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Process Criticality Accident Example

Tokai-Mura, Japan

Uranium Solution
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Criticality Accident ) .

" Prevention of Conseguences
= Avoid a Criticality Accident

or

= Protect Personnel from the Consequences
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Atom
= Electrons
= Nucleus
= Proton
Proton
“ Neutron
Electron

Neutron
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Nuclear Fission
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Nuclear Fission

= Major Fissionable Species

= Fissile 235

= Threshold

= Major Fertile Species

233U

232Th
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Neutron Balance

Production <> Losses

Production <> Absorption +
Leakage

+ Moderation Effect
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Nuclear Reactions
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Reactor

= Power Reactor —
Startup/Shutdown/Steady-State

= Some Research Reactors —
Also Pulse

= Adjustments Required
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Fuel Facility or D&D

= Subcritical

= No Required Adjustment
= Current Configuration Subcritical
= Confirm That Proposed Changes Will Be Subcritical

= Calculations
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Nuclear Criticality Safety
Ker < 1

= Not Merely Calculated or Computed

" Must Account for ALL:
= Uncertainties in Experimental Data and Calculations

= Scenarios
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Definitions

Prevention or termination of inadvertent nuclear
chain reactions in non-reactor environments

— Standard ANSI/ANS-16.1
(Predecessor to ANSI/ANS-8.1)

Protection against the consequences of an
inadvertent nuclear chain reaction, preferably by
prevention of the reaction

— Standard ANSI/ANS-8.1-1998
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Definition

The art and science of not building a nuclear
reactor without shielding, coolant, and control

The art and science of not building a nuclear
reactor . ..




Neutron Balance
= CONTROL STRATEGY BASIS

= Terms
“ Production
“ Absorption
“ Leakage

= |nter-Relationship Effects
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Enrichment

= Uranium Isotopic Content
Depleted (DU) 0.2-0.35 wt% %3°U

Natural / 0.7 wt% 235U
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Production T

LIMITS

= MASS CONTROL
= “Safe Mass”

= VOLUME CONTROL
= “Safe Volume

>90 wt% U
(1 gallon/4 litres)

1.4 wt% 2%°U
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Absorption

= Emphasis on Non-Fission Absorption [Capture]

= Threshold Fissioning Materials
(Lower Enrichment)

= Structural & Other Materials
= “Neutron Poisons”

* Borosilicate glass Raschig rings . A
* Soluble boric acid



Leakage

= GEOMETRY

Few Neutrons Leak
from Given Volume
as a Sphere

More Neutrons
Leak from Same
Volume as a Slab
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Leakage

= GEOMETRY

= REFLECTION
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Leakage
= GEOMETRY O L .@

= REFLECTION .-
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= SEPARATION/SPACING e R

§ S
When two containers are widely When two containers are placed
separated, few neutrons close to each other, neutrons
escaping from one will hit the escaping from each will be more

other. likely to hit the other.
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Neutron Balance

= Moderation Change Effects:

= Production Term |

C Fission & Capture Increase w/

= Absorption Term Decreasing Neutron Energy

-

Leakage Increases w/
= |eakage Term , , ,
Decreasing Material Density
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Moderation
= MODERATOR

= Low-Mass-Number Materials
= Scatter Neutrons
* Reduce Neutron Energies Effectively
“ Change Reaction Probabilities

~ = Examples %
Major NCS . \water| 0il  Wood =k é
Focus . vrll) =
- Plastic Cardboard Water o Wood Plasti

NOTE: Not All Liquids

Graphite Cardboard Human Body
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Uranium Fission Cross Sections

Sandia
National
Laboratories

104 LR RRLL rrrenm T T TTHI T T T ILLLLLLL =TT P TTTIT FrTToimm TP TTThv L RARS
= | 1 | | | l l | .
A Cross-Section §
= o 2351 is a Measure of =
- Reaction Probability 3
10% = Higher Neutron |—=
5 Energy - §
ol Lower Neutron Lower Fission -
s E~ [ Energy = Probability 3
- | Higher Fission 5
100 " | Probability
: 28y [ -
1071 —3
10“—2 | ll[l]]ll 1 _Llll“]l ] Liilllll ) EER lll]_l]l Ll lll]_ljl 11 ll!llll 1 llllllll Ll ll}llll S O M 11 ll!l;
1073 1072 10! 10° 10 10? 10° 104 10° 10¢ 107
Energy (eV)



CAL MASS VS. CONCENTRATION

Lower-Density Oxide

DATA FROM SPHERES

DATA DERIVED FROM CYLINDERS

Larger Critical Mass

CALCULATED METAL-WATER MIXTURES

CALCULATED UG.—-WATER MIXTURES
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Interaction =

LOCKING RING & 3-mm-DIAM BOLT

Mass Limit !
~{ (Inner Cylinder) =S8
Absorber Varies w/ ” ~
V=D
(Steel) Enrichment

1 Geometry
(Volume & .
Thin Cylinder)

DOT-6C
JO-GALLON DRUM

Moderator
(Fiber Board)

Spacing
(Drum Size)

Designed for
Water Reflection
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Nuclear Criticality Safety

= ELEMENTS
= Neutron Physics Experiments &
Computational Methods
" Engineering Components, Systems &

Structures — Physical Controls

= Administration
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Supercritical Excursion (Pulse) ) g2

= Paradigm
= Sandia National Laboratories Annular Core Research
Reactor [ACRR])
= Sequence Initiation (Unrecoverable)

“ Prompt Supercritical Pulse

“ Parameters
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(NORMALIZED POWER

Sandia

National _
Laboratories




Sandia
m National

Laboratories

=
L0 POWER Z
L v
o 1,0t
o [ =
= - o 102
3 i =
& £ 4l
E D-S -~ &5
o i E ;
2 = Al
S - =
a -
= o
B S -8 1 [ [ 1 R |
- 40 50 60 70 80 90 100
TIME, ms
0




{NORMALIZED POWER
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Initial Period 1 ms

Maximum Power
35,000 MWth

Pulse Width  7ms

Fuel Temperature
Rises

Multiplication
(Reactivity) Falls







Supercritical Excursion (Pulse)

= Criticality Accidents
= Similarities To ACRR Pulse
= Initiation
= Initial Pulse
* Temperature Feedback

= Likely Differences — French “CRAC” Experiments

“ Time Scale
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Historical Criticality Accidents i

= Definitive reference: LA-13638 (McLaughlin, et al.)

L 638
® Reactors gy ol
distribution is unlimited.

A Review of
Criticality Accidents
2000 Revision

= (Critical-Measurement Facilities

= Processing Plants

= Lessons learned focus T

g
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http://ncsp.llnl.gov/basic_ref/la-13638.pdf
http://ncsp.llnl.gov/basic_ref/la-13638.pdf
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Process Criticality Accident

Tokai-Mura, Japan
September 30, 1999

Uranyl(18.8) Nitrate Solution
in Precipitation Vessel
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Tokai-Mura
September 30, 1999

= JCO Facility
= Tokai-Mura, Japan

= 140 km north of Tokyo

= Site w/ several uranium
processing plants

= Congested area; Public




JCO Tokai Slte Aerial Vlew ) =

Fuel
Fabrication
Buildings

Conversion
Building

Construction
Office
(Off-Site)
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Tokai-Mura

= System
= Purpose — UO, scrap recovery and recycle
= Process

= Dissolution in nitric acid

— “Campaign” mode

—~100 kgU batches




Approved Procedure

HNO
P@ (nitric agid)

Buffer column
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PROPER PROCEDURE

Calcination
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powder NH
material —>¢ B e <
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Tokai-Mura

= System Mass Limits
<5wt% 16 KgU
= QOperations Manual 16-20wt % 2.4Kg U
Volume Limit
= Approved by regulator <20% wWt% 95L

* Material weighed & added to dissolver tank
“ Batch size limited based on enrichment
= QOperational limits based on enrichment

Less than 5% enrichment Mass limit £ 16 kgU
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Tokai-Mura

= Scenario
= QOperating manual changed 1985-87
“ Not approved by regulator
= Speed-up process (to cut costs)
— Bypass dissolver tank
— Use 5-L steel bucket & funnel
— Heat on stove

Mass Limits
<5 wt% 16 Kg U
16-20wt % 2.4 Kg U
Volume Limit

<20%wt% 95L



Comparison: Approved-to-Changed Procedure
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PROPER PROCEDURE
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Tokai-Mura

= Scenario
= Change feed material
= 5 wt%?3°U for LWR for past three years
= Now 18.8 wt% 23°U for Joyo Fast Reactor prototype
= Campaign began in late September 1999
“ Three inexperienced operators
“ None had dealt with 18.8 wt%?23°U
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Tokai-Mura

= Scenario
..... Wednesday, Sept. 29, 1999 . . . ..
= Work delayed ~5 hours
= Operators sought to “catch up”
* Mixed 4 batches (one at a time)
“ Poured each batch into tank
- Days end

Mass Limits
<5 wt% 16 Kg U
16-20wt % 2.4 Kg U

Volume Limit
<20%wt% 95L
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Tokai-Mura

= Scenario
..... Thursday, Sept. 30, 1999 . . ...
" Three “operators”

Supervisor and
operators

Still trying to catch up
= Mixed 3 more buckets

= Added each to tank
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Tokai-Mura

235U CRITICAL MASS VS. CONCENTRATION

= Scenario
= ~16 kgU /45 L
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Tokai-mura

= Scenario — Recovery
= Operators
= Saw “blue flash,” reported feeling ill

* Hospitalized (11:15 a.m.)

= High dose rates indicated ongoing reaction
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Tokai-mura

= Scenario — Recovery

= Fjssion chain reaction continued
= Shutdown targeted tank cooling jacket

“ Neutron poison couldn't be used safely
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Tokai-mura

= Excursion

" First pulse — 4-81x101° fissions

= Multiple pulses T

Criticality Accidents

= Quasi-steady-state w/ gradual e p—
decrease in power

= Total duration of event ~ 20 hours
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Tokai-Mura

= Consequences
= Personnel doses
= Operator “A” (held funnel)
— 16-20 Gy[eq]  1600-2000 rad
— Died 12/21/99
* Operator “B” (poured liquid)
— 6-10 Gy[e(q] 600-1000 rad




Ogeratdr “B” :
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Tokai-mura

= Consequences
= Personnel doses

= 37-56 response & cleanup workers
—<0.1 Gy[eq] <10 rad

“ Residents
—<0.1 Gy[eq] <10 rad
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Tokai-Mura

= Other Consequences

= Unprecedented for a criticality
accident!!!

Evacuation and sheltering

Regulatory and criminal
investigations & evaluations

Fines & law suits

Public confidence/relations
(anti-nuclear “boost” affecting
entire nuclear industry)
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And the story continued . ..
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General Manager of JCO and five
other employees pleaded guilty to
charges of negligence.

Ruling — acted illegally

= “not ensuring . .. proper safety
training”

= “sloppy operating procedures”

General Manager — 3-yr sentence,
suspended for 5 yr; fined 500,000 yen
[$54,100]

Other employees - Lesser sentences
JCO - 1 million yen [$8,300] fine
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Questions?

Nuclear Criticality Safety

bullfroenm@aol.com
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