

' fable 6-8: Frequency of ROE Sequences under Normal and Upset Conditions at TK3000 -
{Initiating Event Frequency of about 7.2E-04 per year)

ROE-TK3000-

ROE-TK3000-2-

Sequences ‘ ROE-TK3000- ROE-TK3000-1-
PUL2000 PUL3000 - NC ‘NC
(Upset (Upset {Normal {Normal
Condition)/lyear | Condition)/year | Condition)/year | Condition)/year
ROE 5.2E-09 2.2E-11 1.9E-06 2.2E-05
Frequencies N

seguences for the TK 3000
=gcode. The results are
g»the point estimate
The main contnbutors i.e., the

An uncertainty analysis was performed for aII of the R@?E ,
scenarios using Monte Carlo simulation provided |n<‘§k\‘e SAPHI
shown in Table 6-9, which shows the partic 145 ,
frequency, and the 5" and 95" percentile freqioncies®

[0

byalfunctlons in the pulse units

e
I'ii ew' s&that these sequences have very low
SS of the barriers designed to prevent large

frequencies. This demonstra esathe
amounts of TBP from migrati '; g]mten@ vessels. The main contributors to these

"':demsﬁyoé trellers”in tank TK 1000 in the acid recovery unit
KGN B3R the KPA unit. Other contributors include
ansmitters, and failure of the diluent wash pulse units

N
_ e@ solutlon«- hase.

3E The dominant cutsets in the former sequence are common
cause failures resultmg “in the plugging of two sets of HEPA filters. In the latter
sequence, the dominant cutset is the failure of the operator to recognize the alarm on
low ievel of solution in the tank and take action to add aqueous solution to prevent the
progression of the ROE. .
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Table 6-9. Summary of Uncertainty Analysis for ROE Sequences of TK3000 Scenario.

Sequences | Point Estimate 50 95™ Main Contributors
: Frequency per | percentile | percentile " (dominant cutsets)
. Year ’
ROE- 5.2E-09 | 1.5E-10 1.9E-08 DENSITY-CTRL-VALID
TK3000- : L (Ineffectiveness of density control

PUL2000 ' o at TK1000)

. ' : o : KPA-LAB-ALYS-1-OP-FOP
(Failure of analysis of samples at
TK9100)
KPA-PDW-2100-X-OP-FOP

.(Failure of diluent wash at pulse
2100),
KPA-PUL-2000-X-OP-FOP
(Malfua@ctlon of KPA pulse 2000)

ROE- 2.2E-11 3.4E-13
TK3000- : .
PUL3000

0 3
WKPA-LAB-ALYS-1-OP-FOP
(Failure of analysis of samples at
T K9100)
[EKPA-PDW-3100-X-OP- FOP
(Failure of diluent wash at puise
3100) .
KPA-PUL-3200-X-OP-FOP
{Malfunction of Pulse 3200)
KWG-HEP-PLUG-X-OP-CF2

ROE-
TK3000-1- (CCF of plugging of the two sets
NC of HEPA filters)
ROE- KPC-HMN-CONG-X-OP-FOP
TK3000-2- (Failure of the operator to

"NC ‘ recognize level alarm)

6.6 Red Oil Scenario for KPC-EV6000

KPC-EV6000 is a natural recirculation thermo-siphon type boiler that utilizes pressurized
steam at approximately 2 bar gage and 133°C (271.4°F) as a heating fluid. EV temp is
adjusted by controlling the flow of steam. At the high temperature threshold, TT6003A/B
sends data to controller THC6003A/B which closes AOV6003A/B to terminate steam
flow. The liquid/vapor mixture produced at the top of the evaporator is separated in the
separator. The separator is comprised of a capped tray, a coalescing sieve and a
demister sieve sprayed continuously with demlnerallzed water. The concentrates from
EV 6000 are drawn off discontinuously several times a day at a constant rate utilizing the
FIC 6100 and air lift AL6100. The concentrates are cooled by chilled water loops

EX6500/EX6501..

Analysis performed by the licensee showed that TBP accumulation will not occur at
EV 6000 and CLMN 2500 [Ref. DCS01 KKJ CG CAL H 10866A]. The licensee,
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therefore, relied on prevention mechanism that has -been constituted to prevent
excessive transfer of TBP from KPA to KPC as the only stratagy for EV 6000. KPC EV-
6000 is equipped with several process monitors that protect the vessel from other
hazards and may indirectly help the prevention of ROE in an unlikely event of excessive
transport of TBP from KPA to. KPC. These 1nstrumen1ahons and controls are noted
below in Table 6-10. ‘

(b)(2)High

Several features can be noted regarding

fned at 133°C (271.4°F);. this implies the
Cu (249 B°F), which govemns the TBP
destruction rate. 3

2. During an in EV 2000 a scenario could be envisioned that

additional ined (steam stripped) and accumulated in the feeding
tank to e pot of EV 2000). The increased amount of TBP
could estat ted layer in this feeding tank. Since this feeding tank also

) | between EV 2000 and EV 6000, its level is monitored
and maintaineSi#fe soparated layer is drained to EV 6000, it would resuit in
foss of vacuum¥in EV 2000 and subsequent shutdown of the KPC unit.
Therefore, only soluble TBP could be fed to EV 6000. Furthermore, the
concentrate in EV 6000 is drawn several times a day such that TBP
accumulation is unlikely. In addition, the operator could detect the low density via
Di-6000.

provides a

3. If for some reasons, such as occlirence af a higher vacuum condition, the fiow
rate in EV 2000 could increase, .thereby increasing the amount of TBP that is
carried out to EV 6000. Such an increased amount of TBP is unlikely to exceed
the TBP destruction rate in EV6000 and furthermore it can not be accumulated
because of reasons discussed under ftem 2 above.
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The foilowing conclusion was made based on the previous discussion:

There is a possibility, although unlikely, of an event that transfers large amounts of TBP
to KPC tanks/vessels from KPA due to failure of multiple prevention barriers. In case an
ROE does not take place in any of these vessels/tanks, there would be a potential for
higher than normal TBP in EV 2000 to be carried with the distillate such that the TBP
concentration entering EV 6000 significantly increases. Since the distillate is condensed
and then drained to EV 6000, the soluble TBP concentration could vary from about
50 mg/liter up to 300 mglliter (the iatter corresponds to the saturated TBP solubility in
nitric acid). Considering the nominal flow rate of 30.5 liter/hr, the maximum accumulation
of free organic in EV 6000 within 8 hours (aseummg only 50 mgf! is destroyed) will be
limited to about 61 grams.. Frequent drammg of EV 6000 and high operating
temperature, which is expected to destroy all 300 mg/liter of soluble TBP, will
significantly decrease the likelihood of ROE. Transfer of separated phase organic is
protected through multiple barriers prior to EV 2000 and tne likelihood of separated
phase TBP to be established in the condensed d|st|||ate i’ transferred to EV 6000 is
judged to be unlikely, since it will result in loss of vacyyi V 2000 and shutdown of
the KPC unit. This scenario is, therefore, not. modeled any ihe quantitatively and it is
screened out qualitatively.

6.7 Red Oil Scenario for KCD E

TK 2000, are concentrated in
/ "3000. The evaporator includes a
sffux from the rectification column. It
(steam) occupies the shell side and the
the tubes. Instrumentation is used for
_ femperature. The evaporator also includes a
JckWASHES the steam, rectifies the acid, and

The oxalic mother liquors, supplied froﬁ
the natural circulation thermo-siphon ,
boiler used for evaporation of the feed s l_l;itlo

has a tubular heat exchanger. Jiiesh [¢
mother liquor to be evapd r
measuring the level, depsity,
rectification column, i
decontaminates the disti

eedm

fant heat input from the secondary steam supplied by
0 The é%md level in the;; ,evaporator measuring tube is regulated by
the evaporator feet; w r e¥ The concentratton factor of the oxalic mother liquors is

The vaporizer EV 5000 is equupped with diverse IROFS for high temperature and high
pressure control (TT5101A and THC5101A) which close the steam vaive AOV5300A to
the EV 3000 boiler. The normal steam temperature is 130°C (266°F) and it is controlled

below 133°C (271.4°F).

The distillates from the rectification column of the evaporator are condensed, cooled to a
temperature of approximately. 40°C: (104°F) and; gyected downward to a passage pot.
From the passage pot, the distillates are supphea via the reflux system to the top of the
evaporator at a regulated rate .or to the distillate control tank.

6.7.1 Conditions Necessary for ROE

The conditions necessary for ROE in EV 3000 are assumed to be satisfied if a sufficient
amount of TBP is present; however, the amount of TBP that enters the evaporator from
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the feeding tank TK 2000 is controlled below its solubility limit of 50 mg/liter. This small
amount of TBP will be fully and safely reacted in the aggressive environment that exists
in'this evaporator. The vessel in effect is protected by the prevention strategy. This study
conservatively assumes that the ROE ‘could occur:if the soluble TBP amount is not
controlled or if a separated phase of TBP is transfe‘lxred to the evaporator.

6.7.2 Potential TBP Transfer Mechanism from KPA to KCD

There are three mechanisms for transferring organics (TBP/HPT) into the KCD
evaporator EV 3000. These are as follows:

1.

Small quantities of soluble TBP.that are transferred when the facility is operating
properly. This is considered normal operation and the transferred TBP amount is
assumed to be completely and safely destroyed by the aggressive environment
in EV 3000. This case is considered safe and not mod8led in the PRA.

]

A slow accumulation of small quantities of TBE4 at it eventually creates a

separate phase in the KCD evaporator EVa 3000 (iniexcess of what can be

destroyed in EV 3000), could occur 4 d‘er certaiRtisonditions. TBP/HPT

accumulation from KPA-is due to tra,w 1 ofgdroplets ofsolvents which are
mechanically entrained with the aqueotigipha: due to improper operation of the
pulsed units. Two safety barriers wergg sidered for this scenario. The

- effectiveness of slab settler 3300 out the entrained TBP/HPT is

considered as the first barrier{glit<
through the KPA slab settler -‘ ) mamounts that it could become a
separate phase in the K rocess sampling is performed upstream
in the KCA batch con trtu‘n@ ) " ) conﬂrm that the amount of soluble TBP is

,o
, el homogenization, sample line purging,
sampling process, and communication of
;;u; control room) are considered to ensure that the

IROFS (i.e., ves
sample vial trace

A severe proce alfunction leading to the transfer of a relatively large volume
of solvent. There are several different barriers that are designed to prevent such
malfunction. As an example, diluent wash KPA-PULSE 3100 is designed and
operated such that it removes solvent droplets that are mechanically entrained
with the aqueous phase, reduces the: amount of TBP dissolved in the aqueous
phase, and potentially breaks up any TBP transferred in the form of an emulsion.
Third phase formation is also controlled by addition of appropriate chemical
agents. Similariy, there are two safety barriers that can be considered for this
scenario. The effectiveness of slab settler 3300 to separate out the separate

. phase TBP/HPT is considered as the first barrier. The process sampling that is

performed upstream in the KCA batch constitution tanks to confirm that the
amount of soiuble TBP is suft"ciently low is considered as a second barrier.

There is also a possibility. that solvent solutlon has leaked into the KWG active

gallery drip tray and is transferred to a K@D break pot. A preventative safety
strategy is utilized by taklng IROFS samples in this drip tray to test for the

of%u;(om{ 6-35



presence of TBP prior to transfer to KCD. If these samples contain TBP, then the
solution is not drained to KCD and would be drained either to the KPA process
unit or pumped to a drum for separate treatment.

Figure 6—7 shows the various possible transfer paths of solvent to-KCD EV 3000. Safety
barriers and the equipment that could help in preventing the solvent from reaching KCD
EV 3000 are shown by boxes that have double line boundaries.

The movement of a separate phase of solvent to the KCA unit should not occur, since
the KPA unit is designed with both a diluent washing pulse column and a slab settler
tank. The slab settler tank is equipped with redundant IROFS density instrumentation
and a related administrative control that" requures the settler to be preloaded with
aquéous liquid. These IROFS are credited for the prevention of moving separate phase
solvent to downstream vessels in the KCA and KCD' units and, reduce the risk of a -
solvent explosion event in the heated equipment of thesgiunits. Redundant density

instrumentation in the setﬂer have also been identified togbe”IROFS to ensure: (1) the
op- below the weir height
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S— ... CLMN 6000/6500
KPA-PULSE2200 PURECEPTION TANK 7000
KPA-PULSE3000 | ]

KPA-PULSE3200 [

BATCH TANKS'
KCA-TK1000/2000 & DRIP
ROUTINE SAMPLES

, . ' TRAY
KPA-PULSE3100 AT : ALLERY
T :RECEPTION TANKS

FEEDING TANKS

SLAB SETTLER 3300 — e — e e v

& | :
DENSITY MONITORS KCD-EV3000

Figure 6-7. The various transfer paths of ent to KCD-EV 3000 and the
associated safety barii hatc ange credited

all quantities of TBP such that it creates a

separate organic phase in &% EV 3000 (TBP in excess of what can be
destroyed) is show m re ,, BP/HPT accumuiation from KPA is assumed to have
; 'fdr%]

O ets, of solvents which are mechanically entrained with
. roper operatlon of pulse unlts In addltlon to the duluent

amplmg in'the KCA batch constitution tanks to confirm that

as the first barrier. Pro BSE
is sufficiently low is conéidered as the second barrier.

the amount of soluble TB

The event tree for a severe process malfunction leading to the transfer of a relatively
large volume of solvent is shown in Figure 6-9. There are several different barriers that
are designed to prevent such a malfunction. For example, diluent wash KPA-PULSE
3100 is designed and operated such that it potentially could break up any TBP
_transferred in the form of emulsion. Third phase formation is also controlled by addition
of appropriate chemical agents. Similar to the event tree shown in Figure 6-8, there are
two safety barriers that can be considered for this scenario. The effectiveness of slab
- settler 3300 to separate out-the separate phase TBP/HPT is considered as the first
barrier. Process sampling in the KCA batch constitution tanks to confirm that the amount
of soluble TBP is sufficiently low is considered as the second safety barrier. The event
" tree also includes the paths for the TBP/HPJ;" o.-be introduced via the KWG drip tray
gallery. For this to occur, it is assumed that the TBP/HPT is introduced to the drip trays
due to some unknown malfunction such as failure of the slab settler.
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6.7.4 Description of the Event Tree Headings

A brief summary of the various headings used in the event trees is provided here. Each
individual summary of an event tree heading includes the description of the heading, the
definition of success criteria including the major failure paths, and the modeling

approach.

Solvent Transfer Mechanibal Entrainment

This event tree heading relates to operational malfunction in any of the three KPA pulse
units: Pulse 2200, 3000, and 3200, causing an excessive amount of organics to be
transported downstream into the KPA diluent wash column 3100. Per empirical
evidence, this event is expected to occur with a frequency of about 1 per year.

Assuming this is an estimate per pulse column, a frequencygghbabout 3 per year for this
top event is assumed in this study. This estimate.is co

1Y

cted on a weak empirical

basis therefore it is expected to be uncertain:® *For he \*:& ose of this analysis, the
estimate is assumed to be log normally distributed WJth N er tfactor of 3.
Solvent Transfer - Pulse 3100 Slab settler Sampling in

Mechanical entrainment . Effective KCA Batch Tank

OK
OK
OK
ROE
Figure 6-8. Event Tree for ROE in KCD-EV 3000 due to
Solvent Transferred by Mechanical Entrainment.
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Separated phase Pulse 3100 Slab Settler 'S(z(!:rxpali:tg ri'n Sampling

TBP transferred Effective . U Tamk ¢ Drip Tray

{Malfunction) TR
OK
OK
OK

" ROE

ROE

+a formal estimate of the failure of the wash column
A subjective fallure probabmty with a mean of 0.25

Slab Settler Effectivenéssiy

This heading represents the success of the slaf) settler to prevent the transfer of ~

organics, in excess of their solubility limit, which could be inadvertently introduced by
malfunction of the KPA pulse columns upstream of the KCA batch tanks. The slab settier
is a passive feature that utilizes its design.to produce a settling time that allows the
density differences between the separate phase solvent and the agueous solution to
cause the segregation from one another. A weir in the slab settler prevents the lighter
density separate phase solvent from moving downstream to the KCA and KCD units.
The slab settler consists of two chambers separated by a baffle. The two chambers in
the settler communicate through an opening. A schematic drawing of the settler that
displays the overall design and the location of the levels of the organic and aqueous
phases is shown in Figure 5-7 in Chapter 5.

The slab settler is made of 304 L stainiess steel, has a useful volume of 20 L, and is
geometrically safe (a slab). for the plutonium mtrate reference fissile medium. Plutonium

Ofﬁc,if.(u}*(o% | |
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nitrate solution from the plutonium diluent washing pulsed column is fed to the slab
settler. The arch drain pipe and the settler chambers are also connected. The arch drain
is fed to the CLMN 6000 via an Airlift AL3330. Any organic phase in the solution will
separate in the settler, since the organic phase and the aqueous plutonium nitrate
solutions are non-miscible. The lighter organic phase will rise to the top of the liquid
while the plutonium nitrate agueous solution remains on the bottom. The solution
remains in the slab settler long enough to ensure separation of any organic solvent from
the solution. A failure or blocklng of the archidrain- connection will terminate the flow out
of the 'settier drain; therefore it is not considered a failure for ROE concern. A siphon
device is also provided to empty the slab settler to the plutonium rework tank TK8500.
The siphon device uses an air ejector to induce a vacuum in the siphon device. The
vacuum draws the solution from the slab settler through the siphon device. From the
siphon device, the solution drains to the plutonium rework tank.

Densrty is measured and controlled in the KPA slab settlegh  ensure that the organic

signal to the low density controllers KPA-DLC330(
AOV3331 A/B to close Closing of either one of the

in turn signal KPA-
G FS valves stops the

Operational failures similar to what wefgides
density monitors, which are also modelgd

other settler failure mode consi h
of the baffle due to corrosio
slab settler are discussed e

a. Slab Settler O%atio

ttler is initially filled with the heavier aqueous matenal and
A that sufficient settling time for the separation of organics
from - aqueous is provided. If such operational failures occur, the active engineered
density loop couid detect the low density interface below the weir wall and shut the air lift
on the drain line, thereby stopping the transfer. Therefore, a failure of the active
engrneered system is necessary for any operatlonal malfunction to result in a transfer of
the organics upstream of the slab settler to the oxrdlzer column-6000. It should be noted.
that the density monitor response’ time is of the “order of seconds. The licensee's
analysis, assuming a 10 second response time for density monitors and nominal flow
rates, showed that the amount of TBP transferred is negligible for ROE concerns.

Two operational malfunctions, when combined with the failure of the active engineered
system, are considered as a system failure. These are: failure of administrative control to
initially fill the slab settler with heavy aqueous solution and failure to control flow such
that insufficient time is available for separation to take place (over-draining). To estimate
the potential frequency for such operational mishaps, data for loss of feed water control
in NPPs was considered to be a possible surrogate for this failure mechanism. This data
shows a probability of about 0.1 per demand. A pilot testing of the slab settler provided

Offyc'éu ’
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in a supporting document [CETL—4003 EXP-0003, Expenmental Final Report
Concerning the Efficiency of the .Slab Settler to ‘Separate Organic materials from an
Aqueous Plutonium Nitrate Soluhon] reported a fallure rate of about 0.05 based on one
case out of 21 case runs that the settler did’ 'not perform effectively (1/21= 0.05 per

demand). _
b. Slab Settler Active Engineered Density Monitors

The active engineered system for the slab settler consist of two density transmitters
KPA*DT3300 A/B, two density controllers KPA*DLC3300A/B, and automatic isolation’
valves KPA*AOV3331 A/B to prevent: (1) the introduction of solvent into equipment
which can operate at a temperature above the safety: (LFL) limit and (2) the
aqueous/organic interface on the settling side of the slab settler (KPA*SET3300) from
dropping-below the weir. The fault tree models are developed for evaluating the-failure
probability of this active engineered safety system takinggihto account the following

considerations.

Pneumercators are used for density monitors. They, iV o acision of about 2% but
they require compressed air and periodic precisig @a Vi ’n failure modes of

‘Blockage of the dip legs
Insufﬁcient or loss of charging ai
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As is evident from thedt ol failufes) identified above, the failure rate for
pneumercators is a fun im of 4 ;g ition interval and the service condition. A
generlc failure rate of 1 13 &5 oF level measuring instruments is currently used

ending additional information.
C. Failure nty of the Slab Settler Baffle

The failure or loss O tegrrty of the baffle area due to erasion and corrosion is also
considered as a failure mechanism. The data on corrosion in hot (boiling) nitric acid that
is relevant to possible corrosion failures of the baffle indicates that for 65 wt% HNOS3,
type 304 stainless has a corrosion rate of* 0.2"mm/year [and type 316 stainless of
0.3 mm/year]. The baffle material is SS 304 and it is 5 mm thick. The baffle itself is not
under any loading or tensile stresses. Therefore, the mean time between failures
estimated based on loss of 'z thickness is about 12.5 years which corresponds to failure
rate of (9.0E-6 per hour). Given failure of baffles, it is assumed that the organics can be
inadvertently transferred if the height of the organic phase falls below the opening of the
arched drain tube and the density loops do not shutdown the discharge. For this study, it
is assumed, conservatively, that the organlc helght always falls below the iniet of the

arched drain line.

- Sampling in KCA Batch Tanks:

T

This heading refers to successful detection of the organics via sampling of the KCA
~ batch tanks, therefore preventing the organic from reaching the high temperature
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components in KCD. The batch constitution tanks are annular tanks of 600L each

batch, via mixing and three air lifis.. Th"i'é rs very similar to the other sampling
measurements modeled in Section 6.4 above. The samples are analyzed for many
things but are specially monitored for TBP and pH. TBP measurements are done with an
HPLC analyzer (2 channels per analyzer) and the pH with a pH.measurement device.
Similar to other sampling models, it appears the. failure rate is driven by human errors
associated with drawing off or analyzing samples. In the unlikely event that the solvent.
passes through the KPA slab settler in such amounts that it'could become a separate
phase in the KCD evaporator, process sampling in the KCA'batch constitution tanks is
credited in the PRA to confirm that the amount of soluble TBP is sufficiently low. Thus,
these sample points and the associated’ admmlstratlve IROFS are considered to ensure
the sample is representative of” the contents of'fhe tank (i.e., vessel isolation, vessel
homogenization, sample line purging, sample vial traceabrllty laboratory sampling
process, and communication of results from laboratory to thegeentrol room).

Sampling in Drip Trays

. A drip tray within the process cell in the KWG unit g
the room. Leakage collected in the drip trar

ARl

transferred to the KCD unit. |n the event that th 2

d via a remote pump into a drum
|n elevated temperatures. The

f in Table 6-11 are due to the sequences
displayed in Figure 6-8 anda eg)%fer respectively, to ROE due to solvent
transfer by mechanical *ﬁﬂt Al %E EV3000-STME, and ROE due to separate

" phase TBP transjg;r ea‘edb -yre process malfunction and subsequent failure of
-sampling in theat h tank# RO Wﬁ 3000-FBT, or in the drip tray,. ROE-EV3000-FDT.

The point estimate frequegit

failures in the drip tray

6E-7 per year for samp

Table 6-11. Frequency of ROE Sequences at EV3000 (per year).

Sequences ROE-EV3000-STME ROE-EV3000-FDT ROE-EV3000-FBT
(IE frequency: 3 per (IE frequency: 1 per {IE frequency: 1 per
year) year) year)
ROE 9.2E-06 5.8E-07 3.1E-06
Frequencies

Table 6-12 provides an uncertainty analysis for the EV 3000 ROE scenarios using the
Monte Carlo simulation provided in the SAPHIRE code.
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Table 6-12. Summary of Uncertamty Analy5|s for: ] HOE Sequences of EV3000 Scenarios.

Sequences | Point Estimate 5“‘ . 95" | Main Contributors
Frequency per | percentile | percentile (dominant cutsets)
Year
ROE- 9.2E-06 6.0E-07 3.4E-05 KCA-FET-SAMP-X-OP-FOP
EV3000- (Fraction of time between
STME ' successive samplings)

KCD-PDW-3100-X-OP-FOP
(Failure of diluent wash at pulse
3100)
KPA-ALX-3330-X-OP-FOP
(Failure of air lift to stop process
solution transfer)
KPA-OPER-XXXX-X-OP-FOP
(Ope ational failures of slab
se
ISCDELA AB-ALYS-1-OP-FOP
dx( alt f analysis of samples at
drip tray) '
KCD-PDW
(Bailure of d
100) :
KPA-ALX-3330-X-OP-FOP
%Failure of air lift to stop process

ROE- 5.86-07 2.6E-08 2.3E-06

EV3000-
FDT

3300-X-OP-FOP
uent wash at pulse

olution transfer)
PA-OPER-XXXX-X-OP-FOP

.| (Operational failures of slab
settler)
KCA-FET-SAMP-X-OP-FOP
(Fraction of time between
successive samplings)
KCD-PDW-3100-X-OP-FOP
(Failure of diluent wash at pulse
3100)
KPA-ALX-3330-X-OP-FOP
(Failure of air lift to stop process
solution transfer)
KPA-OPER-XXXX-X-OP-FOP
(Operational faiiures of slab
settler)

ROE-
EV3000-
FBT

The point estimate frequency of ROE occurrence at EV3000 due to solvent transfer by
mechanical entrainment is about 9.2E-06 per year. The dominant cutsets contributing to
this frequency are: failures of sampling between. successive: sampling intervals in the
KCA batch tanks to detect organics in case of the solvent transfer by mechanical
entrainment, failure of diluents wash at Pulse 3100 the failure of the single air lift to stop
the transfer of process solution from'KPA-SET 330@%0 KPA-CLMN6000, and operational

failures of the slab settler.

In case of a severe process malfunction leading to the transfer of a relatively large
volume of solvent, if the slab settler fails to stop the transfer of the solvent, the failure of
detecting organics via either the sampling at KCA batch tank (indicated by sequence

Off}/lal Ufé O}(y
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ROE-EV3000-FBT in Table 6-12) or the failure of sampling at the drip tray (indicétéd by
sequence ROE-EV3000-FDT in Table 6-12) will cause an ROE excursion. The annual
frequencies of the ROEs are 3.1E-06 and 5.8E-07 per year, respectively.

For the sequence ROE-EV3000-FBT, the dominant contributions come from the failures
of diluents wash at Puise 3100, the failure of the single air lift to stop the transfer of
process solution from KPA-SET3300 to KPA-CLMNGB000, and operational failures of the
slab settler during one sampling interval ofithe KCA batch tanks. To model the fault
exposure time caused. by the sampling interval of KCA batch tanks, a basic event is
introduced to facilitate the probability calculations. This basic event is described in
" Table 6-10 as “Fraction of time between successive samplings,” and it is denoted as
“KCA-FET-SAMP-X-OP-FOP.” -

For sequence ROE-EV3000-FDT, the dominant contributions .come from failures of
sample analyses at the KCD drip tray to detect organics, rtfgggailure-of diluents wash at
Pulse 3100, the failure of the single air lift to stop the trgésfer of process solution from
KPA-SET3300 to KPA-CLMNG00O, and operationa| failufe
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7. - SUMMARY AND CON.CLUSIONS'

The study presented in this report.is an- analy3|s of issues related to the risk of red oil
excursions (ROE) in the proposed MOX Facility . (MFFF) and contains insights that could
be useful in staff reviews of the MFFF License Application. The objective of the study is
to provide an independent assessment of the risk of ROE in the MFFF based on the
“design contained in the license application (LA) {7-1] submitted by the -applicant for an
operating license and analyzed by the licensee in the accompanying Integrated Safety
Analysis Summary (ISAS) [7-2]. This effort is a part of a larger program of technical
assistance to NRC staff in the area of risk-informed decision making for fuel cycle
facilities. It is clearly understood that the results of the study are meant to convey an
independent perspective on risk to the NRC staff. They are not meant to serve as the
basis for any determinations related to facility Ilcensmg that will be made under the
requwements of 10 CFR 70.

BNL carried out an earlier study of the risk sngnlflcance o) _ed oil phenomenon based
| alistudy was limited because
the CAR design was preliminary, particularly with regpect to he%afety strategies utilized

for prevention and mitigation of red oil events i i%ar ous proce%%mts However, the -

study did identify and rank the risk significan
red oil excursions based on the CAR system

extractlon operation emp._v_’, e,
propylene tetramer (HPT), agianiex
processes. The ROEf %mo ] generally refers to the exploswe runaway nitration-

’ [ ~'\&‘oc }ben the organic solvent TBP, and its degradation
S contac%rth coRcCentrated nitric acid at elevated temperatures. Such
events have occufreéd beforedin the U.S. and other countries, in facilities that employ
extraction technologyasimilar’to what is proposed to be used at the ‘MFFF. These
reactions occur contingi@lisly over a wide temperature range but the reaction rates and
the heat and gases generated at lower temperatures below about 60 °C are low and
passive heat removal and normal venting are adequate. At higher temperatures (about
80°C and higher), facility-specific heat removal measures are needed along with actions
to ensure that the amount of TBP that.can enter-heated acid- -bearing vessels is limited.

The phenomenology and chemistry of ROEs is réviewed in Chapter 3, along with a
discussion of various factors that can promote the occurrence of a ROE. The red oil
reaction analyzed in this report is focused on TBP-nitrate thermal .reactions. It is
possible that radiolytic dissociation of organic compounds could lead to the formation of
more reactive species that could promote ROEs. However, the quantities of
radionuclides involved in the MFFF are 'falrly small compared to those in fuel
reprocessing plants and their decay rates are also Iow this radnolytlc dissociation was
not considered in the study.
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Safety Strategies for Red Oil at MFFF

The safety strategy and approach for coping with the possibility of ROEs proposed in the
LA and analyzed in the ISAS is significantly; different from what was discussed and
assessed in the CAR design. The overall strategy consists of three elements:

1.

7.3

- nitric acid reaction (at relatively low temg

Segregation of separate phase solvent - (TBP) from acid bearing and heated
process equipment such as evaporators; this is meant to ensure that a separate
phase of TBP or TBP in excess of its solubility limit that could be entrained with
the aqueous phase does not come into prolonged contact with highly .
concentrated nitric acid at elevated temperature. This strategy is implemented
through process sampling.and density monitoring and control, and also includes
a passive engineered system, a slab settler, to allow for the separation of organic
and aqueous phases based. on their densitydifference. The IROFS credited for
this strategy include sampling points and procedur process density control
loops and monitors, and a slab settler.

) . Q55 D
Heat transfer strategy; this relies on passive” convegtive and radiative heat
transfer mechanisms to the surrounding %ﬁbnment. '%ﬁéf@ategy demonstrates
adequate heat transfer to the room e%nm%f heat that may be generated
from all possible sources including the exathefmic reactions such as the solvent-
atures). The temperature of the
adequate heat transfer during
e IROFS credited include: the
ureisensors and control loops to detect

surrounding environment is co y)t?;‘b‘lled toe
routine and pre-defined upsetgconditions

geometry of process vessels, te
and limit self-heating, o&«ga‘s ventipgito’relieve pressure from any gases evolved
in the reactions, and reagent;: amplifigicohtrols to ensure proper diluent is used.

y"ﬁ"bﬁ%@ ovides for heat removal via evaporation of
e in heated process vessels where some (limited)

ed to be present, and where the possibility of the

exotherg ratiom@xidation reaction exists. This strategy depends on the large
latent heg vapogl»fza,tion associated . with the aqueous phase, and it also
requires thegtulfiliment of certain critefia, such as maintaining a minimum
aqueousto T ©, a maximum TBP layer depth, a maximum process solution

temperature andsan open,_,‘\‘("e'nted"éyétem‘. The IROFS credited for this strategy
are process sampling ar'md'administrativé“ﬁb‘shing to limit the amount of TBP
accumulation, level controls to maintain the minimum aqueous to TBP mass
ratio, temperature controls to limit solution temperatures, and an offgas venting
system to relieve pressure from gases released in the reactions.

Limitations of the BNL Study

The BNL study is a limited-scope probabilistic risk assessment (PRA) model that
evaluated the failure of some of the safety strategies due to internally initiated process
deviations. In particular, the PRA model focused on (1) the failure of evaporative cooling
in selected process vessels, and (2) the failure of the TBP prevention strategy, through"
such events as emulsification, and the forma;ign.’;,pf,._a third phase or a rag layer, leading,
eventualily, to a violation of the success criterig:fér evaporative cooling. The PRA can be
considered a limited-scope risk assessment for several reasons:
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1. The generic risks due to external hazardé such as seismic events, internal fires,
or loss of offsite power events, including station blackout, were excluded from the
analysis. These initiating events can potentially lead to other high consequence
outcomes, similar to ROEs, and would have greatly enlarged the scope of the
study, which is limited to ROEs only. Also, according to the ISA Summary, the
applicant has taken a number of steps and actions through the installation of
IROFS to reduce the likelihood of internal fires as well as the likelihood of
externally initiated event sequences to low values consistent with the highly
unlikely category of event frequencies.

2. Second, the red oil reaction analyzed in the study accepted broadly the
characterization of the red oil phenomenon developed by the applicant by
focusing on thermal decomposition Teactions alone. The impact of radiolytic
dissociation on the red oil reaction was not considerefiibecause radiolysis would
have a relatively minor impact in the MFFF as therconcentrations and decay
rates of the radionuclides involved are relatively Jow s

EEaR

3. Failures of the heat transfer strategy wer conS|der dain the analysis. This
strategy applies to the adequacy _heat transfer to the -room
environment from process vessels confai solutlons at lower temperatures
(about 55 C and below) and depends fo ccess on the availability of room
cooling, i.e., the proper operationfof.th MIVAC system. Consideration of
the failures of the .HVAC' system#ih er, ‘wotlld ‘have greatly enlarged the

scope of the analysis, which'is lim

4. The semi-empirical a for th BP-nitrate reactions developed by the
applicant, mentionedfin C %pters 3¥and 6 above, and used to set the success
criteria for the evapgrativefcogl INggsg ety strategy, was accepted as the basis for
further evaluation of thep enom*“non The applicant considers this mode! to be
conservatlv i %‘% n the heat generated in a pure TBP-nitric acid

31 ; HPT mixture that will be used at MFFF. However,

its results _:o the selection of one particular set of experiments as
broadly [esentatwe of the heat evolved in TBP-nitrate reactions. Any
independent eSsment of the limitations of this model, however, was

considered far beyend the scope of the iﬂRA

7.4 Qualitative Assessment of ROE

Chapter 5 of the report provides a qualitative assessment of the factors that may
contribute to the possibility of ROE in the various process units comprising the Aqueous
Polishing (AP) Unit. There are eight process units within the AP process where organics
and nitric acid either contact each other during normal operation or have the potential to
come into contact. These are: (1) Purification cycle (KPA), (2) Solvent recovery (KPB),
(3) Oxalic precipitation and oxidation (KCA) (4) Oxalic mother liquor recovery (KCD),
(5) Acid recovery (KPC), (6) Aqueous ‘wastegireception (KWD), (7) Solvent waste
reception (KWS), and (8) Laboratory liquid waste receipt (LGF). These eight units are
potential candidates where ROEs can occur; the BNL study focused on units (1) through
(5) since the process conditions there place them at a somewhat higher risk of a ROE
compared to units (6) through (8). Each of the five process units was evaluated for the
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possibility of a ROE in terms of the equipment employed, the sequence of operations,
and the conditions (temperature, pressure, etc.) under which the operations occur,

Based on the heat sources present, the heat balance and the potential for TBP transfer,
four vessels in two process units were selected for more detailed evaluation. These
were the first and second stage evaporators EV 2000 and EV 6000 in the acid recovery
unit, the concentrates collection tank TK -3000-.in the acid recovery unit, and the
evaporator EV 3000 in the oxalic mother Ilquor recovery unlt

For each of the vessels selected ‘a qualltatlve saféﬂ/ review was performed followed by
a quantitative risk assessment of ROE. The qualitative review is summarized first
followed by the quantitative risk assessment in the next section.

EV 2000 is a natural recirculation thermosiphon type boiler, which utilizes pressurized
super heated water as a heating fluid. Nitric acid vapor distillates from this evaporator
are condensed and routed to a feed buffer pot tha‘tgd% les operation of the first

evaporator from the second evaporator. EV2000 opefates; der vacuum. The normal
process temperature is below 66°C and the normal super hes 3,
is 105°C (221°F). The hot water system temperatuﬁgl‘% equippét rth controls to. ensure

isERot violated. red oil prevention
ng, JwWe condltrons are necessary for a
temperature above 80°C (176°F); this

temperature, and an open.at é_y_ ven‘@system Chapter 6 provides an analysis
of the conditions under whigh itBriazcould be violated. . These include equipment
failures (loss of temperatu fe at exchanger tube ruptures, venting system
failure), human faAI‘. esiope! Qg allure to flush the 'system on schedule as required),
and process failufes”(form Aulsions, or a th;rd phase or rag layer),

TK 3000 is a col / 20 _
high level of alpha “na‘ﬁ» glimpurities, mainly americium, for transfer to the high alpha
liquid waste area of thed@WD unit. The tank is cooled by a cooling water ioop, and is.
maintained in a well-mixed condition by an air sparger to prevent the formation of any
hot spots within the tank that could lead to an initiation of a ROE. TK 3000 operates
normally at a temperature around 40°C. If the temperature reaches a set point of 80°C.
(176°F), steam jets will be 'shut off, and the solution volume is verified and maintained at
42 liters to ensure that the evaporative cooling would be successful. The red oil safety
strategy for the concentrates collection tank TK 3000 is also evaporative cooling. A six-
monthly flushing of the tank contents is performed-to ensure that any accumulation of
TBP is limited to an amount that is within the criteria for successful evaporative cooling.

Semi-annual flushing ensures that the ‘amount' of ‘TBP is limited to 21 liters in the tank.

Two conditions are necessary for a viable ROE scenario to occur: (1) a rising tank
temperature to 80°C (176°F) due to failure or degradation of the tank cooling/mixing
system and (2) failure of evaporative cooling. Chapter 6 provides an assessment of the
conditions under which the success criteria for evaporative cooling in TK 3000 could be
violated.
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EV 6000 is a natural recirculation thermo-siphon type boiler that utilizes pressurized
steam at approximately 2 bar gage and 133°C (271.4°F) as a heating fluid. Distillate
from EV 2000 is re-evaporated in steam heated.EV 6000. The conditions for a ROE in
EV 6000 exist. if sufficient TBP is present:s .iHence, the red oil safety strategy for
evaporator EV 6000 is TBP prevention, viz. the sampling instrumentation and density
monitors installed to prevent an excessive amount of TBP transfer from the KPA to the

KPC unit. While process upsets in EV 2000 could conceivably transfer TBP to EV 6000

via entrainment, further analysis showed that any separate phase transfer was unlikely

and easily detectable since it would cause a loss of the vacuum seal between EV 2000

and EV 6000, which would lead to a shutdown of the KPC unit. The small amount of

soluble TBP transferred would be easily destroyed in the conditions prevailing in EV

6000. Hence, as discussed in detail in Chapters 5 and 6, the possibility of TBP
~accumulation in EV 6000 is significantly lower than in EV 2000 so the scenario for ROE

in EV 6000 was not modeled quantitatively but wasiscreened out qualitatively.

EV 3000 is a natural circulation thermo-siphon evaporatoﬁh concentrates the oxalic
mother liquors, supplied from a feeding tank TK 2000, &h&:€vaporator includes a boiler
used for evaporation of the feed solution and refiux % he Tggiification column. It has a
tubular heat exchanger. The heating fluid (steam)"‘upies th I{ side and the mother
liquor to be evaporated circulates in the tubesgiliie conditions ?% ROE in EV 3000
readily exist only if sufficient TBP is present. ‘Hgiice 4liBP prevention is the main red oil
safety strategy applied to this evaporator. The amgunt’of TBP that enters the evaporator
from the feeding tank TK 2000 is comirolled bem‘t fis solution detection limit of 50
mg/liter. This small amount of TBP w Iy and&dfely reacted in the aggressive
environment that exists in this evaporat fidy, conservatively assumes that the
ROE could occur if the so|ub1§g%§ amc'f‘ Rot controlled or if a separated phase of
TBP is transferred to the evME@' waystin ‘which TBP transfers above the solution
limit could occur are discus$ed in Chapter hese could happen either through a siow
accumulation of mechanica|ljaentraingtidraplets that eventually create a separate phase
of TBP or a severe process N leading to a transfer of a relatively large amount
of solvent from thedKEASN ways of TBP transfer involve the circumvention of
multiple barriers£in wash pulse columns in the KPA unit, the passive
i __ 5f the KPA unit and the process sampling controls in the
KCA batch constititior ; that ensure that the amount of soluble TBP passing
through the unit dewpsfream to the KCD evaporator remains sufficiently low.
Operational failures in thgjpulse columns, the slab;settler, and the sampling controls that
could allow TBP transfer to EV 3000 are analyzed'in Chapter 6. ‘

7.5 Quantitative Assessment of ROE

Quantitative evaluation, using accident seguence delineation presented in the form of
event trees and fault trees, was carried out to gain further insights into possible
combinations of failures that could lead to ROE in the process vessels selected after the
gualitative assessment, i.e., EV 2000, TK 3000, and EV 3000. The details of the
assumptions and models underlying the quantitative assessments are outlined and
discussed in Chapter. 6 and the fault and event trees are provided in Appendix A.
Quantification was carried out using the SAPHIRE code to obtain the point frequency of
a ROE ‘and a 5" percentile and 95" percentile frequency to show the range of
uncertainty. “The results are displayed in Chapter 6.

' | 7-5
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The ROE scenario in EV 2000 is modeled under two conditions of TBP accumulation:
(1) normal accumulation of TBP, which refers to an accumulation of a small amount by
~mechanical entrainment with the aqueous phase, and (2) upset accumulation of TBP,
which can occur due to a severe process malfunction such as formation of an emulsion
that can transfer large quantities of solvent.

Under the first condition, high solution temperature and failure of the evaporative cooling
strategy is necessary for a ROE to occur in EV 2000. The initiating event. for this
scenario is the increase in solution temperature which can lead to a ROE if the
evaporative cooling strategy fails. This mntratrng event can happen due to a loss of
temperature control or a heat exchanger tube rupture. The former.is modeled via a
standard fault tree model and the latter via generic data. The next top event in the event
tree models the different by which the various success criteria for evaporative cooling,
viz., maintaining the aqueous to TBP mass ratio and the TBP layer thickness, can be
violated. The first can happen due to operator failure to flugkiithe vessel at the end of a
six month period, which is conservatively. assumed “cause an unavailability of
evaporative cooling for six months until the next flushing: ‘?tle&ls required. . This failure
is modeled via a fault tree based on human error probal rhty\t,‘afegrry out an action. The
failure probability for the second cntenon malntur@ﬁrg TBP lev; i: is estimated through
) i% tree rep ents the success of
aintained below the azeotropic limit
a two-train system consisting of

dy.  Failure of venting is modeled
here are two ROE sequences

A

venting to ensure that the solutlon temperatureji:
for the nitric acid/water solution. Venting is provid
fans and HEPA filters with an additionala
via a fault tree to evaluate the venting f
for this scenario; in the first the level ¢
second,  the amount of TBP

evaporative cooling. The don&@ %}
of plugging of two sets of HEPA s,
the failure of the operator‘ 4

Hed s stfficient to violate the criteria -for
\nithe first sequence is common cause failure
1 -, second sequence, the dominant cutset is

such as formatlon ‘of an emulsion in the initial pulse
extraction column¥githe KE unlt Followmg this, the drluent washmg pulse columns

phase or in-inducing a g Aual termination of TBP transfer.. The failure probabilities for
these were assigned based on very limited data. Further barriers to the transfer of
organics to EV 2000 are provided by sampling controls that detect TBP and density
_controls that detect HPT. Failure of these controls was modeled via standard fault tree
modeling. The initiating event for this scenario is again a loss of temperature control or
a heat exchanger tube rupture that.leads to a rise.in solution temperature. The top
events in the event trees relate to'the success/fa}'égre of the various pulse columns in
-breaking up entrained organic material followed;*by the success/failure of the sampling
and density controls. Venting is not modeled as the amount of TBP assumed to be
transferred in the upset accumulation condition would violate the criteria for the success
of evaporative cooling. The dominant cutsets in one sequence are the ineffectiveness of
density controls, common cause failure of the density transmitter, failure of sampling
analysis, failure of diluent wash column, and malfunction of the pulse extraction column.
"In the other sequence, the dominant cutsets are ineffectiveness of density controls,
fraction of the time sampling failed between successive sampling intervals, failure of
diluent wash column, and malfunction of the pulse extraction column.
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The PRA model for ROE in tank TK 3000 assumes '(1) failure to provide cooling flow to
the tank heat exchanger could result in tank.heat p.and initiation of evaporative cooling
-(HVAC system failures that could also lead to tarjk'heat up were not modeled as it was
assumed that facility response to HVAC failure would be shutdown of the' KPC unit),
(2) failure of spray mixing inside the tank could create hot spots leading eventually to
initiation of evaporative cooling, and (3) if there was an increased amount of TBP in the
tank due to inadvertent transfer, then loss of cooling or mixing would lead to ROE . as the
criteria for evaporative cooling would have been violated. The initiating event is the loss
of cooling -or mixing; -its frequency was estimated from fault tree evaluations of the
systems involved. The next top event is “no transfer of separate organics”, which was
estimated using the models developed earlier for EV 2000, due to the common
pathways for transport of separate phase TBP to the process vessels in the KPC unit,
including EV 2000 and TK 3000. The next top event Iabeled-“level ‘control or No
excessive TBP” addresses the operator actions needed to p ,Agy_ ide agueous make up to
maintain the criteria for success of evaporatlve ‘coolinggbn”’the appropriate branches
under conditions (1) and (2) above. The lastitop eventdr Shtree, “venting”, represents
the success of venting to maintain the solution tem e rature safe level to prevent a
ROE. There are four ROE sequences. Two @ them invo e fransfer of large
amounts of TBP to TK 300 due to malfunctiopg¥in tg:gx‘oulsed extraction columns and
1

subsequent failures of the sampling and densjfyxcor Tols: they are very similar to the
scenarios under upset accumulation |n EV N_: nd the dominant cutsets are also
similar. The dominant cutset in the ve ailure seg hence is common cause failure of
plugging of HEPA filters. In the rema iS¢ nceNitis the failure of the operator to

The PRA model for ROE in ENS8000s ba sed on'the evaluation of the various pathways
by which organics can be gian: d to E3000 Two scenanos with their respective
Ko o

s

”unt of solvent. Both event trees consider the following
Sﬁ 0 i.e., success of the wash column to break up and
£ cs slab settler effectiveness in preventing transfer of any
separate phase " % ics in cess of their solubility limit, and sampling for organics in
the KCA batch tanﬁg econd scenario has another top event, sampling in drip
trays, that analyzes lea ge samples for organic content before transfer to the KCD unit.
Slab settler failures involve failures of density controls, which were modeled by fault
trees, operational failures that were taken. from a supporting document on settler -
operation, density monitor failures, analyze y fault trees, and loss of settler baffie
integrity, estimated based on corrosion rate data. The other top events, with the
exception of the failure of pulse 3100 column, were also modeled by fault tree methods.
The details are provided in Chapter 6. Three ROE sequences result from the analysis.
The dominant cutsets in all of them include operational failures of the slab settler, failure
of diluent wash column puilse 3100 and fallure of the air lift to stop process solutlon
transfer to the KCD unit.

7.6 Conclusion

The red oil phenomenon is E:'é‘r’ﬁplexﬁ'the reaction takes place over a range of
temperatures and the exothermic reaction rate is affected by several factors as analyzed
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in Chapter 3. The fact that ROEs have occurred at a gross rate of about 0.1 per year
over the last several decades in facilities that use processes similar to those proposed
for MFFF, suggests that the design of such facilities has to incorporate sufficient
measures to deal with this potentially explosive event. The design proposed for the
MFFF appears to have incorporated the lessons learned from previous red oil events by
providing multiple safety strategies in different temperature regimes to deal with the risk
of ROEs. Each strategy is implemented through a set of items relied on for safety
(IROFS) that are listed in Appendix B and outlined in Chapter 4. The IROFS consist of a
combination of active engineered systems or controls, passive engineered controls,
enhanced administrative controls (human action combined with a physical device like an
alarm to alert the operator), and administrative controls (required or prohibited operator
actions). Each process or system also incorporates items and features of defense-in-
depth. The application of industry codes and standards provides confidence in the
reliability of the equipment selected as IROFS along with the project quality assurance
program that is stated to be implemented in compliance with the requirements of
10 CFR 50 Appendix B. Within the qualitative definitions of event likelihood provided in
10 CFR 70 and the Standard Review Plan ‘for the MFFF [7-4], the ROE can be
considered to be highly unlikely at the proposed MFFF.

While the results of the quantitative assessments show that the point estimate
frequencies of ROE in various process units are low, they must be considered
preliminary for several reasons. The failure rate database for equipment failures and
human reliability in fuel cycle facilities such as the proposed MFFF, especially for
equipment that may be exposed to harsh chemical environments, is very sparse and
uncertain. -Moreover, the PRA carried out was a limited-scope one for several reasons
as stated above. However, the analysis performed here of ROEs using PRA techniques
can be considered as risk-informing the qualitative analyses and the 1SA process to help
NRC staff focus attention on areas of higher.risk :significance with respect to ROEs. In
particular, the identification of dominant cﬁ‘tSéts-in the various sequences that have
ROEs as outcomes does help to focus attention on the crucial safety systems that staff
may wish to consider in the review of the design. Hence, the risk analysis methods
proposed can be considered as risk-informing the license review of fuel cycle facilities.

7.7 REFERENCES:

7-1.  Shaw Areva MOX Services, LLC, “‘Mixed Oxide Fuel Fabrication Facility License
Application,” Revision, December 17 2007+

7-2. Shaw Areva MOX Serwces, LLC, “lntegrated Safety Analysis Summary,”
December 17, 2007.

7-3. U.S. Nuclear Regulatory Commission, “Final Safety Evaluation Report on the
Construction Authorization Request for the Mixed Oxide Fuel Fabrication Facility
at the Savannah River Site, South Carolina,” NUREG-1821, March 2005.

7-4.  U.S. Nuclear Regulatory Commission, “Standard Review Plah for the Review of
an Application for a Mixed Oxide (MOX) Fuel Fabrication Facility,” NUREG-1718,
August 2000.
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FAILURE RATE DATA _
FAULT TREES AND EVENT TREES
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- Failure Data in ROE

Components Failure Modes Failure rate per.hour | Error Factor Sources
' or failure probability :
per demand :
Lab analysis Error 3.0E-04 per demand 10 SRS
Admin control Failure 5.0E-03 per demand 10 SRS
| Agitators Failure 6.2E-06 per hour 1.72 WIN330
Jets All Failures 1.63E-06 1.51 WIN330-
Heat Exchanger Rupture 5.0E-07 per hour 30
Temperature Failure 1.0E-06 per hour 10 INEL-95/0422
Element ' _
Temperature Failure 3,0E-06 perhour .-+ [ 10 INEL-95/0422
Transmitter . L
Press Element Failure '+1.0E-06 per hour#” 10 INEL-95/0422
Press Transmitter Failure 3.0E-06 per hour 10 INEL-95/0422
Flow Element Failure 1.0E-06 per hour 10 INEL-95/0422
Flow Transmitter Failure 3.0E-06 per hour 10 INEL-95/0422
Level Element Failure 1.0E-06 per hour 10 INEL-95/0422
Level Transmitter Failure 3.0E-06 per hour 10 INEL-95/0422
HVAC Filter Failure 1.0E-05-per hour 10 INEL-95/0422
PLCs Failure 1.49E-06 per hour 10 INEL-95/0422
Indicators Failure 1.0E-05 per hour’ 10 INEL-95/0422
Alarm/Annunciation | Failure 3.0E-05 per hour 10 INEL-95/0422
Air lifts Failure 1.17E-06 per hour 6.63 INEL-95/0422
Density Loops Failure 1.13E-05 per hour 4.09 INEL-95/0422
Fans Fail torun 1.0E-05 per zhou o 10 SPAR Model
Fail to start 3.0E-03 per démand 10
Instrumentation Air | Total loss of 1.0E-02 per year~" i | (Gamma SPAR Model
Instrumentation Air " | distribution with
‘ 1 r=0.5) ' _
Cooling water Total loss of 4.0E-04 per year (Gamma SPAR Model
' cooling water ) distribution with
L r=0.5)
AOVs Fail to open/close 1.2E-03 per demand 4.5 (Beta SPAR Model
S '- distribution with’ '
. a b=832)
AOVs Fail to control :3.0E~06 per hour 18.8 (Gamma SPAR Model
distribution with
r=0.3)
Human Cognition Error 1.0E-02 per demand S NUREG/CR-
: 6883
Human Execution Error 1.0E-03 per demand 5 NUREG/CR-
: 6883
Analyzer Failure 3.49E-03 per hour 3 PRAM
: ] Database
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Naming Scheme of Basic Events

Proposed naming scheme for basic events in fault tree model 1s shown here.

Component Name
Train 1D )
l l ' Fai]uri Mode
123 123 - 1234 - 1 - 12 - 123

! T
Unit description
Component Code b
Normal Status

a). Unit description (XXX) :
KPA : Purification unit
KPC : Acid recovery unit
b). Component name (XXX):
AOQV : Air-operated valve
HMN : Human performance related
PLC : Programmable logic controller
FIX : Flow indicator
ALX : Airlift
DLC : Density controller
DTX : Density transmitter
FLW : Low air flow detector
PDW : Diluent wash
PUL : Pulse column
CWS : Cooling water system
EXX : Venting '
HEP : Filter of venting system
LLC : Level controller
TEX : Temperature transmitter
TTX: Temperature sensor e ‘
THC : Temperature controller . .
¢). Component ID (XXXX): such as 2003 R
d). Train ID (X):
A :train A
B : train B
X : Not applicable
e). Normal status (XX):
NO: Normally.-Open
OP: Operational Mode
). Failure Mode (XXX):
FTC: fail to close (Normally open)
FOP: Fails Operation (non specific)
* CCF: Common cause failure

Offigial U;(Or/y
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Loss of temperature control or

Level control or no excessive

Venting system of evaporator

HX tube rupture at EV2000 TBP -
LOSTC_EV2000 LC_NETBP VENTING # | GND-STATE-NAMES
1 |OK
1 | ROE-EV2000-1-NC
Normal TBP Accumulation
3 | ROE-EV2000-2-NC

Figure A- 1: Event Tree for ROE Scenario at EV2000 under Normal TBP Accuniuiation Condition
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Estimate of

IE frequency

at EV2000

EV2000{iE-FT
{ 1
Heat Failwre to
exchanger terminate H\WYS
tube rupture
2.187E-3
HEAT-EXG-TUBE-RUPTURE GATE{19-0
. [ 1
Failurc to Faiture of oL
tenuinate HWS B temp. control En
by operator (including CCFs)
1.000E-3
FAIL-TO-TERMINATE-HWS GATE-[9-35
[ I T ]
CCF of temp. CCF of temp. CCF ol CCF to close Failure of the
seiisors transputters controllers KPC-AOV2003A/B temperature ’
KPC-TT-2203A/B KPC-TE2003A/8 KPC-THC2003A/B control (no CCF)
4.367E-4 1.303E-3 G6.511E-4 1.200E-4

KPC-TTX-2203-X-OP-CCF KPC-TEX-2003-X-OP-CCF ~ KPC-THC-2003-X-OP-CCF KPC-AOV-2003-X-OP-CCF  EV2000-1E-TC

[EV2000-1E-FT - Estimate of inutiating event frequency at EV2000 2009/03/06

Figure A- 2: Fault Tree for Initiating Event Frequency at EV2000
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Failure of

temperature

GATE} 19-42

1
Failure of
temp. control
{No CCF)
EV2000-1E-TC
Failure of
temperature
ontrol - Train B
GATE}19-43
r T T
Failure of . Failure of temp. Failure of
sensor {cmp. transmitier * | <« controller
KPC-TT-22038 KPC-TE2003B} KPC-THC2003B
% 4367E-3 1.303E-2 6.511E-3

. . [ N— - —
Failure of Failure of temp. Failure of Fail to close of
temp. sensor transmitter controller KPC-AOV2003
KPC-TT-2203A] KPC-TE2003A KPC-THC2003 -
4367E-3 1.303E-2 6.511E-3 1.200E-3

KPC-TTX-2203-A-OP-FOP KPC-TEX-2003-A-OP-FOP KPC-THC-2003-A-OP-FOP KPC-AQV-2003-A-OP-FTC

) N
Fail to close
o
KPC-AOV2003H
i 1200E-3

KPC-TTX-2203-8-OP-FOP KPC-TEX-2003-B-OP-FOP KPC-THC-2003-B-OP-FOF KPC-AQV-2003-B-OP-FTC

EV2000-IE-TC - Failure of the temperature control

2009/03/06

Figure A- 3: Failure of Two-train Temperature Control nt EV2000
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Loss of level
control or no
excessive TBP

A

LC_NF,TBP
— _ , — 1
Loss of evaporative L°§;(§§fg3ﬁ‘;’?‘;ive
cooling due .to level ' incomplete or missed
control failure flushout
LOSS-OF-LEVEL-CONTROL FAILURE-OF-FLUSHOUT
LC_NETBP - Level control or no excésswe TBP . 2009/03/06

Figure A- 4: Frult Trec for Loss of Level Coutrol or No Excessive TBP at EV2000
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B

—

Fail to maintain
the fevel of
EV2000

CCF of sensors,
transmitters
-LT-2000A/8

IKP

Failure to
terminate HWS

by individual trains|

KPC-LLC-2000A/]

LOSS-OF-LE VLL-CON TROL
) — 1

CCF of level
controllers

—1

KPC-AOV-2003A/B

CCF of

Failure of sensor
transmitter A

1.200E-3
KPC-LTX-2000-A-OP-FOP  KPC-LLC-2000-A-OP-FOP  KPC-AQV-2003-A-OP-FTC

8.709E-4 3.263E-4 1.200E-4
KPC-LTX—ZOOO-X}OP-CCF :GATE}17-22 KI’C-LLC—ZOOO-X}-OP-CCF KPC-AQOV-2003-X-OP-CCF
Failure to Failure to
terminate HWS terminate HWS
by Train A hy Train R
Vvl
GATE-17-6 GATE-17-7 -
- f L
Failure of sensor/ Failure of Failure to close
- it leve to terminate
t t
transmitter B controller B HW
8.709E-3 3.263E-3 S 1.200E-3
[ KPC-LTX-ZOOO—B-OP;FOP KPC-LLC-2000-B-OP-FOP  KPC-AOV-2003-B-OP-FT(
Failure of Failure to close
leve to terminate
controller A HW
8.709E-3 - 3.263E-3 S

LOSS-OF-LEVEL-CONTROL - Fail to mamtamn the level of EV2000

2009/03/06

Figure A- 5: Fault Tree for Loss of Level Contral at EV2000
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|
Flushout not

| completed or |
missed in 6 months

A

FAILURE-OR-FLUSHOUT

Failure of
flushout

o 1.000E-3
FLUSHOUT-FAILURE

FAILURE-OF-FLUSHOUT - Flushout not completed or inissed in 6 months

2009/03/06

Figure A- 6: Falture to Flush Qut EV2000
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Failure of plugging
©oof

A

Venting systen
of evaporator

VE@‘G

Failute of fans
(Including CCF
of three fans

—
CCF of plugging Frilure of
of the two sets individual
[ HEPA filters )
2.158E-3

KWG-HEP-PLUG-X-OP-CF2

KWG-HEP-SETX--OP-FOP KWG-HEP-SETX-Z-OP-FOF

CCFoflthe
three fans

Failure of
fan

&

1.043E-6
KWG-EXX-FANX-X-OP-CF3

Failure of
pluggmg of set |
HEPA f(ilters

2.158E2 -

GATra;.}-}S

Failure of
the
ruitmag fans

Faifure of
plugging of set 2
HEPA filters

—1

Failure of the
standby fan (#3)

2.158E-2
GATE-3-43
I 1
CCF of the Faiture of The third fan The third
two runmning, individual fails 10 nun fan fails to
fay i start
3
1.200E-5 1.200E-4 3.000E-3
KWG-EXX—FANX-X-Q(P-CFZ KWG;EXX-FANXJ-OP-FTR KWG-EXX-FANX-3-OP-FTS
Failure 10 Failure to
run of Fan | sun of Fan 2
1.200E4 1.200E-4

KWG-EXX-FANX-1-OP-FTR

KWG-EXX-FANX-2-OP-FTR

VENTING - Venting system of evaporator

2009/03/06

Figure A- 7: Fault Tree for Loss of Venting System

onth o)




Official U\e Onl

Loss of temperature | Malfunction at or before | Diluents wash at KPA | Sampling at KPA Density control at
control or HX tube KPA Pulse2000 Pulse2100 TK9100 every 75 hours TK1000
rupture at EV2000 :
LOSTC_EV2000 MF_PLSE2000 DW_PULSE2100 SPL_TK9100 DST_TK1000 END-STATE-NAMES
OK

s |ak

ROE-EVIIOO.IHIRMH S o0

Figure A- 8: Event Tree for EV2000 ROE Scenario under Abnormal TBP Accumulation — Pathway #1 Starting from Malfunction of Pulse Column 2000
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Malfunction at or
before KPA
Pulse 2000

[

MF_PL$E2000

Malfunction of
KPA Pulse 2000

I

2.212E-1
KPA-PUL-2000-X-OP-FOP

MF_PLSE2000 - Malfunction at or before KPA Pulse2000

2009/03/06

Figure A- 9: Malfunction of KPA Pulse Column 2000
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{

Diluent wash
at KPA
Pulse 2100

DW_PUILSE2100

Failure of diluent

wash at Pulse
2100

- 2.500E-1
KPA-PDW-2100-X-OP-FOP

DW_PULSE2100 - Diluents wash at KPA Pulse2100 2009/03/06

Figure A- 10: Failure of Diluent Wash at KPA Palse Column 2100
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Failure to
homogenize content
for samplin|
GATE{12-16
[ T 1
. Failure to close Sampling failure Failure of lab Fraclion of tume
transfer to isolate . at KPA TK9100 analysis of btw. successive
for sanpling - . cvery 75 hours sample plings
S }
8.720E4 4.300E-3
- . . GATE12:3 : SPL TK9100 KPA-LAB-ALYS-1-OP-FOP  KCA-FET-SAMP-X-OP-FOP
- 7 [} =) N Ir 1 .
Failure to close CCF . Fail (o turn Fail 10 stop
transfer by KPA-ROVS140A/B an sparging sampling by
individual AQVs air flow (HE) PLCs or operator
_ ‘ 1.200E-4 . 1.000E-3
GATH-12-4 KPA-AQV-9140-X-OP-CCF KPA-FSL-9100-X-OP.FOP GATE{12-55
f aw— I ; . 1
Fail to close Fail to close Failure 1o stop . Failure to stop
tansfer to " ansfer to sunpling by sampling by
downstream tank downustrenm tauk operato . PLC
T s,
1.200E-3 (.200E-3 @ ' A
KPA-AQV-9140-A-OP-FTC KPA-AQV-9140-B-OP-FTC - GATE{12-26 PLC-FTSTOP-SAMPLING
I 1
Failure of indicator Cognitive Opcrator's failure
for low sparging air failure of low air to respond to
flo flow indication low air indicalion
w
2.158E-2 1.000E-2 1.000E-3
KPA-FIX-9100-X-OP-FOP  KPA-HMN-CONG-X-OP-FOP KPA-HMN-EXEC-X-OP-FOP
SPL_TK9100 - Sompling at KPA TK9100 every 75 hours 2005/03/06

Figure A- {1 Fault Tree for Sampling ot KPA TK9100 (Every 75 Hours)
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A1
Failure to stop

sampling by PLCs
a1 KPA TK9100

PLC-FTSTOP-PAMPLING

Dueto
failure of
nonnal PLC

A

1
Due
falfure of
safety PLCs

KPA-P

LC-SAMP-1-OP-FOP

KPA-FLW-LAIR-1-OP-FOP

KPA-PLC-SAMP-2-OP-FOP

GATE~I12-24 GATE-]2-50
f 1 [ 1
Failuse of normal Failure (o measure Failure of CCF CCF of fow airflow
PLC {ow air flow for individunl saffly PLCs measurements
normat PLC safety PLCs 1 and for safety PLCs
. 2
) "3.263E3 - 8.709E-3 3.263E4 B.709E-4
| KPA-PLC-SAMP-N-OP-FOP KPA-FLW-LAIR-N-OP-FOP GATE-]12-49 KPA-PLC-SAMP-X-OP-CCF KPA-FLW-LAIR-X-OP-CCF~:
i { 1 R
Failure of Failure of
safety PLC 1 safety PLC 2
GATE-{2-25 GATE-‘ 2-64
_C 1 f )
Failure of salety Fail to incasure " Failure of safety Fail ta measure
PLC- low air flow for PLC- low air flow for
i safety PLC-1 2 safety PLC-2
3.263E-3 8.709E-3 3263E-3 8.709E-3

KPA-FLW~LAIR-.2-OP-FOP

PLC-FTSTOP-SAMPLING - PLCs Fails to stop sumpling

2009/03/06

Figure A- 12: PLCs Fail to Stop Sampling st KPA TK9100
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]

L

Density control
failure at
TK 1000

DST_‘I{K 1000

{ - 1
_Fail to terminate Density control
xfer or turnoft at TK1000 can

. ' sleam jets be credited
1.300E-1
GATE}13-33 DENSITY-CTRL-VALID
- | I . - — 1
Fail to terminate CCF of density CCF of density CCF of aovs CCFs of aovs
xfer. or turnoff transmitters controllers SPS-AOV2677A/D 267
team jet KPC-DT100A/B -DLC / -
4.236E-5 5.599E-6 1.200E-4
FTEND-XFER-TK1000 KPC-DTX-1000-X-OP-CCF  KPC-DLC-1000-X-OP-CCF SPS-AQV-2697-X-OF-CCF GATE{13-55
- { 1
CCF of aovs CCF of aovs

SPS-AQV2675A/ : ISPS-AOV2676A/

1.200E-4 ~
SPS-AOV-2676-X-OP-CCF

1.200E-4
SPS-AOV-2675-X-OP-CCF

DST_TK 1000 - Density controf at KPC TK1000 2009/03/06

Figure A- 13: Fault Tree for Density Control at KPC TIK1000 (Partiatly Credited for Preventing ROE) under Abnormal TBP Accumulation
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Fail to terminate;
xfer. or tumoff

FTEND-XFEP-TKIUOO

S
Controllers fail

to signal to
tnmoff xfer

GATE-}3-32

T

Fuail to tenninate
xfer, upon

).

S—

=

Failure of firs!
train of the

Fafjure of the
second tram of

sity_cantrol

Failure of density
transmitter
,

4.236E-4
KPC-DTX-000-B-OF-FOP

—_—
Failure of density
trausmitter
KPC-DTI00A

4.236E4

Failure of density]
coutrolier
KPC-DLC1000.

5.599E-5

KPC-DTX-1000-A-OP-FOP  KPC-DLC-1000-A-OP-FOP

Failure of densit
controller

5.599E-5
KPC-DLC-1000-B-OP-FOP

1

r
lure of

Failure of
aov SPS-

AQV2I697A

.200E-3

1.200E-3

GATE!136__SP5-AOV-2697-B-OP-FTC  SPS-AOV-2697-A-OP-FIC " -

Fail to turnoff
slcam jet upon

GATE-}3-51

Failure to

{crminate steam
jet transfer

1.200E-3 |
SPS-AOV-2675-A-0OP-FTC

{enmmate steun

SPS-AQV-2675-B-OP-FTC

Failure to
et transfer

1.200€-3

Faiture to
tenninste steam

jet ransfer

1.200E-3

SPS-AQV-2676-A-OP-FTC

Failure to
tenninate steam
et transfer

1.200E-3
SPS-AQV-2676-B-OP-FTC

2009/03/06

. FTEND-XFER-TK1000 - Fail to turn off transfer

Figure A- 14: Failure to Stop Transfer or Turn off Stcam Jet at TKI000
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Loss of temperature | Malfunction at or before| Diluents wash at KPA | Density control at KPA Sampling at KPA Density control at KPC
cantrol or HX tube KPA Pulse3200 _ Pulse3100 TK9500 TK9100 every 75 hours TK1000
rupture at EV2000 h

LOSTC_EV2000 MF_PLSE3200 DW_PULSE3100 DST_TK9500 DST_TK1000

SPL_TK9100

END-STATE-NAMES

ROE-EVI000-7SHRPULSE3 20U

Figure A- 15: Event Trce for EV2000 ROE Scenario under Abnermal TBP Accumulation — Pathway #2 Starting from BMalfunction-of Pulse Column 3200
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L
- Diluents
wash at KPA

DW_PUI.SE3100

Failure of diluent
wash in Pulse
3100

2.500E-1
KPA-PDW-3100-X-OP-FOP

DW_PULSE3100 - Diluents wash at KPA Pulse3100 . 2009/03/06

Figure A- 16: Malfunction of Dituent Wash at KPA Pulse Column 3100
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1
Malfunct_ion at
or before KPA:

Pulse 3200

MF_PL$SE3200

Malfunction of
KPA Pulse 3200

- 2.212E-1
KPA-PUL-3200-X-OP-FOP

MF_PLSE3200 - Malfunction at or before KPA Pulse3200 2009/03/06

Figure A- 17: Malfunction of IKPA Pulse Columm 3200
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Density control

at KPA TK9500
DST TJ(9500
[ 1 I 1
CCF of density _| Failure of density CCF of density CCFs of
transmitters control (no CCF) controllers AOVs
A-DT9501A/B! or ajrlifts KPA-DLC9501A/ .
2.434E-3 3.263E-4
KPA-DTX-9501-X-OP-CCF GATE-L-“ KPA-DLC-950{-X-OP-CCF GATE-}5-48
- { . B | 1 |- _ |
Failure of density o Failure of air lifts CCF to close o CCF to close
control (no CCF) to close - . of of
: KPA-AQVIS510A/ - KPA-AQVI9540A/8
A - 1200E-4 1.200E-4
FTCD_TK9500 GATE-]5-43 KPA-AQV-9510-X-OP-CCF KPA-AQV-9540-X-OP-
: v — CCF ‘
Failure of airlift Failure of atrlift
KPA-AL9510 KPA-AL9540
2.519E-2 2.519E-2
KPA-ALX-9510-X-OP-FOP  KPA-ALX-9540-X-OP-FOP
DST_TK9500 - Density control at KPA TK9500 . . ’ 2009/03/06

Figure A- 18: Fnult Tree for Density Control at KPA TIK9500
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Offfcial seOrJy

I

Failure of density
control (no CCF)

FTCD 1K9500

Failure to signal
arr lifts to close

Measurement

:Failure of density
- transmitter
KPA-DT950{A

2434E-2

KPA-DTX-9501-A-OP-FOP

Failure of density
controller

KPA-DLC9350
3.263E-3

KPA-DLC-9501-A-OP-FOP

Measurerent
& controller

Failure of density
transmitter
KPA-DT95018

KPA-DT)$-950 1-B-OP-FOP

2.434E-2

.Enilun: of density

* controller
{PA-DLC950IB

Failure to close
aur lifts for
density control

GATE

3.263E-3

KPA-DL(;-?SOI -B-QpP-FOP

A

1541

o

fail to close

KPA-ADY9540A

Fail to ctose
o
KPA-ADV9540B

1.200E-3

1.200E-3

T

Fail to close
°
KPA-ADVISI0A

1.200E-3

Fail to close

-]
SPA-ADVS5108

1.200E-3

KPA-AQV-9540-A-OP-FTC  KPA-AOV-9540-B-OP-FTC  KPA-AOV-9510-A-OP-FTC KPA-AOV-9510-B-OP-FTC

FTCD_TK9500 - Failure of density control at TK9500

2009/03/06

Figure A- 19: Failure of Density Control nt KPA TK9500
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ddd

Loss of cooling or mixing at
TK3000

Level control or no excessive
TBP at TK3000 ‘

Venting system of evaporator

LOSC_M_TK3000

L_TBP-TK3000

VENTING

END-STATE-NAMEY

Normal condition

-

OK .

ROE-TK3000-1-NC

ROE-TK3000-2-NC

Figure A- 20: Event Tree for ROE Scenario under Normal TBf Atcumutation for TK3000

¢] »la] se é\ly



oo

Estimate of
-1E frequency

at TK3000

TKJOOOIIE-FT

Loss of cooling
and failure to act
upon the loss

GATE}1-35

—

Loss of cooling

1

Operator fails to
recognize or act

Failure of
mixing at
TK3000

TK3000-1E-FTM

KPC-CWS-ISOV-X-OP-FCX

KPC-CWS-PIPE-X-OP-RUP

KPC-HMN-CONG-X-OP-FOP

water
upon the loss
GATEIJ-[B GATEI]-JI :
[ = 1 A 1
CWS fail to Failure to Fail to indicate Operator's
provide cooling isolate or low flow of failure to
_wate pipe rupture cooling water - [
_ 1.000E-2 4.255E-2
KPC-CWS-XXXX;X-OP~NFW GATE‘B-IS KPC-F1X-3000-X-OP-FOP GATEI|-34
[ )| P 1
Fail to close CWS pipe Failure of . Failure of
isolation rupture cognition operator to
valve of alanm respond
1.000E-3 2.190E-6 1.000E-2 1.000E-3

KPC-HMN-EXEC-X-OP-FOP

TK3000-1E-FT - Estmate of imtiating event frequency at TK3000

2009/03/06

Figure A- 21: Fault Tree for Inltinting Event of TK3000 Scenario

Offictal EOI\




Offi\jal u\o\‘y

1
Failure of
mixing at
TK3000

TK3000HE-FTM

1
Laoss of service
arr for KPC
TK3000

* Failure to
recognize or act
upon loss of air

1.600E-2

: GATH-1-28 KPC-XX-SAIR-X-OP-FOP -
- L N 1
Failure to Failure of Operalor '
) measure air flow low air flow failure
~ (including CCFs) o alarm - <
o GATI-1-51 ' GATH-1-42 . GATll-l-Z‘)
[ B r T
[
CCF of air Individuaf » Failureto "Failure to Failure of = ;-1 Execution failure
flo failures o - indicate low air mdicate low arr cognition ' 1o respond to
ure air flow "_flow of FI3001 flow of FI3001 of alann low air indication
8.709E-4 6.291E-2 2.158E-2 1.000E-2 1.060E-3
KPA-FLW-XXXX-X-OP-CCF GAT[-1-50 KPA-FWL-3001-X-OP-FOP KPA-FIX-3001-X-OP-FOP  KPC-HMN-CONG-X-OP-FOP KPC-HMN-EXEC-X-OP-FOP
5 1
Failure o Failure to
mpasure Ilil' ineasure ar
._flow flow
#1 . #2
8.709E-3 8.709E-3

KPA-FLW-XXXX-2-OP-FOKPA-FLW-XXXX-1-OP-FOP

TK3000-1E-FTM - Failure of mixing 2009/03/06

Figure A- 22: Failure of Mixing at TK3000
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drceds

I

Level control or
no excessive TBP
at TK3000

[

Failure of level /
control in
TK3000

LEVEL-TK3000-FAILURE

L_TBP-TK3000
I - ]
Failure of Flushout
temperature control Failur
‘in TK3000 arlure
| 1.000E-3
TEMP-TK3000-FAILURE FLUSHOUT-FAILURE

L_TBP-TK3000 - Level control or no excessive TBP at TK3000

2009/03/06

Figare A- 23: Foult Tree for Loss of Evaporative Cooling due to Faiture of Temperature or Level Control
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oo

Failure of
temp control
at TK3000

TEMP-TK3000-FAILURE

— ; 1
Fail to measure ] Operator fails to Fail to isolate
temperature act upon high external heat
{emperature ?%395
_-GATE}8-42. TEMP-TK3000-OFC GATEJ7-I3
{ 1. | T 1
Failure of CCF of both : Failure of air Failure of steam |
individual temp. temp. i lift AL2100 jet Si3400to "
| _measurements_| |_imeasurements” | i 5 : isolate '
. 8.709E-4 2.558E3 . 3.561E-3
KPA-TMP-XXX1-X-OP-CCF  KPC-ALX-2100-X-OP-FOP KPC-SJX-3400-X-OP-FOP
I ; 3 ' .
Failure of " Failureof '
temperature - temperature
Ineasurement ~ Limeasurement #

8.709E-3 8.709E-3
KPA-TMP-XXX1-2-0P-FOP  KPA-TMP-XXX1-1-OP-FOP

TEMP-TK3000-FAILURE - Failure of temperature control - 2009/03/06

Figure A- 24: Fault Tree for Loss of Temperature Control at TK3000

.-
Official &gé\ly
\



bkl

i
Operator fails to
act upon high
temperature,

TEMP-TK}lOOO-OFC

f - ]

Failure of Failure to signal
high temp. for isolating
indication/alarm : : xtemnal heat sourcey
GATE-7-8 o GATE|8-53
— - 1 - 1
Failure of high Failure of Failure of high Operator’s failure Fail to control
temperature temperature lemperature to isolate heat temperature of
lanns indjcator indicator rce controlier
: 2.158E-2 3.256E-3 3.256E-3
__GATE76 KPC-TIX-3000-A-OP-FOP ©  KPC-TWC-3000-A-OP-FOP___ GATH-7-33 .. . KPC-TWC-3000-A-OP-FOP |
1 i { ” 1
|-+ CCF of high Failure of < Failure of Failure of
- temperature individual cognition operator-
alarms temp. alagus of alanm action
6.291E-3 ‘ 1.000E-2 ' 1.000E-3
KPC-TAH-3000->I<-OP-CCF GATE-7-5 KPC-HMN-CONG-X-OP-FOP KPC-HMN-EXEC-X-OP-FOP
. 1 .
Failure of high Failure of high
temp. alarm of temp. alarm of
TAH3000A TAH3000B
6.291E-2 6.291E-2
KPC-TAH-3000-A-OP-FOP KPC-TAH-3000-B-OP-FOP
TEMP-TK3000-OFC - Operator fails to act upon high temperature ) ) 2009/03/06

Figure A- 25: Fault Tree for Operator’s Failure to Act upon High Temperature at TK3000
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A

Failure of
level control

1 B 1

Failure of S13400 fails Fvailurc of level . _Fai!ure of
level control to open for measurements indication, alarm,
3.561E-3 @
GATE{9-44 KPC-81X-3400-X-OP-FTO GATE{-51 LEVEL-TK3000-FIAOS
I 3 - » X .
Failure of air Fail to stop ' CCF of both Failure of
lifAL2100 transfer by SJs leve individual level
T 3100/33(20/351)(‘]: eaburement enl
2.558E-3 e 8.709E-4
KPC-ALX-2100-X-OP-FOP GATE{9-16 KPC-LVL-XXXX-X-OP-CCF
— — 1 - —1
Failure of Failure of Failure of Failure of level Failure of level
SI3100 SJ3300 SJ3500 measurement #1 measurcment #2
3.561E-3 3.561E-3 3.561E-3 8.709E-3 . 8.709E-3

KPC-SJX-3100-X-OP-FOP KPC-§1X-3300-X-OP-FOP KPC-S1X-3500-X-OP-FOP  KPA-LVL-XXXX-1-OP-FOP KPA-LVL-XXXX-2-OP-FQOl

LEVEL;TKJOOO-FAILURE - Failure of level control ©2009/03/06

Figure A- 26: Fault Tree for Loss of Level Control at TK3000
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Failure of
indication, alarm,
erator, and

LEVEL-TKB000-FIAOS

.

Failure of level
controf actions

} Failure of level
indication and

I 1 I 1

Failure of Failure of level | == Failure of Failure of highor{
high level indication operator to use low level :
L waming | congroller

'6.’2915-2 . 2.158E-2

KPC-LWH-3 000~X10P-F OP KPC-LiX-3000-X-OP-FOP GATL-9~4 GATEI9-55
{ 1
Failure of S Operator’s Failure of high Failure of low
cognition execution level controller level controller
) erro - LWHC3000 LLLC3000
r .

- . 1.000E-2 1.000E-3 . 3.256E-3 3.263E-3
KPC-HMN-CONG-X-OP-FOP KPC-HMN-EXEC-X-OP-FOP  KPC-LWC-3000-X-OP-FOP KPC-3LC-3000-X-OP-FOP

LEVEL-TK3000-FIAOS - Failure of level conlro} v : 2009/03/06

Figure A- 27: Failure of lndication, Alarm, Opcerator's Actions, and Steam Jet for Makeup in TK3000
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Official qse’ OX)'

Loss of cooling or mixing al
TK3000

Malfunction at or before
KPA Pulse2000

Diluents wash at KPA
Pulse2100

Sampling at KPA TK9100
every 75 hours

Density contral at TK1000

LOSC_M_TK3000

MF_PLSE2000

DW_PULSE2100

SPL_TK9100

DST_TK1000

END-STATE-NAMES

(3.4

[+13

(UK

OK

ROC-TRI00U-PILSEZuaN

Figurc A- 28: Event Tree for ROE Scennrio at TK3000 under Abnormal TBP Accumulation — Patliway #1 Starting from fMalfunction of Fulse 2000
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Loss of cooling of mixing
at TK3000 .

Maeifunction ot or before
KPA Pulse3200

Diluents wash at KPA
Pulse3100

Density control at KPA
TK9500

Sampling at KPA TK9100
every 75 houss

Density control nt KPC
TK1000

LOSC_M_TK300

MF_PLSE3200 |

DW_PULSE3100

DST_TK9500

SPL_TK9100

DST_TK 1000

END-STATE-NAME]

DK

UK

R

oK

oK

It HE- TR 30004701 SE 2 2tn)

Figure A-29: Event Tree for ROE Scenario at TK3600 under Abnormal TP Accumulation — Pathway #2 Starting from Maifunction of Pulse 3200
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Official tUse

it

Solvent transfer and
mechanical entrainment

Malfunction of KPA Pulse
3100 diluent wash

Failure of slab settler

Failure of samipling in' KCA
batch tank

[E-STME

DWKPA_PLSE3100

MF_SLAB

FSPL_KCA_BT

END-STATE-NAMES!

OK

oK

OK

ROE.EV3000.STME

Figure A- 30: Event Tree for ROE in KCD EV3000 duc to Solvent Transfesred by Mechanical Entrainment
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L

" Malfunction of
diluent wash at
KPA Pulse 3100

DWKPA_PLSE3100

Failure of diluent
wash at Pulse
3100

2.500E-1
KPA-PDW-3100-X-OP-FOP

DWKPA_PLSE3100 - Malfunction of KPA pulse 3100 diluent wash B 2009/03/06

Figure A- 31: Fault Tree for Failure of Diluent Wash at Pulse 3100
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i

Failure
of slab -
MF_SLAB .
Operational Failure of
malfunctions or density
i monjtor
. GATE}14-53 . GATH-14-8 .
Operational Failure or loss of - | Airlift fails to Failure of density|
mz?l?unéct’i’::]s . integrity.of; the CCF stop transferring monitor in slab
ab settlerhaffle S | process sofution | (No CCF)
5.000E-2 3.840E-2 ' h R 5.107E-3

C(PA-OPER-XXXX-X-OP-FOP  KPA-SLB-BAFF-X-OP-FOP GATE}14-28 KPA-ALX-3330-X-OP-FOP  FDM_TT_SLAB

i ) 4 1 1

CCF of ' CCF of the CCF of the CCF 6f[he
density two density two density two AOVs
| _measurements | ___transmitlers | controllers _
4.790E-3 4.790C-3 6.511E-4 1.200E-4

KPA-PNU-XXXX-X-OP-CCF KPA-DTX-3300-X-OP-CCF  KPA-DLC-3300-X-OP-CCF  KPA-AOV-3331-X-OP-CCF

MF_SLAB - Malfuaction of slab settler - 2009/03/06

Figure A- 32; Foult Tree for Malfunction of Slab Setiler
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Oﬂ';\(l‘:\ial U\: Onlx '

L
Failure of density
monitor in slab

Failure ofdensiq
measurement A

{No CCF)
FDM_TIC_SLAB
ailure of train A
of the density
m
: G 14-14 .
T T — 1 7
Failure of density Failure of Failure of
: densit
transmitter A coptraller A AOV 333l A
4.799&2 4.790E-2 " 6.511E-3 l_.2QQE-3

‘A:OP-FOPKPA-DTX-3300-A-OP-FOP KPA-DLC-3300-A-OP-FOP KPA-AOV-3331-A:OP-FTC

Failure of train B

of the density
mpitor
GATE-14-15
S T T
Failure of density Failure of density Failure of Failure of
measurement B transmitter B Co‘;‘,ﬂﬁ“gr B AOV 3331 B
4.790E-2 4.790E-2 G6.S1IE-3 1_2005-3_

KPA-PNU-XXXX-B-OP-FOP KPA-DTX-3300-B-OP-FOP KPA-DLC-3300-B-OP-FOP KPA-AQV-3331-B-OP-FTC

FDM_TT_SLAB - Failure ofdenstfy monttor of (wo trains

2009/03/06

Figure A- 33: Failure of Density Monitor in Slab Settler
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L
Failure of
sampling at KCA
batch tank
[ FSPL KCA BT .
: I
Failure to 1solate Failure of lab | Failure of “Fraction of time
transfer for analysis of homogenization btw. successive
sampling samples for sampling samplings
v 8.720E-4 4.300E-3
GATH-21-0 KCA-LAB-ALYS-1-OP-FOP GATH-21-1 _KlCA-FET-SAMP-X-OP-FOP :
{ [
CCF of KCA Failure to close Failure to » Faiture to stop
AQV transfer by AOVs sparge air sampling by
s flow (HE) PLCs or operator
1.200E-4 1.000E-3
KCA-AQV-XXXX-X-OP-CCF GATH-21-3 . KCA-FSL-XXXX-XOP-FOP GATH-21-6 -
: — ) 1t T —
Failure of “Failure of Failure fo stop Failure to stop
KCA AOV | KCA AOV 2 sampling by sampling by
operator PLCs in KCA BT
1.200E-3 1.200E-3 Q A
KCA-AOQV-XXXX-1-OP-FTC KCA-AOV-XXXX-2-OP-FTC GATERI1-10 FTSS_PLCS_KCA_BT
[ - |
Failure to Copgnulive failure Failure 1o
indicate the low of low air flow respond to low
sparging air flow- indication air indication
- 4.255E-2 1.000E-2 1.000E-3
KCA-FIX-XXXX-X-OP-FOP KCA-HMN-CONG-X-OP-FOP KCA-HMN-EXEC-X-OP-FOP
FSPL_KCA_BT - Failure of sampling at KCA batch tank 2009/03/06

Figure A- 34: Fnult Tree for Failure of Sampling at KCA Batch Tank (BT)
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1
Failure to stop
sampling by
PLCsin KCA B

FTSS PLCS KCA BT

C - 1
Failure of A Failure of
safety PLCs normal PLC
GATE{21-15 . GATELI-B
I . N i S—
CCF of lowair flow CCF of ) Failure of Faiture of Fail to measure -
measureinents safely PLCs individual normal PLC low air flow for
1.732E-3° 6.511E-4 - 6.511E-3 1.732E-2

KCA-FLW-LAIRIX:OP-CCF  KCA-PLC-SAMP-X-OP-CCF  GATE/2!-18 KCA-PLC-SAMP-N-OP-FOP KCA-FLW-LAIR-N-OP-FOI

I e — - paosaiiy
Failure of . Failure of
safety PLC | B safety PLC 2
GATEL 1-19 ' GA'rElzl-zo
1 — ‘ 1
Fail to measure Failure of Faiture of Fai} to measure
lowair flow for ) lowair flow for
| safety PLC | safety PLC 2 safety PLC2
[.732E-2 6.511E-3 6.511E-3 1.732E-2
KCA-FLW-LAIR-1-OP-FOP KCA-PLC-SAMP-1-QP-FOP KCA-PLC-SAMP-2-OP-FOP KCA-FLW-LAIR-2-OP-FOP
FTSS_PLCS_KCA_BT - Failure to stop sampling by PLCs in KCA BT ' 2009/03/06

Figure A- 35: Failure of PLCs te Stop Snmpling at KCA Batch Tank (BT)
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Transfer of separated phase of

Malfunction of KPA puise

Malfunction of stab seuler

Failuse of sampling st KCA | Failure of sampling in KCD

DWKPA_PLSE3100
e

salvent due lo severe process 3100 diluent wash batch tank drip tray
mal function B
1E-TSPS MF_SLAB FSPL_KCA_BT FSPL_KCD_DT

#

END-STATE-NAME{

oK

oK

ROE-EVING-FOT

ROE-EV30u0-FBT

Figure A- 3G: Event Tree for ROE in KCD EV3000 due o Transfer of Separafed Phase of Solvent due 1o Severe l_’rocess Malfunction
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ool

' Failure of
ampling at KCD
. : FSPL KICD DT ;
Failure to isolate ‘ Failure of Failure of lab
transfer for homogenization , analysis of
sampling for samplin, samples
@ Q . 8.720E-4
o GATE21-80 : - GATE121-81 . KCD-LAB-ALYS-1-OP-FOP
| Failure to close : Failure to Failure to stop
transfer by CCXS{/KCD sparging air flow| sampling by
individual AQVs| - S by operator PLCs and operatoi
: - 1.200E-4 1.000E-3 Q i
GATERI-82.  KCD-AQV-XXXX-X-OP-FOPKCD-FSL-XXXX-X-OP-FOP___ GATE{21-83 _°_ ,
F;ri,li_ii‘e'of . . Failure of F zs]zlllr:;l:l it;’;g;P ' ' Fsaéll]l:;jl:]og Séf)ilp =
KCDAOV | _ KCD AOV 2 operator PLCsS v
1.200E-3 1.200E-3
KCD-AOV-XXXX-1-OP-FOP KCD-AOV-XXFXX-Z-OP-FOI’ . : GATE{20-71 X FTSS_PLCS_KCD_DT
. Failureto Failure of . ) Failure to
indicate the low cognition of low| ~ respond to low
sparging air flow air flow indication air indication
4.255E-2 {.000E-2 1.000E-3
KCD-FIX-XXXX-X-OP-FOP KCD-HMN-CONG-X-OP-FQOP KCD-HMN-EXEC-X-OP-FOP
FSPL_KCD_DT - Failure of sampling 1n KCD drip tray 2009/03/06
Figure A- 37: Fault Tree for Failure of Snmpling at KCD Drip Tray (DT)
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Failure to stop
sampling by

FTSS_PLC$_KCD_DT

- L 1
Failure of Failure of safety
normal PLC PLC
OATEiZI-% GATE{21-87
£ -1 I
Fail to measure l Eailure of. Failure of CCF.of !
fow air flow for . individual safety PLCs
o L DL novmal PLC ! safoty PLLS Y
1.732E-2 6.511E-3 6.511E-4

KC é}FLW-LAlR-N-OP-FOP KCD»PLC;SAMP-N-OP-FOP GATE{21-89 - IKCD-PLC-SAMP-X-OI:-CCF

Failune&ls};fel}t A Failure of safety
PLC PLC2
GATE{za-go GATElzx-sn

a

Failure of
safety PLC 1

6.511E-3
KCD-PLC-SAMP-1-OP-FOP

- Failure to
measure low

1.732E-3
KCD-FLW-LAIR-X-OP-CCI

Failure to measurg

Failure of
low air Row for

safety PLC 2

1.732E-2 6.511E-3
KCD-FLW-LAIR-}-OP-FOP KCD-PLC-SAMP-2-OP-FOP

ailure to measun

low air Row for

1.732E-2
KCD-FLW-LAIR-2-OP-FOR

FTSS_PLCS_KCD DT - Failureto éiop sampling by PLCs m KCD DT

2009/03/06

Figure A- 38: Failure of PLCs to Stop Sampling in KCD Drip Tray (DT)
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APPENBix B

RED OIL SAFETY STRATEGY AND TBP PREVENTION STRATEGY BY
- VESSEL IN THE AP PROCESS UNITS

R
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.....

TBP TBP Present
Vessel Present (Upset/ General Safety
(Normal Separate Strategy
Condition) | Condition)
: KCA Unit
KCA*FLT7000 N N PREVENTION
KCA*FUR8000 N N PREVENTION
KCA*PREC5000 N N PREVENTION
KCA*PREC6000 N N PREVENTION
| KCA*TK1000 N Nz PREVENTION
KCA*TK2000 N N PREVENTION
KCD Unit - '
KCD*EV3000 N N PREVENTION
KCD*TK1000 N N PREVENTION
KCD*TK1500 N N PREVENTION
KCD*TK2000 N N PREVENTION
KCD*TK4000 N N PREVENTION
KCD*TK4100 N | N PREVENTION
KCD*TK4200 N N PREVENTION
KCD*TK6000 N N PREVENTION
KCD*TK7000 N N PREVENTION
KCD*TK7500 N N PREVENTION
: KPA Unit ‘
KPA*CLMNG0CO N N PREVENTION
KPA*CLMNB500 - N N PREVENTION
KPA*MIX4000 Y HEAT TRANSFER
KPA*MIX5000 Y HEAT TRANSFER
KPA*MIX5100 N Y HEAT TRANSFER
KPA*PULS2000 Y HEAT TRANSFER
-KPA*PULS2100 N Yo, HEAT TRANSFER
KPA*PULS2200 Y HEAT TRANSFER
KPA*PULS3000 Y HEAT TRANSFER
KPA*PULS3100 N Y HEAT TRANSFER
KPAPULS3200 Y HEAT TRANSFER
KPA*SET3300 N Y HEATTRANSFER .
KPA*TK1000 N Y HEAT TRANSFER
KPA*TK5200 N Y HEAT TRANSFER
KPA*TK5300 N Y HEAT TRANSFER
"KPA*TK7000 N N PREVENTION
KPA*TK8000 N Y 7 HEAT TRANSFER
"KPA*TK8500 N Y HEAT TRANSFER
KPA*TK9000 N Y HEAT TRANSFER
KPA*TK9100 N Y HEAT TRANSFER
KPA*TK9500 N Y HEAT TRANSFER

Oﬁ"’t:ial'Lrse ery
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TBP | TBP Present .
Vessel " Present (Upset/ General Safety
(Normal Separate Str;tegy
Condition) Condition)
KPB Unit
KPB*MIXS1000 Y | HEAT TRANSFER
KPB*MIXS1100 N Y HEAT TRANSFER
KPB*TK2000 Y ' HEAT TRANSFER
KPB*TK3000 N Y HEAT TRANSFER
KPB*TK4000 Y HEAT TRANSFER
KPB*TK5000 Y L HEATTRANSFER
KPC Unit
KPC*CLMN2500 N N PREVENTION
KPC*EV2000 N Y EVAP COOLING
KPC*EV6000 N N PREVENTION
KPC*TK1000 N N PREVENTION
KPC*TK1500 N Y. EVAP COOLING
| KPC*TK3000 N 1y EVAP COOLING
KPC*TK4000 N TN pE PREVENTION
KPC*TK4500 N ‘N PREVENTION
KPC*TK5000 N N PREVENTION
KPC*TK5500 N N PREVENTION
KWD Unit
KWD*TK3010 N 4 HEAT TRANSFER
KWD*TK3020 N Y HEAT TRANSFER
KWD*TK3030 - N Y HEAT TRANSFER
KWD*TK3040 N Y HEAT TRANSFER
KWD*TK4010 N N PREVENTION
KWD*TK4015 N N PREVENTION
KWD*TK4020 Y EVAP COOLING
KWD*TK4030 Y EVAP COOLING
KWD*TK4040 Y EVAP COOLING
KWD*TK4050 Y EVAP COOLING
A KWS Unit .
KWS*TK4000 Y HEAT TRANSFER
KWS*TK4000 Y HEAT TRANSFER
LGF Unit L g
LGF*TK1000. N. | ND PREVENTION
LGF*TK2000 N I'N PREVENTION
LGF*TK3000 Y ' HEAT TRANSFER
LGF*TK4000 N N PREVENTION
LGF*TK5000 N N PREVENTION
LGF*TK6000 N N PREVENTION
LGF*TK7000 N N PREVENTION

Oﬁ”&?al Uge O}xly
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Table B-2: TBP PréVéntiongﬁtrategy by Vessel

Process Feed

TBP Feed Control

Vessel (P) Prevention or
(S) Sampling
KCA Unit Vessels
KPA*TK7030 P
KCA*TK1000
: KPC*TK4610 P
KPA TK7040
KCA*TK2000 KPGC TK4610 P
LGF*DRIP1900
KCA*PREC5000
KCA*FLT7000 - KCA*PREG6000 P
' KPC*TK4610
KCA*FURS000 KCA"FLT7000 P
KCA*TK1000
KCA*PRECS5000 - S
KCA*TK2000
KCA*TK1000
KCA*PREC6000 : S
' KCA*TK2000
. . KCD . Unit Vessels
- "KCD*TK2000
KCD*EV3000 p
KCD*TK3400
KWG*DMST1300 P (no Path)
: KCA*FLT7000 from
KCD*TK1000 P
KCA*TK7430
KCA*TK8410 P (no Path)
KA*TK7010/7020/7030 P
KCD*DRIP1900/3900/7900 P (no Path
KCD*DRIP6900/1900 s
KCD*TK2000:(overflow) P
KCD*GB4000 (drain) P
KCD*TK1500 ~ KCD*TK4000 . P
KCD*TK4100 (overflow) - P
KCD*TK7000 ' P’
KCD*TK7500 P
KCD*TK3400 (distillate) P
KCD*TK3210 - P
KCD*TK4000 KCD"EV3000 (Concertrate) P
KCD*TK4000
KCD*TK4100 P

KCD*TK3120 (Concentrate)
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Process Feed

TBP Feed Control

Vessel (P) Prevention or
o (S) Sampling
KCD*TK4100 :
. KCD*TK3400; -
KCD*TK4200 . s P
KCD*TK6000
~ KCD*TK7000
KPA Unit Vessels
KPA*SET3300
KPA*CLMNB000 KCA*TK1000 P
S KCA*TK2000
KPA*CLMNG580 KPA*CLMN6000 P
KPA*TK7000 KPATTKG010 P
KPA*TK6510
KPC Unit:Vessels
KPC*EV6000 (drain)
KPC*CLMN2500 P
: KPC*TK2820 (reflux)
KPC*EV6000 KPC*EV2000 (distillate) P
KPC DRIP4900 P (no Path)
'KWG*CLMN1000 P (no Path)
KWG*CLMN2000 P (no Path)
KWD*TK4000 P (no Path)
KCD*TK7500% P
KPC*TK9100 S
KPC TK1000 KPC*DRIP1900 . s
‘ : KDD*TK3500 P (Pre-TBP)
KPC*CLMN2500 P
X KPC*TK4500 P
KPC*TK4000 P
KPC*CLMN2500 P
KPC*TK5500/5000. P
' KWD Unit Vessels
KWD*TK4010 KPB TK3000 P
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o TBP Feed Control
" Vessel - Process;Feed (P) Prevention or
R (S) Sampling
LGF Unit Vessels
Lab glove boxes
(Aqueous)
LGF‘TK1700 . .
LGF*TK1000 LGF*DRIP1900 P
LGF'TK2000 '
LGF*TK5000...
R e
LGF*TK1000
Lab glove boxes
LGF*TK4008 (Aqueous) p
LGF*TKS000
LGF*TK5000 LGF*TK4000 ' P
LGF*TK5000
LGF TK6000 ) P
LGF*TK7000
- LGF*TK7000 LGF*TK6000 P
Rl R

Source : Shaw Areva MOX Services: Nuclear Safety Evaluation of Facility Explosion Events for
MOX Fuel Fabrication, DCS01-AAS-DS-ANS-H-38390-2, page 173 of 518
Section 7.2.7, EXPO7. ‘

- B-5
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We' thank Dr. Dana Powers (DP) for his review- of the BNL report and deeply appreciate the
many incisive comments and suggestions he has made. DP has raised a number of interesting,
fundamental questions that br/ng into sharp relief some of the limitations of the BNL study. His
exhaustive review of every chapter also throws up some errors of omission and commission in
our write-up, which we acknowledge and are glad to correct to the extent possible.  Qur
response to the-comments is in-two parts. The introductory part deals with the limitations of our
study as related to the scope of work we undertook to perform, while the second part responds
to each of the detailed chapter comments.

lntroduétory Response

1.

DP raises a fundamental issue: "we don’t know what red oil really is” and goes on to
comment “that the real cause of red oil events remains unknown...” The red oil event is
an explosive event but there is a whole range of explosive. events that can .occur at
various temperatures in the facility. A number of these events, some of which can occur
at temperatures much lower than what has hitherto been genérally understood. as the
temperature range for the runaway reaction known as a red oil excursion, have been
analyzed by the applicant in the ISA Summary. They include the following: hydrogen
explosions, radiolysis induced explosions, hydrogen peroxide explosions, HAN events,
solvent explosions,-etc. in addition to what the applicant terms and defines as the TBP-
Nitrate (Red Qil) explosion. In terms of the conditions under which the red oil excursion
has traditionally been defined to take place (e.g. in the Defense Nuclear Facilities Safety
Board report as well as by the applicant in the ISA Summary), it occurs mainly at the
upper end of the range of temperatures:encountered in the facility. We acknowledge
that the red oil reaction analyzed in the BNL, report is focused on TBP-nitrate thermal
reactions. We understand that such reac{:@ns oceur continuously over a very wide
temperature range but the reaction rates are generally low at lower temperatures and
the normal heat transfer and venting provided appear adequate. The Tomsk
experience, which has been specifically referred to and taken into account by the
applicant in the revised red oil strategy, demonstrated that active heat removal
processes were already needed at temperatures in the 80 C range; the applicant has
tried to provide these through evaporative cooling and adequate venting. Our limited
risk assessment was to attempt to erect a simple PRA framework to model: (1) the
failure of the evaporative cooling strategy in selected process vessels and (2) the failure
of the TBP prevention strategy, through formation of emulsions, third phase, rag layer,
etc. The latter failures of course overwhelm evaporative cooling but they involve multiple
failures of controls. In effect, what DP appears to be asking for is a more complete risk
assessment to model the impact of many.. .uncertainties in the process chemistry on the
red oil phenomenon. Our charter was more I/mlted

DP raises another basic issue: the importance of radiolytic processes as contributing not
only to the heat up of vessel contents but, more importantly, to the formation of reactive
chemical species. He indicates that “hydrocarbon radiolysis has not received the
aftention that has been devoted to water radiolysis.” We acknowledge that our study was
very limited in that respect. The applicant looked at radiolysis caused explosions in the
ISA Summary but that analysis was limited to water radiolysis only, i.e., the generation
of hydrogen and explosive H. concentrat/ons in various AP processes, and a listing of
the various controls designed to limit or ‘control; [-Iz generation. A larger study including
the radiolysis of hydrocarbons and its possrble impact on the creation of reactive
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“chemical species would. have involved a much larger effort than what was possible

under the task assigned.

The interest in the study expressed by DP as revealed by his comments and the
guidance offered to BNL by the NRC (particularly NMSS reviewers) were different. DP
appears to look at this study as erecting a basic framework that can then be employed to
do more detailed work on the numerous uncertainties that surround the issue of red oil in
the context of assessing the viability of the strategies-employed to deal with it by the
MOX facility, e.g., the impact of radiolytic processes on the formation of reactive species
that can then influence red oil decomposition, etc. The guidance from the NRC, on the
other hand, was’ directed more at helping staff to resolve issues pertaining to the
prevention of red oil excursions in a risk-informed manner based on the applicant’s -
design, i.e. is the facility safe ‘enough as farxas red oil is concerned? Our study was
directed more at the latter definition of the issue. We accepted broadly the -
characterization of the red oil phenomenon developed by the applicant and then tried to
assess, within a probabilistic framework, to what extent the strategies offered by the -
applicant were successful in meeting the challenge. DP would probably have us do
something different, which is extremely interesting and challenging in its own right but
will take additional time and effort.

Detailed Response to Comments

1.

The authors have taken on a formidable task with limited resources in time if nothing
else. In this regard they have assembled a formidable amount of material and applied a
wealth of thought to the issue of ‘red oil’ events in the processing of fuel. Certainly, they
have clarified positions in a proposed process stream where red oil events can take
place. Most importantly, despite great uncertainties in probabilities, they have used a
method that identifies the most critical safety systems employed in the process to
prevent or mitigate red oil events. The application of risk methods to reprocessing
technology is pioneering. This aspect of the work deserves more emphasis in the -
document and is certainly the greatest strength of the work. There is much that can be
built upon in this first effort to apply risk methods. Crmmsms presented below ought not
take away from what is a monumental effort that does much to contribute to the safety
assessment of mixed oxide processing facilities; ;.-

We fully appreciate DP’s deep';understandinj"f)f the PRA concept and the challenges we
faced in conducting the first of a kind PRA for fuel process facilities with very limited data
and experience as well as uncertainty in the knowledge of the processes being
analyzed. We do agree this is just the start of a technical d/sc1pl/ne that has much room
to grow.

A central issue that permeates the entire effort is that we do not know what red oil really

is. The authors seem to be aware of this when, on page 3-7 and continuing to page 3-8,
they note the effects of irradiation and the low temperature onset of the Tomsk event.
Still much of the report follows the application contention that the red oil event is the
result of strictly thermal reactions between tributyl phosphate and nitric acid. To be sure,
tributyl phosphate and concentrated nltrlc acid can form adducts that decompose
exothermically. It is not apparent that these adducts are indeed the cause of the
dramatic, explosive events that have occurred in fuel process facilities. Indeed, there is a
substantial body of opinion that radiolytic decomposition of tributyl phosphate, perhaps
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also involving the organic solvent lead to, the product that decomposes so explosively.
Most events in the past have taken place in locations where an accumulation of
radiolytic products could be expected. In this regard, the authors may want to include
radiation dose rates among:the vanables stich as temperature, concentration and
residence time that they use to screen processes for susceptibility to red oil phenomena
- both formation and decomposition. | think the document needs t0 emphasize that the
real cause of red oil events remains unknown and that this mandates a significant
attention to safety margins and perhaps defense in depth. This uncertainty in cause
contrasts sharply with issue of criticality events where causes are well understood and
targeted strategies and double contingency principles have worked well to prevent
events from occurring.

Comments on most of this have been provided in the introductory response, however, as
suggested by DP, we will include radiation dose explicitly ‘as another variable that can
affect red oil excursions.

Consequences of the possibility that alternative scenarios for production of explosive
byproducts need to be considered. One comforting feature of the proposed system is
that dose rates are not expected to be especially high since the decay rates of
radionuclides involved in the process are not especially high. It appears that the
applicant is taking steps to avoid accumulatlon of byproduct species. The question
becomes, then, is these steps adequate?

Not only are the decay rates of the radionuclides fairly low, the quantities involved in the.
'MOX facility are also quite small. .In the acid: recovery system’s.first stage evaporator,

the concentration of Pu and_U'is in: "the range of 15 mg/L, and it is approximately the
same in the concentrates tank. While the concentration of Am is significantly higher in-
both vessels at around 3 g/L, this is still at least an order of magnitude lower than the
radionuclide concentration at which alpha radiolysis studies have been done in the past
(e.g., the ORNL report “Alpha Radiolysis and Other Factors Affecting Hydrolysis of
Tributyl Phosphate, ORNL/TM-9565, June 1985). However, more work may need to be
done to adequately treat the issue of radiolytic dissociation of organic compounds.

The authors have undertaken an assessment of risk which they define as the product of
event probabilities and event consequences. The authors are challenged by the
definition of consequences of red oil events. There is not a clear definition of the
consequences of interest. The proposed facility located as it is on a large government
reservation is isolated from what would be generally recognized as “the public”. This
isolation is neutralized some by the regulatory classification of employees at the
Savannah River Site but not associated with the process facility as members of the
public. Still, it is not evident that an explosive release would distribute enough
radioactive material to constitute an unmanageable threat even to this population of the
co-located workforce. It appears, then, to be the threat to the workforce associated with
the facility that is the main consequence of interest. This has always been a challenge
for analysis since those most at threat may or may not be positioned sufficiently close to
the site of an explosive event to suffer any consequences from radiation release. Within -
the chemical process industry it has become common: to use societal measures of event
consequences rather than |nd|v1dual consequence measures because of the
uncertainties -in employee Iocatlons at the stime of events. That is, the individual
consequences delineated on page 2-2 mlght be better replaced with societal expectation
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values. Even with the individual dose criteria for consequences, it is not clear that all red
oil events are equal in the various locations identified in the document.

The applicant assumes that the consequence of a red oil excursion, radiological or

‘chemical, is “High” for the facility worker. Hence, by the performance criteria of Part

70.61 the likelihood of a red oil event has to be made Highly Unlikely. The same
approach has been adopted in this study; with the information available, it would have
been impractical to evaluate radiological doses or chemical exposures to facility workers
in the proximity of various process qurpment cells where a red oil event could
conceivably occur.

Certainly, it would seem likely that inventories of radionuclides availabie for dispersal by

“an explosive event would differ significantly. No account is. made of the potential

consequences associated with the scenarios suggested in the document. With these
introductory comments, it is possible to proceed to the details on the document. The first
chapter is introductory in nature and presumes- some general familiarity with the history
of red oil events. The second chapter-discusses the safety strategy developed by the
NRC regulatory process. It probably is not useful to comment on either of these chapters
except to say they provide an adequate introduction to the rest of the document.

Chapter 3: The Red Oil Phenomenon

6.

It might be useful in Section 3. 1 to note that the materials involved in the Tomsk event
had somewhat different chemistry than the process chemistry that has been used in the
USA and the process chemistry that is proposed for the MOX facility.

We will try to include, as suggested, some additional references to the TOmsk event.

A reference is needed for the nitric acid/water azeotrope in section 3.2.

This will be provided.

The diagram in figure 3-1 specifically neglects radiation dose as a contributor to the
formation of red oil. | think this can be misleading. One misleading comment arises
immediately following where it is asserted that contact between the solvent or diluent, in

"this case hydrogenated propylene tetramer, cannot lead to the formation of explosive

compounds. This may be true for an idealized system, but radiolytic processes can
intrude. Hydrocarbon radiolysis has not received the attention that has been devoted to
water radiolysis. Hydrocarbons .can -still undergo reactions including the formation of
unsaturated and even oxygenated species. There'does not appear to be abundant data
for the diluent to be used here, there are: data for diluents used in the past. Most
troublesome is the radiolytic formation of alkenes that can subsequently react with
radiolytic species such as ozone or peroxide.

Radiation dose will be mentioned and briefly discussed in the revised report. As noted in
the Introduction, the analysis of the formation of chemical species by radiolysis of
hydrocarbons will greatly enlarge the scope and level of effort necessitating a significant
amount of additional work.
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| do not understand the dependenc:es listed at the bottom of page 3-2. It appears to me
that knowing the rate of formation andthe length of exposure is enough to know the
amount of red oil that has formed. The total material does not seem to be material
unless the rate of formation is meant in-some sort of rate per unit volume or per unit
surface area. It might be noted that the rate of formation need not be constant. There
may be some induction period before reactions can take place that lead to red oil

formation. | think the authors know what they mean here, but they need to be a little

more disciplined in their language.
The write-up will be checked and more diecip//ned language will be used.

The report quotes the Defense Nuclear Fac Safety Board in noting that temperatures
below 130°C are often quoted as sufficient to protect against the explosive
decomposition of red oil. It is not evident how well founded this statement is nor is it
immediately clear that Tomsk does not stand as a clear counterpoint to this assertion. -

" A clarification will be added in the revision.

Equation 1 is offered as a rate expression. No source is associated with this rate
expression and the document does not provide any substantiation for the rate
expression. (I do note that the agency generally prefers Si units for this 'sort of an
expression rather than using 1.9872 cal per mole-K as the value of the gas constant!
The document uses a variety of unit systems at various locations. Though this does not
really detract from the reading, it is not a good practice.). The rate expression is
remarkable in that there is no dependence on the organic phase concentration or
contact area. Apparently, the reaction to form red oil is believed to be a homogenous

process.
Equation 1 will be clarified and converted to SI units.

On pages 3-3 and 3-4 .some decomposition reactions are cited. No radiolytic reactions
are cited and butanol is susceptible to radiolytic decomposition in a variety of ways. The
assumption being made here is that the red oil phenomenon is associated with a thermal
formation and decomposition of- -some simple ‘agduct. This is not known. One can readily
imagine that radiolytic process lead to the fonﬁatlon and accumulation of species such
as organic peroxide or ozonides. Such species are known and are known to decompose
explosive by free radical chain reactions. Formation of such species is not inconsistent
with the empirical observation that red oil events appear associated with long term -
exposure to heavily irradiated mixtures of organic and concentrated nitric acid.
Decomposition of such species could be accelerated under suitable conditions such that
neither venting nor evaporative cooling could respond sufficiently to prevent damage and

perhaps dispersal.

As stated before, radiolytic dissociation of organics to form new reactive species was not
studied in the BNL report. It will require signiﬁbant additional time and effort.

There is a change of nomenclature that,,ls .probably just typographic in equation (2)
where (C4H9)3P04 appears rather than thé more familiar (C4H90)3PO.

This will be corrected.
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On page 3-5 there is a reference needed for the heat of veporization of butanol.

This will be provided.

| have absolutely no idea wh’at the (rate cons‘tant attributed to Paddelford and Fauske
really is. On the face of the words in the text, the rate expression would be a 15.4™ order
reaction! | think that one needs to write the rate expression here rather than just the rate

““constant” since reaction (2) is obviously not elementary. Even with the rate expression,

because the reaction is not elementary, there are some very tight constraints on where
the rate expression would be applicable.

_ This will be clarified and re-stated to remove the ambiguity in the current write-up.

Page 3-6 states that the amount of organics is expected to be low because solublhtles in
weak acid are low. This certainly is not true of either butanol or butylnitrate as shown on
early pages in connection with the decomposition of tributyl phosphate. Both these
organics have very high solubilities in water:: It also seems to discount the possubmty of

emulsions forming the entrain micelles of organic in water or water in organic.

Emulsions can be amazingly stable and can provide 2 means to avoid segregation of
organic and agueous phases. Radiolytic processes can lead to substitutions on long
chain hydrocarbons that are conducive to the formation of emulsions.

The organics here refer to TBP and the solubility of TBP in weak acid is low. This will be
clarified. Emulsion formation is explicitly discussed and is analyzed later as a
phenomenon that can potentially defeat ‘the preventive strategy of the applicant.
However, the possible /mpact of radlolyt/c processes on emulsion formation has not

been discussed. i
bt . ,tmt

On page 3-6, a reference is needed for the comment “...as reported elsewhere..”. The -
entire discussion is a bit confusing since gases do not really enter into any of the
reactions discussed to this point except as products. increasing their concentration in the

‘liquid by pressurization is not going to speed up the reaction rate. The “...kinetic

features of the thermochemical degradation...” is not a readily interpreted statement. |
think the authors simply mean a thermal degradation and that they discount any catalytic

processes or chain reaction processes being involved for reasons that are not stated. At

the bottom of the page is a tortured discussion of the possibility of thermal runaway that
is not entirely accurate. If the rate at which the reaction accelerates with increases in
temperature exceed the rate at which heat losses increase WIth increases in

temperature, one will get runaway.

The discussion on p. 3-6 is about vent size and the so-called Fauske criterion. Back
pressure will increase temperature and consequently the reaction rate for a. certain
vessel volume. Perhaps the discussion of the thermal runaway from the results of the
paper by Nazin et al is a bit tortured and can be simplified as suggested by DP.

A significant error is perpetuated by table 3-1 and the’ surroundlng discussion. The red
oil decomposition reaction is an exothermic reaction. There:is no “onset temperature” for
the reaction. It occurs at all temperatures The rate may be too slow to detect at iow
temperatures, but the reaction is still occurring.. Any onset temperature is dependent on
the ability to remove heat from ‘the system.icalised by the reaction. One could easily
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design configurations of limited heat loss and see “onset” of the exothermic reaction at
almost any temperature where liquids still exist.

Table 3-1 is reproduced verbatim from the Nazin paper; the word “onset” is simply
analogous to a point of inflection on the pressure and temperature time history curves;
maybe a more suitable word can be used to.clarify it. There is no intent to suggest that
the reaction does not occur at lower temperatures.

At the conclusion of page 3-7, the authors acknowledge radiation may play a role but
they do so in a way that seems to suggest that only the heating from radiation is
important. They do not seem to want to consider that reactions of radiolytically produced
species leads to red oil-formation.

DP is right to remark that reactions of rad/o/yt/cally produced spec1es were not
considered, it will take S/gn/f/cant addltlonal resources and time.

A reference is needed for the work of Tashlro‘«CIted on page 3-8.

This reference was provided in a report that the authors could only see in AREVA's
offices in Bethesda but not copy. We will ask NRC to help us retrieve it.

Reference 3-3 is lncomplete in the list of references.

Th/s will be provided.

Chapter 4: Red Oil Safety strategy in the CAR and the License
Application |

22.

This chapter is more a recitation of the" ficense contentions. | provide some limited
comments. First among these is that simply assuring that the rate of heat loss exceeds -

~ the rate of heat generation is not sufficient to provide safety. One needs to assure that

the increase in the rate of heat generation with an increase in temperature does not
exceed the increase in heat loss rate with temperature. To do otherwise risks
fluctuations in rates leading to runaway reactions.

The strategy appears to be based on the idea that adducts formed by thermal reactions
of tributyl phosphate with nitric acid are the cause of red oil events. The reaction process
to be dealt with then is simply a thermal decomposmon There is is no proof that this is
the case for the process considered here orfor the events that have taken place in the
past. For example, peroxides and the like could be responsible. The reactions of these
species can progress autocatalytically and there will simply be no time for evaporative
cooling to quench the reaction. Would evaporative cooling work if TNT were floating
through the system? The applicant is defining a benign process for formation and

-decomposition and then arguing that a benign mitigative strategy will suffice without ever

showing that the reactants are in fact the hazardous species.

Much of the available literature does seem to suggest that red oil phenomenon is a
thermal decomposition; maybe there is no proof that this is solely what happened in past
events but by the same token it is also problematic to argue that peroxides could be
responsible. The argument made by DP in this and subsequent paragraphs seems to
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suggest that neither prevention nor mitigation via evaporative cooling can be
demonstrated to work since there is a great deal of uncertainty about the chemistry of
the process. We agree that there probably is a fair amount of uncertainty in the process
chemistry but our scope of work was limited.

The challenge raised by the revised approach based on prevention is that it relies
heavily on compliance with administrative controls (Enhanced Administrative Controls as’
discussed on page 4-5). Violation of the controls are errors of commission and these are
quite difficult to analyze in a: risk frameworkv?Thls poses a challenge to the analysis
proposed in this document that really is never addressed. Errors are treated W|th|n a
context of omission and not commission.

While administrative controls are one element of the control strategy, there are
numerous active engineered controls also, so it is perhaps an overstatement to say that
prevention relies “heavily” on administrative controls.

A mystery emerges in the design of controls. Arguments made within Chapter 3 show

that ‘carryover of organic with the aqueous phase is to be minimized. Emuisions are a
mechanism for carryover, but there appears to be no steps taken to assure
emulsification does not occur. .
- Cehd I

The numerous pulsed extraction columns in some process units, in particular the
purification unit where the first extraction process takes place, are a means of reducing
the likelihood of stable emulsions being formed in the extraction process or of breaking
up emulsions if they do form. However, emulsification as an initiator of red oil has been
analyzed in the report. '

| Venting sizes adopted by the licensee may be widely used, but they do not assure red
~ oil explosions will not occur. We only know that when adequate vents have been used

along with any number of other measures to avoid red oil events, we haven't had any
events. All we reaily know is that smaller vent ailable where red oil events have taken
place were not adequate. :

The report points out that there is uncertainty regarding vent sizes available in the
context of the red oil excursion.

| can find no basis for the confidence that the amount of TBP carried over to the KPC
unit is limited to 50 grams per liter (page 4-10). This limit seems to bée based on solubility
and neglects both entrainment and emulsification.

This amount of carryover based on solubility is during normal operation; the report
analyzes scenarios where entrainment, emulsification, and formation of a third phase
could cause this limit to be grossly exceeded. Incidentally, during the site visit the BNL
team was informed by the applicant™ that 30 years of French experience have
demonstrated that the amount of carryover in normal operation is around 20 gm/l; but
since this information was anecdotal it has not been used in our assessment,

| should not think that a flash point check is adequate to show the diluent is not

~accumulating radiolytic decomposition products that would influence red oil formation.

For example, alkene formation followed. by epoxy' formation and decomposition to
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produce long-chain hydrocarbons could produce surface active agents that influence
emulsification. : :

v G Rl .
As noted earlier, we did not look at radip/ytic"de&composmon.

Chapter 5: MOX Facility Operations Risk Ranking

28.

29.

30.

31.

This portion of the study looks at risks of red oil events in process streams. It specifically

“excludes initiations caused by fire heating solutions over administrative limits or seismic

events mixing solutions that ought to be kept separated. That is, only process events
that occur despite the precautions are to be considered. This seems a reasonable
restriction of scope to take given that this is but one element of a larger effort to assess
the safety of the proposed process facility.

We agree that global initiators such as internal -fires, external hazards like seismic
events, and loss of power/station blackolit“events need to be evaluated, however, the
scope of the effort was limited in that respect.

A more bothersome aspect of the study is that it neglects shutdown events in which
there is a failure to purge the process lines. This has been a remarkably common event
in many Department of Energy facilities. Protracted shutdowns are mandated because of
changes in policy or some misadventure with in the Department of Energy. For the MOX

“facility shutdown could occur-because of interruptions in the supply of feed. When there

has been shutdown and improper layup.of a facility (commonly none at all!), the recovery
often does not go smoothly. Espemally with ragloactlve feeds stored in the lines, strange
and often obnoxious chemical species begin to form and accumulate. Temporary
shutdowns that can go on for months may pose hazards. that are not obvious from the
flow sheets of a process stream. '

We agree on the importance of looking at process shutdowns and subsequent start-ups.
The impact of the failure of the six-monthly flush out of some process vessels on red oil
excursions was evaluated but a global study of potent/al shutdown failures was not
carried out due to resource limitations.

For the analysis, eight units are considered:

KPA - purification cycle unit
KPB - solvent recovery unit :
KCA - Oxalic Precipitation and Oxidation Unit
KCD - Oxalic Mother Liquor Recovery Unit
KPC - Acid Recovery Unit

KWD - Aqueous Waste Reception

KWS - Sovent Waste Reception

LGF - Laboratory Liquid Waste Receipt

Figures 5-1 and 5-2 are essentially unreadable. Much of this chapter is simple
description of the process and does not call for'much in the nature of comment. | do
comment that:
- evidence that tributyl’ phosphate solublllty in nitric acid is not susceptible to either

“salting out” or “salting in" is not provided. Without this information solubilities
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listed in Table 5-1 cannot be considered applicable to the process stream in
question.

- the ‘description of the processes notes formatlon of what is termed a “rag™ layer
which is apparently an emulsification region between two contaminated phases.

- there seems to a confusion between red oil formation and red oil decomposition.

Red -oil formation may not require elevated temperatures. Red oil decomposition that
could produce accidents may require temperatures above ambient. | know of nothing in
the literature that demonstrates elevated temperatures are required for formation of
energetic reactants. Certainly elevated temperatures are not required if the energetic
materials are the products of radiolytic reactions. Consequently, | think it incorrect when
it says on page 5-5 in connection with PULS 2000 that “Because-of the relatively low
temperature (ambient) the rate of red oil formation is expected to be very low.”

The Figures were reproduced.. from the Llcense Appl/cat/on and do not appear to have
reproduced well. We will try. to have better COpIes made We will take another look at
available data to see if there is information on “salting in” or “salting out”. We thank DP
for alerting us to the possible confusion between red oil formation and decomposition
and will clarify the write-up.

The process descriptions in chapter 5 are punctuated by episodic judgments offered by
the authors on the likelihood of red oil formation and red oil decomposition (Again, there
may be some confusion between formation and decomposition.) These judgments are
based on temperature, residence time and concentrations. There is no mention of dose
as a possible, essential, factor in the formation of red oil. Again, the authors have
adopted the view of the application that red oil formation is a strictly thermal process and
it is not evident that this is a defensible position. In any case, it would make the
document much more readily understood.if the segments in which the authors offer their
judgment about the susceptibility of the elements of the flow stream to red oil formation
and decomposition were separated and highlighted.

It is true, as indicated earlier, that we did not consider the impaét of radiolysis on red oil
formation and decomposition. .

On 'page 5-5 three terms are introduced that are not self defined: “inadequate
coalescence,” “flooding,” and “formation . of a third phase.” | believe the authors
eventually discuss these - page 5- 29 They need to provide the reader some assurance

that the terms will be defined and may want t' ‘consider introducing these terms earlier in
perhaps Chapter 4. , e

These terms will be defined before they are mentioned.

On page 5-6 the authors assume as does the applicant that red oil is formed by reaction
with tributyl phosphate or one of its decomposition products. The hydrocarbon diluent is
not involved. Certainly, one would not expect the hydrocarbon to be involved if one were
confident that red oil formation is a thermal process. The possibility that red oil is the
product of reactions with radiolysis products brings the hydrocarbon back into
consideration. One can readily imagine radiolytic. formation of alkenes and reaction of
ozone or peroxide from solution to form orgamc ozonldes or peroxides that are
susceptible to explosive decomposmon .
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See attachment for the response.

~ Mention is made of quality of hydrocarbon quality. The measurement of bromine number

is undertaken, on presumes, to detect the formation of alkenes probably by radiolytic
processes. The concemn is that reactive species can add across double bonds - notably
ozone and peroxide produced-in water radxoly5|s can add across double bonds to
produce species that undergo. complex and oftén energetic reactions. See for example
the complex mechanisms associated with Crlegee intermediates in the ozonation of oleic
acid. Why is it assured that analogous species do not contribute to the Red Oil problem?

See attachment for the response.

On page 5-7 the question arises on whether aluminum nitrate will cause tributyl

- phosphate to salt out of solution or salt in. Whereas usually electrolytes cause salting out

of nonelectrolytes, it is not unheard of for some salts to cause salting in. Borates for
example can cause salting in of nonelectrolytes in aqueous solution.

We did not consider this possibility.

Page 5-10 includes a mention of intemiﬁeht" feeds causing mixing of light and heavy
phases. This leads to the possibility of carryover. Is this possibility included in the risk
analysis? Is the probability susceptible to quantitative analysis? Table 5-1 is a bit of a
mystery to me. The solubility of TBP in water is not so much the .issue as is the
partitioning of TBP from the organic phase to the aqueous phase. Why are not
solubilities and partitioning of DBP and MBP of equal interest and also merit tables in the
report? Incomplete draining is mentioned on page 5-14, but it is not clear to me how this
was recognized in the risk assessment. It is argued on page 5-15 that the aggressive
conditions in EV 6000 assure the rate of destruction of TBP is greater than the possible
rate of accumulation. The risk of RedOil, it is, {gued is mitigated. But, if the reactions of
the products of TBP decomposmon with nltrlc "acid are responsible for Red Oil, is the
argument misplaced? -

The possibility of carryover is included in the risk analysis. Chapter 6 provides a
discussion of the probabilities that were assigned. Table 5.1 was generated from a
combination of two sets of data: (1) the solubility of TBP in water and (2) a correction for
the solubility of TBP in various acid concentrations. Note that this is in the absence of
an organic phase in contact with the aqueous phase. If then one adds an organic
solvent, e.g. a TBP/HPT mixture with 30% TBP, a portion of the TBP would be extracted
from the acid phase to the organic phase if the partition coefficient of TBP favors the
organic phase. That is indeed the case.

From the data that were readily available’to U, the TBP partition coefficient defined as:
[weight concentration of TBP in the organic phase/weight concentration of TBP in the
aqueous phase] is greater than 10. For example, in 2M HNO; at 20° C in contact with
TBP + Hyfrane (trade name for HPT) mixture, the partition coefficients ranged from 10 to
100 (Germain, M. and Pluot, P., Proc. Inst. Solvent Extraction Conf., 1980, Vol. 3, Leige,
Belgium, 1980, pp 80-218, cited in Science and Technology of TBP, op. cit. Ref. 5-4 in
the draft BNL report). Thus, in effect, the solubilities shown in Table 5.1 appear to be

" the bounding condition for the amount of TBP'in the aqueous phase.
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We should mention that we do not have partition coefficient data for a.range of HNO3
concentrations. We have assumed from our reading on the subject that it would not be
less than 1.0. The apphcant may “have actual data for the conditions used in the
process. , _

The source of DBP and MBP in the aqueous phase depends on their concentration in
the organic phase. For two reasons, we believe that to assume that all organic species
are TBP is a reasonable assumption. (1} TBP is a fairly stable compound (thus its
extensive use in extraction of metals from nitric and phosphoric acids); the rate of its
hydrolysis is slow and the extent of hydrolysis'is not significant under most operating
conditions. -However, despite the slow rate of hydrolysis, DBP and MBP would
accumulate in the solvent phase if it were not continuously removed. The process has a
solvent treatment section where the organic phase is continuously treated to remove
these degradation products. The accumulation of these compounds is monitored due to
its deleterious effect on the extraction performance. (2) We believe (although we need to
check this further) that the energy re/ease from TBP decomposmon is greater than that
from its degradation products.

The risk of red oil excursions in EV 6000 is treated in more detail in Chapter 6.

The significance of the equation on page 5-18 is not immediately apparent. It appears to
only serve to define the meaning of a heat transfer coefficient. It certainly does not
elucidate the relative importances of steam side and porous side heat transfer
coefficients which seems to be the point in the text. Some sort of serial heat transfer rate
would better serve the purposes of the text

This will be clarified in the rewrite.

The mention of “ .numerous recoded incidences ... on page 5-19 needs a reference.
Also on page 5-19, it is not clear how uncertainty in the draw off from the evaporator has
figured in the assessment of risk.

The reference will be supplied.

On page 5-20, the catalysis by manganese ions needs a reference.

This is taken from the applicant’s process ;description in the License Applic?ation (see
page 11.2.11-4).

The siab settler (page 5-24) does not assure that the aqueous phase is organic free if

-TBP and its decomposition products can partition from the light organic phase to the

heavier aqueous phase.

The objective of the slab settler is to minimize the presence of non-soluble TBP in the -
aqueous phase. The possibility of its failing to do so and the extent of the failure is
analyzed in the risk assessment in Ch'ap 6.

Also on page 5-24, the assertlon that a red 0|| event is “inevitable” in the evaporator if
sufficient organic material is present seems a but istrong.

A suitable word change will be made in the rewrite.
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Figure 5-8 is essentially unreadable. If you pu’z‘;:le out the figure, it really does not help to
understand the equation. Terms need to be better defined in the equatlon Table 5-2 is
a mystery. What are the cases being examined here? :

The figure will be made clearer and the equation will be clarified. Table 5-2 shows the
range of densities of the aqueous and organic phases in relation to the height of the
interface over which the siab settler will continue to work, i.e., the seals will remain intact
as long as the densities remain in the range considered. The analysis is limited as it is a
static head analysis, which assumes equilibrium is reached to allow the phases fto
separate. However, emulsification, rag layer formation, etc. will tend to defeat the
normal operation of the settler and these possibilities are examined in Chap 6.

The use of hydrogenated propylene tétférfﬁer' rather than the usual normal paraffinic
hydrocarbon is lauded on page 5-28, but |-have no information on the enhanced stability
of this tetramer especially in a radiation field.

We do not have information or data on the stability of HPT under radiation. However, as
far as chemical stability is concerned, no double bond and pure components make HPT
much more stable compared, for example, to kerosene.

Also, on page 5-28, the authors bring up the important point of degradation and fouling

of equipment in the process units. These are very difficult things to include in a risk .
assessment. They make the ‘probabilities ti we'dependent. How did the authors-tackle

this headache that is usually neglected in risk analyses for power reactors?

. This is a very important issue and we are very glad that DP has mentioned it. We

recognize that fundamental improvements to conventional PRA methods are needed in
several areas, like, for example, in the treatment of time dependent failures. A proposal
to this effect was submitted by BNL to NRC over two years ago as part of
methodological improvements needed in the PRA of nuclear-chemical facilities when the
first study of red oil excursions in the CAR design of the MOX facility was conducted.

| am surprised that incomplete draining mentioned at several points in the text is not
included in the list of conditions on page 5-29.

We thank DP for drawing our attention tothls It will be included in the rewrite of the
report. :

Under item 4 on page-5-29, the term “high steam coefficients” is used. The meaning is
not clear. | suspect that the authors mean the high convective heat transfer coefficients
on the steam side. They should make the terminology clear.

It will be clarified in the rewrite. .

Chapter 6 begins with a description of the épplicants proposed safety strategy predicted
as it is on the belief that red oil formation is a thermal process and that the

decomposition rate is neither autocatalytic nor a chain reaction. There does appear to be
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some confusion in the text between red oil formation and the decomposition of the red

* oil. | have not flagged every point where there appears to be this confusion. The authors

may want to re-examine the text to assure that the reader does not become confused by
the separate issues of red oil formation and decomposition.

The text will be re-examined to make sure that red oil decomposition and formation are
not used interchangeably. We think the question mostly applies to the wording used in
describing the heat transfer strategy, where the process described is mainly -a steady
state thermal balance at a fairly low temperature (close to ambient temperature).

The “semi-empirical model” mentioned on page 6-2 is not further referenced. What is it?
Is it the same as the semi-empirical model mentioned on page 6-7 and otherwise not
further described? This model appears to be based on a hypothesis concerning the
nature of red oil that has not been validated. AII we really know is that the model applies

- to a species in the system that ¢an be decorppmsed exothermically. We do not know that

this energetic species is what was responsible for the red oil accidents at fuel
reprocessing facilities.

The semi empirical model in page 6-2 is the same aé the one in page 6-7. It is

. referenced in a descriptive and qualitative manner in the applicant’s ISA Summary. QOur
‘own limited understanding of what this model is is with regard to the success criteria for

evaporative cooling mentioned on page 6-7 and referenced in Ref. 3-12 in Chapter 3.
DP'’s point regarding the uncertain and varied nature of the red oil reaction is well taken.
We have focused on the traditional definition of the red oil excursion due to a runaway
reaction of TBP with nitric acid. As pointed out earlier, we did not undertake any
systematic assessment of the radiolytic dissociation processes that could be involved as
well as some other chemical degradat/on mechan/sms perhaps wrongly so, because of
the following assumptions: o

J The dose rates invd[ved in this facility are expected to be much lower than other
- facilities where exothermic explosive events attributed to red oil have been
observed at a lower temperature.

) The regular flushing of the vessels sampllng/analyzmg, and use of fresh
diluents.
o The catalytic effect of plutonium, uranium, and zirconium was considered in the

semi- emp/ncal model constructed by the appllcant

Some of these issues were dlscussed verbally and albeit informally with the applicant
during the first and only site visit back in early June of 2008, however any independent
assessment was considered far beyond the scope of the PRA. -

It is not clear when in the'system situations arise in which there is TBP phase but no
hydrocarbon solvent. It is then not clear when the four conditions listed on page 6-7 are
applicable.

The conditions are applicable for cases where either no HTP or only a very little amount -
of HTP is expected. These conditions are mainly used for analyzing the evaporative
cooling strategy for vessels such as evaporators. Note that as stated in page -.8, “IROFS
density controls in the KPC buffer tank therefore would detect HTP and prevent HTP
from passing downstream...”. So, underinormal conditions, we do not expect HTP be

present in any significant amount Under a severe upset condition, the PRA does not
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really credit evaporative cooling and the sequences usually contain only the failure of
prevention strategy and the oceurrence of the initiator.

Why is not failure to flush systems every 6 months not included in the list on page 6-87

DP is correct, it should be included. It is a"necessary condition for evaporative cooling to
work. We will explicitly add it in the f nal report :

On page 6-10 there is a discussion of the; appllcants plans to flush the KPC every 6
months. The technical basis of the time interval for flushing is unclear to me and is not
discussed in the document. One would have expected the schedule for flushing would
be augmented by some positive indicator of the need for more frequent flushing
especially since different types of feeds will be used in the proposed system. There are,
then, two possible scenarios: :

- flash does not occur per the schedule

- the schedule for flushing the system is inadequate and flush is needed prior to

the schedule.

It appears that the authors have only con5|d‘ red the first of these possible scenarios.

The six month time interval is based on l/mlt/ng the normal accumulation of TBP in any
vessel in KPC below 21 liter as stated in page 6-10, “This strategy is based on the
maximum calculated accumulatron rate of separate phase TBP which indicates that at
most 21 liters of TBP..

Adequacy of the flushing system is a difficult question since it is not clear what attributes
have to be met to declare the process adequate. For limiting the total amount of TBP the
flush would be adequate under nominal _parameters, and if deviations from nominal
operation occur it would be .taken .into account However, if the adequacy refers to

_ preventing accumulation of degraded chemtcaLs due to rad/olyt/c chemical, and thermal
" processes; this would depend on the samplihg, what is being analyzed, and what are the

limits that require actions. The latter has not been investigated by this study. Therefore,
the question of inadequacy from the latter aspect has not been raised in the current
PRA.

At this point the authors begin what is the most significant part of the work. They utilize
event and fault tree methodologies to estimate risk. They are plagued by the lack of data
for event probabilities and they forced to make estimates with fairly broad error bounds
(They might want to remind readers what is meant by error factor in connection with a
lognormal .probability distribution since it is not broadly common nomenclature.) But, a
far more important part of the effort is that they identify dominant cut sets. This allows
them to draw attention to the crucial safety:systems among all the systems applied to
prevent or mitigate red oil events. This, I’ should think, would be the most useful result for
the NRC staff to come from this work. True enough that the dominant cut set may be
affected by the assumed probabilities and the entire analysis is predicated on
accepting the applicants’ hypothesis of the real threat. Still, the ability to know for
each system what is crucial is the first step to the design of a rational defense in depth
strategy that might compensate for unknowns and uncertainties. | should think this
aspect of the work deserves to be far better highlighted in both the executive summary

R
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and in Chapter 7 rather than the.qualit'ati_ve or quantitative estimates of the likelihood of a
red oil event. e

The authors fully agree with the comments and Chapier 7 as well as the executive
summary will be modified to highlight DP’s comments.

Chapter 6 is the real heart of the contribution made by the authors to understanding the
safety of the proposed process facility. It is unfortunate that many of the event trees (see
for example 6-1, 6-2, 6-3, and 6-4) cannot be read by the tired eyes of this reviewer.

BNL will attempt to enlarge the event tree graphs to make them more readable as a part.
of the report update.

It is in chapter 6 that it becomes apparent that the authors are aware very much of the
problems caused by the formation of emuisions. There is not, however, any attempt to
define conditions that are conducive to emuision formation that may be undetectable to
the proposed instrumentation and administrative controls. Can one identify process
conditions that lead to emulsion formation and should be avoided?

Prevention of emulsification and understanding its contributing causes is an important
engineering and design issue which is worth examining in more detail. In the PRA we
focused on the occurrence of emulsion in an extraction column causing TBP carry over
as an initiator. We also focused on the means to detect inadvertent transfer due to
emulsions and limit the amount by nominal flow rates. The general question of emulsion
prevention was considered outside PRA scopeit

On page 6-13, the authors justify the use of one failure a year based on having used this
value before. This really is a weak justification. What one would like to know in the
absence of data or a justified failure rate is whether there is a critical failure rate that
leads to unacceptable risks. '

The one per year frequency was the result of an ad hoc telephone survey of some
chemical processing plants that also use liquid-liquid extraction technology. It can be
used for base case analysis. We can then determine what should be the critical failure
rate that leads to an unacceptable risk via sensitivity analysis. This can be highlighted in
the report.

At some points in chapter 5 and 6 the authors note formation of a third phase — perhaps
a micelular phase dispersed in the liquid. It does not seem to be pursued or further
explained. For example, one can imagine that radiolytic processes lead to formation of
long chain organic alcohols or carboxylic acids that are surface active and can stabilize
globules of solvent containing tributyl phosphate within the aqueous phase. Formation of
emulsifying agents may not be necessary. It is evident that at points in the process we
have small density differences and well mixed conditions. These are necessary
conditions for simple entrainment of the organic phase into the aqueous phase.

There are two different phenomena that ’:”a}{}!?;?d to what is generally referred to as the
third phase. The first phenomenon is the result of forming a complex that has a high
density or a peculiar phase diagram. In the MFFF, the applicant has added appropriate
chemical agents to control the well known third phase formation due to an extractant rich
in heavy metals (e.g. the TBP/Pu’Ycomplex which is nearly insoluble in HTP). The
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complex may also have a peculiar phase diagram, such that it is below the heavy phase
(because of density) and does not get a chance to get into the lighter phase even though
the partition coefficient may favor it belonging to the organic phase, or it is not soluble in
either phase and thus forms a third phase, which may lie below, in between or above the
two phases depending on its density.

The other phenomenon is emulsion formation. This is what DP seems to refer to.
Degradation products or some other surface active agents (usually ionic agents or long
chain soap-like compounds, amph/phlle) may cause micellular formations like soap
does. This phenomenon does not require a large concentration of the agent causing this
o occur. This is what we refer to as emulsion in the report and it can exist as a third
phase between the heavy and light phase.

A potential third phase due to radiolytic processes has not been discussed. Again, we
feel this is beyond the scope of this early pilot PRA.

| do not find a basis for the assertion that the. probability of loss of temperature control is
2.2x10%/yr. The estimate intimates that there will be no loss of temperature control over
the lifetime of the facility, which may be true; It‘does need some justification since loss of
temperature control is not uncommon in process facilities. Usually sensors get corroded.

~ The temperature control for the Hot Water System consists of two independent trains in

hot water environment. It was estimated through fault tree analysis and generic data.
However, the authors have been concerned in some cases about the effect of the harsh
chemical environment on some of the equipment failure rates. To the extent possible we
have tried to use the limited data from the Savannah River site, hoping that some of
these considerations are reflected in the estimated failure rates. An international data
collection and estimation is one of the obvious needs for some of these PRA activities
for fuel cycle facilities.

‘ On page 6-23, the authors conclude that at the azeotrope the 1:1 ratio of tributyl.

phosphate and water exists. This lmplles a knowledge of the ternary phase diagram that
should be referenced.

We will look further into this comment. From the site visit, we had some preliminary
indications that the applicant has knowledge of the ternary phase diagram but this needs
to be confirmed.

On page 6-29 there is a wonderful result that HEPA plugging and operator error of
commission dominate the TK3000 scenario.: This is an example of the power of the
method the authors are empioymg It also hlgh“_m_ghts the inability to deal effectively with
the errors of commission by operators and this inability may deserve mention.

Thanks, we could not have said it any better.

_The authors have done some fairly. heroic Monte Carlo analyses of the scenarios, but

they only report final results. | should think that they would want to also show what
estimated probabilities are most crucial to the conclusions that scenario probabilities are
high or low. | shouid think they would be able to do this by simple regression analysis
and it would not take the nearly 100, 000 calculations to get meaningful results.
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We will highlight the major contributors to each of the scenarios analyzed as suggested
by DP.

Chapter 7: Summaryiand-ConCIusi‘c’)‘er’i’g

My view is that the authors do not highlight their most significant accomplishment in the
Summary. They elect instead to drive to a bottom .line assessment of the probability of
red oil events in the process facility. They get to these results only by accepting the
applicants hypothesis for the chemistry of formation of red oil and the nature of red oil
decomposition. They never critically -examine this hypothesis or consider the
ramifications of any alternatives. They do not consider radiolytic processes. They do not
consider formation of organic, perOX|des or ozomdes that will not smoothly decompose
following Arrhenius kmetlcs There probablhty estimates are plagued by a very severe
lack of data.

We acknowledge the limitations in our analysis listed by DP: (1) no consideration of the
possible radiolytic dissociation of organic compounds-and the formation of new reactive
species, (2) no consideration of the formation of organic peroxides or ozonides (see
Afttachment, however, for a discussion of this), and (3) a severe lack of data in
addressing estimates of probability of system-and component failures. As indicated in
the introductory response, the analysis was limited by time and resources.

" 1 think the authors would be better off highlighting the capability they have developed to

identify the crucial safety systems associated with the four most susceptible elements of
the process stream. The pioneering. apphcatuon of probabilistic methods creates a
framework that can be expanded to address a variety of uncertainties in the process
safety. This is a significant accomplishment even predicated as it is on the applicant's
hypotheses concerning the red oil threat. What it allows is examination of alternatives to
see if these alternative hypotheses will still be detected, prevented or mitigated by the-
proposed safety systems. What happens if micelles form? Can density systems or
sampling detect these micelles? The authors could also highlight the crucial probabilities
for which better values would aid assessment. Are the most important probabilities those
associated with equipment reliability or those associated with operator performance?
Compared to these capabllmes the, cntatlon of dUbIOUS estimates of upset frequency is
very sterile indeed. S

As indicated in the introductory response, we did accept, by and large, the applicant’s
hypothesis regarding the threat of a red oil excursion. The PRA was done to assess the
robustness of the applicant’s strategy for dealing with the red oil issue. Additional
discussion will be added as suggested on the relative lmpact of equipment and human
reliability to red oil excurs:ons

This framework the authors have developed, albeit incompletely because resource
limitations, can be used to assess the safety and vulnerabilities of the proposed system.
It can also be used by NRC to design its strategy for monitoring licensee performance
once a system is placed into operation. There are challenges associated with the
framework - some are suggested above. But, this appears to be a framework with
sufficient potential that it is worth addressfng the challenges.

We thank DP for these comments.
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Attachment 1

A Note on Chemical Reactions Not Considered in the BNL Study

WA Mukaddam, CCTI

Theoretically a large number of chemical reactions, most of them at or below the level of
detection, are possible and indeed take place when two or more chemicals are in contact for
any length of time. However what is relevant to us here is the impact of these reactions on the
process safety. There are two possible effects on safety of reactions and reaction products:
(1) unstable separation and (2) heat generation in the case of exothermic reactions.

We should note that the discussion below is. regarding the revnewers comment about the
chemical reactions and reaction pathways not adequately considered in the report. We agree
with Dr. Powers that radiolysis, as a class of reactions, need to be considered. This writer is not
sufficiently familiar with'radiolyﬁc reactions to adequately judge their impact.

Reaction products, even in trace quantities, cari unexpectedly cause emulsions to form which
may make phase separation difficult. The BNL team and the applicant have considered this
possibility. The second unanticipated result is heat generation. Heat generation of any
significance, meaning that amount which may exceed normal heat removal, requires relatively
rapid reaction of a significant amount of reactants, and therefore involves major components
and reaction pathways studied extensively, in fact with a specific purpose to determine the-
amount of heat that is generated. Hyder (equation 2 in Chapter 3 of the BNL draft report) by
calculating the maximum heat release by stonchuometncally balanced equation of the
predommant chemicals present bounds the problem

Trace amounts can also initiate other reactlons that"'can cause emulsmns or generate heat.
However, as we do not address a spemﬂc reaction mechanism, this possibility can be lumped
together.in one of the two results we considered above and need not be considered as separate
call of reactions.

TBP and a diluent, usually kerosene, that is much less pure than HPT used here, is used to
purify fertilizer grade phosphoric acid by an extraction process that is similar in many respect to
the process used here. Fertilizer grade phosphoric acid, depending on the source of rock used,
can have a large diversity of ionic impurities. Build up of these impurities in the solvent phase
tends to deteriorate the extraction column performance principally by making separation difficuit,
a condition which, if not controlled, can eventually cause emulsions. Typically, a small solvent
bleed is treated with caustic to remove the products of hydrolysis as well as other reactions. In
addition, a small portion of the solvent is continyously taken out of the system to avoid buildup
of chemicals not effectively removed by causflc treatment. The MOX facility has a similar
caustic treatment, however we do not know if there is provision to bleed a portion of the solvent
or replace the total solvent inventory periodically. These two methods will avoid buildup of .
reaction products.

The reviewer refers to ozonolysis of perhaps HPT as a source of reactions not considered in the
BNL report. Ozonolysis of oleic acid is referred to as an example. We believe that the
possibility of reactions to any substantive extent involving Criegee intermediate types is not
probable. Oleic acid is industrially cleaved by ozone to two C9 carboxylic acids, palergonic and
azeleic acids. However, this reactlon requ1res an, oxndatlon catalyst (e g. V205) high ozone
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partial pressure and above ambient temperature® (minimum -50° C). More importantly, the
principal difference between oleic acid and HPT is that unlike HPT, which is completely
saturated, oleic acid contains a double bond at the C$ position. Stearic acid which is identical to
oleic acid, except that it is saturated, is not known to undergo similar cleavage. Therefore, we
believe that the use of HPT with very low bromine number is a much better choice than say
commercially available kerosene. In addition, we expect that bromine number of the solvent
system will be monitored to ensure that reactive species are controlied.

"There is one possible, though highly unlikely scenario that may: ceed Hyder's heat release results. Say a series of
low leve! endothermic reactions take place at various parts of the"plant building up unknown chemicals. This is in
essence equivalent to building potential energy in chemicals. These then oxidize to form water and CO2. The heat
generated in this unlikely scenario can be larger than what Hyder caiculates.
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