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Fukushima-Daiichi 1, 2, 6 made by GE, rated at 439, 760, 1067 MWe, started up in Nov. 1970, Dec. 1973, May 1979
Fukushima-Daiichi 3 and 5 made by Toshiba, rated at 760 MWe, started up in Oct. 1974 and September 1977
Fukushima-Daiichi 4 made by Hitachi, rated at 760 MWe, started up in Feb 1978.

Fukushima-Daini 1 and 3 made by Toshiba, rated at 1067 MWe, started up in July 1981 and Dec. 1984.
Fukushima-Daini 2 and 4 made by Hitachi, rated at 1067 MWe, started up in June 1983 and Dec. 1986.
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Each 8x8 set
of pins are
surrounded by
Zircaloy
channel boxes.

There is one
common
cruciform
control blade
for the seft.

Cores in units 2

and 3 are
larger than 1.
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Primary containment and reactor pressure vessel heads are removed

Blue glow is Cerenkov radiation - water serves as "biological shield"

Fuel assembly is being handled with operators standing on the platform

http://www.nucleartourist.com/

11.4.29 California Institute of Technology

12



5—E L LB

Turbine surrounding by
shielding to protect
operators.

Water passing through
reactor picks up
radionuclides that are
released from fuel pins
through defects or
diffusion. Impurities in
water are activated.
Radiolysis generates H2
and O2 in water

http://www.nucleartourist.com/
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http://www.nucleartourist.com/
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600 gpm, 150-1000 psi

138 t/h 1- 6.8 MPa
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5000 gpm @ 150 to 1000 psig

1134 t/h 1+to0 6.8 MPa

http://www.nucleartourist.com/
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Typical installation is
2 -6 MWe per
generator seft.

Usually at least 2
per reactor unit.

http://www.nucleartourist.com/
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Connected to inverters to
generate AC power.

Used only to power key
instruments and controls.

Enough capacity for 8 hrs
operation.

11.4.29 California Institute of Technology 18



HJLwyiaJ—IL

Units 2,3,4 contain 2980 tonne water (1750 for unit 1)
Connected to sphere with vent lines, vacuum breakers for reverse flow

11.4.29 California Institute of Technology
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US NRC Reactor Concepts Manual - BWR Systems
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+ 1000 kg DA% * Multiple Barriers to
— 30 kg I& U-235 release
— 970 kg 1% U-238 — Cladding on fuel rods
« 334 . 1 — Reactor Pressure
3% ﬁiwl)i%%z%‘ 10 Vessel, piping, turbine,
_ 040 kg 1% U-238 condenser
- } — Primary containment
— 9 kg [ Pu . vessel Y
—~ ggk'?( ld;;;f/?;/]gﬁ% — Suppression pool
— %77 2< 5 A — Reactor, turbine
~1004& D M 41 £ [l LI building at negative
T Ce-137,1I-131, Sr- pressure
NGEEZET

— Filter ventilation and
exit through stack
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. Process occurs through a chain of
P - beta decay n > p+e + i and
gamma decay A* > A +y releasing
an additional ~1 Mev energy per
decay.

\ 137Te > 37T S 137Xe > 137Cs > 137Bg* > 137Rq

0.1

Chain terminates when a stable isotope is formed

0.01

ol \ 90Kr > SRb* > I9Rb > 905p > Joy* > 0y
SY90 Cs 137 | N ra7 9 9ozr.* 9 9ozr'
. KrS|Zrea| Remni08| 5131 | Tes
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Mass number

http://www.euronuclear.org/info/encyclopedia/f/fissionyield.htm
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| —> Hot water/steam mixture out

<—— C(Cold water in

M H
Energy balance Capability (t/h) |(kJ/kg) T°C
,  Portable pumps | 15 4800 1103
(Hout — Hin) M = @QQ [RCIC 138 522 100
HPCI 1134 63 39
. LPCT 2478 29 31
Q =20 MW Main feedwater| 21600 3 25
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Table 4.1 Summary of design features: Peach Bottom Unit 2.

1. Coolam Injection Systems

HREICDEESSEHHLLEY
ATL)AR

MELD
% 52 It il fiE0 2R
SEKRBIVIZERER

BoHERYHL B ING
W= DHEE

a.

High-pressure coolant injection system provides coolant to
the reactor vessel during accidents in which system pressure
remains high, with 1 train and 1 wrbine-driven pump,
Reactor core isolation cooling system provides coolant to
the reactor vessel during accidents in which system pres-
sure remains high, with 1 train and 1 turbine-driven pump.
Low-pressure core spray system provides coolant to the
reactor vessel during accidents in which vessel pressure is
low, with 2 trains and 4 motor-driven pumps.

Low-pressure coolant injection system provides coolant to
the reactor vessel during accidents in which vessel pressure
is low, with 2 trains and 4 pumps.

High-pressure service water crosstie system provides cool-
ant makeup source to the reactor vessel during accidents in
which normal sources of emergency injection have failed
(low RPV pressure), with 1 train and 4 pumps for crosstie.
Control rod drive system provides backup source of high—
pressure injection, with 2 pumps/210 gpm (total)/1,10

psia.

Automatic depressurization system for depressurizing the
reactor vessel to a pressure at which the low-pressure in-
jection systems can inject coolant to the reactor vessel: §
ADS relief valves/capacity 820,000 Ib/hr. In addition, there
are 6 non-ADS relief valves.

2. Key Support Systems

de power with up to approximately 10-12-hour station
baueries.

Emergency ac power from 4 diesel generators shared be-
tween 2 units,

Emergency service water provides cooling water to safety
systems and components shared by 2 units.

3. Heat Removal Systems

NUREG 1150

11.4.29

Residual heat removal/suppression pool ccoling system to
remove heat from the suppression pool during accidents,
with 2 trains and 4 pumps.

Residual heat removal/shutdown cooling system to réemove
decay heat during accidents in which reactor vessel integ-
rity is maintained and reactor at low pressure, with 2 trains
and 4 pumps,

Residual heat removal/containment spray system to sup-
press pressure and remove decay heat in the containment
during accidents, with 2 trains and 4 pumps.

4, Reactivity Control Systems

Control rods.

Standby liquid control system, with 2 parallel %zsnive dis-
placement pumps rated at 43 gpm per pump, but each with
86 gpm equivalent because of the use of enriched boron.

S. Containment Structure

BWR Mark 1.
0.32 million cubic feet.
56 psig design pressure.

6. Containment Systems

Containment venting—drywell and wetwell vents used when
surpression pool cooling and containment sprays have
failed 10 reduce primary containment pressure,

California Institute of Technology
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The risk from the internal events are driven by long-term station
blackout (SBO) and anticipated transients without scram (ATWS). The
dominance of these two plant damage states can be attributed to both
general BWR characteristics and

plant-specific design. BWRs in general have more redundant systems
that can inject into the reactor vessel than PWRs and can readily go to
low pressure

and use their low-pressure injection systems. This means that the
dominant plant damage states will be driven by events that fail a
multitude of systems (i.e., reduce the redundancy through some
common-mode or support system failure) or

events that only require a small number of systems to fail in order to
reach core damage. The station blackout plant damage state satisfies
the first of these requirements in that all systems ultimately depend
upon ac power, and a loss of offsite power is a relatively high
probability event. The total probability of losing ac power long enough
to induce core damage is relatively high, although still

low for a plant with Peach Bottom's design. The ATWS scenario is
driven by the small number of systems that are needed to fail and the
high stress upon the operators in these sequences. NUREG 1150 4.6.2

11.4.29 California Institute of Technology 38
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Four Reactors in Crisis
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Friday, March 11, 2011

14:46:00

11.62

0.00

Tohoku-Pacific megathrust earthquake magnitude
9.0, shaking at Fukushima 1 was about 500 cm/S”*2

14:48:00

11.62

0.00

Reactors and turbines shut down. Control blades
inserted into units 1, 2, and 3 and main steam
isolation valve closed. Residual heat removal
started. Loss of -site power, diesel engines started
to provide electrical power.

15:41:00

11.65

0.88

[Tsunami reaches Fukushima. Wave initially
estimated at 10 m and revised to be up to 23 m
overtops 6.5 m barrier. Diesel generators stop,
power switched to battery backup.

15:42:00

11.65

0.90

Article 10 emergency reported by Tepco for units 1,
2, and 3.

15#T ~

16:36:00

11.69

1.80

Batteries fail in Unit 1

/§\y7_-|)_
giniz&ky

16:45:00

11.70

1.95

Article 15 nuclear emergency declared for units 1
and 2 because ECCS function could not be
confirmed.

BiRfkA

17:07:00

11.71

2.32

Article 15 Emergency cleared when water level
was determined then reinstated for Unit 1.

17:07:00

11.71

2.32

Unit 1 cooled by isolation condenser. Units 2 and 3
cooled by Reactor Core Isolation Cooling System.

18:08:00

11.76

3.33

Unit 1 of Fukushima 2 declared to be in Article 10
emergency.

18:33:00

11.77

3.75

Units 2, 3, and 4 of Fukushima 2 declared to be in
Article 10 emergency.

19:03:00

11.79

4.25

Government declared state of nuclear emergency.

20:50:00

11.87

6.03

1864 people within 2 km of plant evacuated.

11.4.29
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RFNAREFEDREL

<Special Act for Nuclear Emergency>

(1) To ensure swift initial activation (Article 10)

Outcome of 1999 JCO accident
At Tokai-mura, Japan

A) Clarification of the notification criteria—» | Notification by the licensee

B) Clarification of the decision criteria for—,
nuclear emergency

Establishment of the "Nq'clear Enu‘a‘rgencm
Response Headquarters " and the “"Local Nuclear
Emergency Response Headquarters "

Notification criteria

Decision criteria for nuclear emergency

® When radiation doses of Smicro-Sv/h or more for ten
minutes or more are detected with radiation
measuring equipment installed near the site boundary.

® When radioactive materials equivalent to Smicro-Sv/h
for ten minutes or more are detected at the site
boundary with considering diffusion etc. from the
normal release point such as a ventilation stack.

® When radiation doses of 50micro-Sv/h for continuous
ten minutes or more or radioactive materials
e?uivalent to Smicro-Sv/h are detected in the vicinity
of the controlled area.

® When radiation doses of 100micro-Sv/h or more are
detEcted at a point one meter away from a shipping
cas

® When the possibility of criticality at a facility other
than the nuclear reactor core.

® When an incident occurred according to the
characteristic of each plant that may result in a
nuclear emergency such as a situation incapable of
reactor shutdown by control rods.

Detection of radiation doses of 500micro-Sv/h
or more with radiation measuring equipment
installed by the licensee near the site boundary
or installed by the prefecture concerned.

Detection of one-hundred times of numeric
values of the notification event at a normal
release point such as a ventilation stack, in the
vicinity of a controlled area, or at a point one
meter away from a shipping cask.

A criticality state at a facility other than in the
nuclear reactor core.

An incident according to the characteristic of
each plant that indicates the occurrence of a
nuclear emergi]ency situation such as a situation
incapable of shutting down the liquid neutron
absorber(boric acid solution) in addition to
control rod insertion.

http://www.ansn-jp.org/
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RFNAREFEDREL

<Special Act for Nuclear Emergency>

The place where the national
vernmen local governments, and the
icensee er in one room located near
the site o a nuclear fadility.

(3) Enhancement of emergency response by the central government

igggaéne “;yt]llls;g{)l(li eaclll TS [}ngi‘aas the
D#ﬁaa{;'? {;tg rg'%isactu I\%’I;]n'l]l%eMlmster's Offsite Center

Prefectura

Prefectural Nuclear

Response |z
Emergency Respon
residence. Operations
pgenter Headquarters

int coundil for ™

mze a g
emerge Y tinabonal
. . gove lllle oca overnments,
Central Government Joint Council for etc. for s an
Local Head Office /> Nuclear Emergency N o

belFena SR st
Ication or inten IOI'IS -

Municipal Nuclear
Emergency Response
Headquarters

Senior Spedialists for Nuclear
Emergency Preparedness \Instl uction and supervision

: . ov : -National Institute of Radiological Sciences
oo T Aacuagon. | _3apan Atomic Energy Research Institute
T fj—.\pan Nuclear Cycle Development Institute
-Licensee

Emergency Response
("Police Dept. |  Security Operations by Licensee
Manager of the Organization)

Fire Dept. ) Fire extinguishing

and lifesaving
Self Defense ding
h'l"l' / / . / Rescue of dis?Stfe:i victims and g‘;ﬁgg%? c&(:rp eon;mster
. - measurement of doses
P www.ansn-jp.org \ Preventitig the spread
of disaster
Article 15 of the Special Act of Official announcement of radiation doses
Nuclear Emergency 14

Removal of radioactive materials [ Acci d ent Site ]
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2011438120  mmenmy

12.06 10.53 Unusual pressure rise in PCV Unit 1 - Article 15
notification.

2:00:00 12.08 11.20 Unit 1 primary containment at 600 kPa

5:30:00 12.23 14.70 Unit 1 primary containment at 820 kPa

5:40:00 12.24 14.87 Evacuation zone extended to 10 km

6:50:00 12.28 16.03 Government give order to vent.

9:00:00 12.38 18.20 Planning to vent

10:17:00 12.43 19.48 Unit 1 primary containment venting to
atmosphere.

12.44 19.76

11:20:00 12.47 20.53 90 cm of fuel rods exposed in Unit 1. Final
assessment (March 16) is 70 % damage to fuel.

13:30:00 12.56 22.70 \Water level dropping in unit 1

13:30:00 12.56 22.70 Ce-137 and I--131 detected near unit 1

14:40:00 12.61 23.87 Steam release from primary of Unit 1

15:29:00 12.65 24.68 Radiation dose at site boundary exceeds limit
value at MP4 and Article 15 emergency declared
at 16:17.

15:36:00 12.65 24.80

—SHEKRREFR
3H12HE%15:36 >
HOEE 5 4 1> 24 BEE R
25:00 12.77 27.62
12.81 28.64

19:55:00 12.83 29.12 Prime minister order sea water injection into
unit 1

20:00:00 12.83 29.20 RCICS shut down in Unit 2. RCICS still running in
Unit 3.

20:20:00 12.85 29.53 Seawater injection into core of Unit 1 started,
followed by borated water injection. Using fire
lines to inject. 2 m3/hr

20:41:00 12.86 29.88 Starting to vent Unit 3.

22:15:00 12.93 31.45 Injection in unit 1 stopped due to quake.




Vent Primary Containment to Reduce Pressure
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Unit 1 Explosion

Reuters

BEOKRFOETH
http://www.youtube.com/watch?v=KknHVL43YJO&feature=player detailpage

04/24/11 California Institute of Technology
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Loss of coolant drives
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T Hofman, J. Nuclear

= 3000 °C +
Coolant Clad  Gap Fuel Pellet MG'H., 1999

( ) 2850 °C Melting of UQ, |
A — =Rt IS DIafE

2690 °C +-=—— Melting of ZrO,
= 2600 °C +-=—— Formation of ceramic (U, Zr, O) melt
uo,

— Eﬁ/“:' P = 2400 °C +-+—— Formation of «-Zr(O)/UO, and U/UO, monotectics
B Melting of B,C

N\

T%m;ﬁrafture 1975 °C F-<—— Melting of oxygen-stabilized a-Zr(O)

roftiie 1or

Typical Fuel
at 11 KW/ft
and BOL

Melting of as-received
Zircaloy-4 (Zry)

1760 °C

— | ~ 1450 °C 1. Melting of stainless steel or Inconel
1300 °C -L<—
) = 1200 °C +

. . -+-+—— B,C/Fe eutectics
Conduction Through 4 , i
Sanectian Ol Gap and Gl 1130 °C +-=—— Formation of liquid U as a result

Eutectic interactions of Zry with
stainless steel and Inconel

Clad to Coolant Fuel, Gap and Clad C _
of UO,/Zry interactions

= 940 °C o Formation of first Fe/Zr and Ni/Zr eutectics

= 800 °C Melting of (Ag, In, Cd) alloy

04/24/11 California Institute of Technology



N} = 'gk:": o= G Zl B oA It
CFAERMG ahd Blpfure ot Zrotiad

Peak cladding temperature of
900 C.

Internal pressure of FP gases
creates hoop stress on clad.

L T T LT TEEER AL L E 1T
V. 6.7 8.9 N 2

bbb badabnlinibunliolily - Creep strength drops rapidly
mpugh wall cracks (':0°)bel3wrthe maxmium balloonin| af‘l‘er‘ 700 C

Strains up to 50% result in:

Ballooning and relocation of
fuel.

Through wall cracks.

Rupture of cladding >
"y releasing FP gases and fuel

04/24/11 California Institute of Techn NEA 6846 2009



MASS OF Hp PER UNIT AREA (lbm/ft2)
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o0ezf Rt “"5,,;',*”5’2%“—‘(?%‘” “ ————oa 900°C  Rupture
BiEagiis; L T cladding
T = 3500°R 0.18 &
0.035} (1944K) € -
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o - 0.15§ «
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-4 0.12 £
00211 z 1800°C Melt clad,
. oc
Te= 2660° 0.09 g_J melt STeeI
(1478K), o
0.014 T
—o0s & 2500°C Break fuel
ot .
0.007} T=2300°R @ I"OdS, debris
(1278K) A 0.03 = bed
0.000 == —_— 0.00 2700°C Zr-U eutectics
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o
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Observations i

1 EAHEDNKDNSTBH T HEMBNEA KR ERE GR 1B EAELTLED

2 BEFIOKTE (2.8 x104 m3) (ZBRMBERD=EULOAESENTE AL
ZIFKRKEIZZELLY

3 1—3EHOU LAY ABEENEEETEINIREKEDEE LI
KiE (100% D RIS KSEERE).

Unit ZR (tonne) H2 (tonne) H2 (m3)
1 44 2 23804
2 or 3 60 3 32612




Where Can the H2 go?

Reactor FELIKERFZECATLOMN? Refueling ba
Pressure Secondary containment g bay
vessel \
Zr CLAD
FiJEL-“

_Dry well

REACTOHR
VESSEL

“PRIMARY
SECONDARY
CONTAINMENT-/‘ CONTAINMENT
S. Greene CONF-8806153-1 ORNL Above suppression pool

04/24/11 California Institute of Technology



Hydrogen Combustion sk

H2 +1/2 02 (+N2 & H20) > H20 (+N2 & H20)
KEST1EH=Y240 £OS1— L DRBSEMNRAE
KIS F 1KkgT=Y TlE1204H 51— )L () 33
FEAEDRMAE (RER) (LARSLEZRHRTERENS

AR A A R XGRS R (R REE) 245D
FRLI-ERICHITHKED AR IE4-70%

B2 N

AN—=JOT—YJ[FEIRILFXF—THES

—FCULITRRPERANFRIHED NUREG/CR-4138 Ratzel 1986
PRIGEDIELE

# (slow 0.5 to 50 m/s) ‘ - -

=1ZE % (50-500 m/s) ’ NTSP20 (13 %)

1R #2(1500-3000 m/s)

-
o
h

NTSPO8 (1! %)

w

\ NTSP6 (10 %)

NONDIMENSIONAL PRESSURE ( P/R )
o
1

2 NTSPOS (8 %)
5 | e
NTSPR (7 %)
1 / L 1 1 L
-20 0 20 40 60 80

TME AF TER START OF COMBUSTION ( S )
04/24/11 California Institute of Technology



Hydrogen Flames
7K$ %(73')72“» 7IR K TOEER)

100/0 HZ ln Oz/Ar' 5% HZ ln Oz/Ar'
SPM Bane - Caltech Explosion Dynamics Lab 2010

04/24/11 California Institute of Technology
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Deflagration or Detonation?

A

]15Atm ftick
IKRABEDE—F '
1. 1& % (deflagration)— K& E (5-100m/s)D K it
2. 1&%% (detonation) —&&RE(1500-2500m/s)D R It | SAtmAick
BHERZHD 5Atmi/ftick
3. BN LBRBADEBLECYSD 1570 m/s At
EALREUTOERISKE itk
1. ARDOHMRE PFIZEKFHROKELDE) ] oarmAtick
e ] sAmck
4. FERHBOEEFES e e .
: 15Atm/tick
' = { 5Atm/tick
N e :
VW . 1 1Atm/tick
4. Venting or failure of structures
S : st et | Atmftick
0.96 ]
0.22 0.23 0.24 0.25 0.26 T.s

18% H2 (dry) 15% steam RUT (60 x 2.5 x 25 m ) Dorofeev 1995
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Extensive research
programs in USA, Europe,
Japan, FSU from 1980-
2000 on H2-air-steam.
Motivation was TMI
accident and follow-on
studies.

Programs in Japan,
Germany on H2-O2-steam
after 2001 pipe ruptures
in Hamaoka Unit 1 and
Brunsbittel.



MAX!MUM RB PRESSURE (psia)
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1 5HEMDIKR (3/12-13)

REMDEENG24BFMRIZERE ., PO DD SR
RYDBERIIELICHERET, BIZRZAHEEYMHAIOOMLL LD ESFE
TRAT=,
THAUNLFREINDESZREHEIEEREF D /AR IIL B RER S
EBYOERIIIZZES

JRFIPER DA IE KR (XA B
HELEEEFE(ZTSHOaUD)—FD K51

- BROREBPEOREERFIANAVKYLRENDLGNLICEZITOND(TD
NRIESH)

J)E?'J@J:T:jj B ERFIRRMBRRILEZRO=LI1Z(4/3BIEES R
BEIIEFTRTHOI=&LD1=

— Relatively low concentration <10-15%) of H2 at time of explosion so DDT
did not occur.



Sunday, March 13, 2011

2:00:00 13.08 35.20 Seawater injection into unit 1 in progress.
= <= g Ta
35 TE ‘Eg_&_% 2:44:00 13.11 35.93 |[Batteries fail in Unit 3
5:30:00 13.23 38.70 Containment integrity in Unit 1 verified
6:23:00 13.27 39.58 RCICS fails in Unit 3.
8:41:00 13.36 41.88 Controlled venting in Unit 3. Fuel exposed
upto3m.
8:56:00 13.37 42.13 Radiation dose at site boundary MP4

exceeds limit value.

11:00:00 13.46 44.20 Starting to vent Unit 2

11:55:00 13.50 45.12 Fresh water injection into Unit 3 through fire
line in progress.

13:12:00 13.55 46.40 Sea water injection into Unit 3 through fire
lines in progress.

14:00:00 13.58 47.20 RCICS working for Unit 2.

14:15:00 13.59 47.45 Radiation dose at site boundary MP4
exceeds limit value.

15:38:00 13.65 48.83 Warning of H2 explosion in unit 3

11.4.29 California Institute of Technology 70



Monday, March 14, 2011
1:10:00 14.05 58.37 Injection to Units 1 and 3 halted - ran out of water in pit. Unit 1 injection
"temporarily interrupted" - not clear when this was restarted.
14.10 5060 [075msv/hrspikeatfrontgatemp ]
3:20:00 14.14 60.53 Injection to Unit 3 restarted.
3:50:00 14.16 61.03 Radiation dose at site boundary MP6 exceeds limit value.
4:08:00 14.17 61.33 [Temperature up to 84 C in Unit 4 spent fuel pool
4:15:00 14.18 61.45 Radiation dose at site boundary MP2 exceeds limit value.
5:20:00 14.22 62.53 Starting to vent Unit 3.
7:44:00 14.32 64.93 Pressure rise in PCV of Unit 3.
7:52:00 14.33 65.07 Article 15 emergency notification.
9:27:00 14.39 66.65 Radiation dose at site boundary around MP3 exceeds limit value.
9:37:00 14.40 66.82 Radiation dose at site boundary around main entrance exceeds limit value.
11:01:00 14.46 68.22

3EHKRIGEHR

11:01:00 14.46 68.22 Blowout panel in unit 2 reactor building opened up following unit 3
explosion.

14.48 68.72
13:18:00 14.55 70.50 \Water level in unit 2 RPV falling.
e pe— 70.62 RCICS fails for Unit 2. Potentially caused by secondary effects of explosion in
= = A o 3Ib y y y p
251 [RFIFREERFFAENRANY D nit 3.

3%1:%0) ﬁ% 0) Z;R E‘]%ﬁ% ? 71.02 Article 15 emergency notification for Unit 2.

76.53 Seawater injection by fire line prepared for Unit 2 RPV. Difficulty in injection
apparently due to not being able to open pressure relief valves.

20:33:00 14.86 77.75 Seawater injection by fire line for Unit 2 RPV. NISA has this happening at
16:34
14.90 7880 B13mSv/hrspikeatfrontgateMp ]
22:50:00 14.95 80.03 \Water level in unit 2 RPV falling. Rise of pressure in PCV.

11.4.29 California Institute of Technology 71



SEHETOKEFEHH

http://www.guardian.co.uk/world/video/2011/mar/14/fukushima-nuclear-plant-reactor-explosion-video

11.4.29 California Institute of Technology 72
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Reactor No™1

NY Times - DIngG'GIObe
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SESREDIK;
BIRELNDI2HEFREE . AUMDGHRRIZIESF
BTRAARDFESE

— dOgcqr's as panels blow out, probably luminosity from entrained
ebris

300-500mLL E . L DRV HH S
50kmLL EDEEREMN L EFEMNE A TULV
NRILPERFISARISICRESEHSN., BRITTITELS

— Debris in pool - not clear where crane structure is now located

— Damage to turbine building roof may be associated with building
fragments or equipment hurled out of refueling bay

Concrete beams and panels below refueling deck damaged
RFFENBHEFRFIFBMBEREIEZTIF TS (4/93R %)



Tuesday, March 15, 2011

0:02:00 15.00 81.23 Starting to vent Unit 2

6:10:00 15.26 87.37 Pressure drop in suppression torus in Unit 2

6:14:00 15.26 87.43 Damage to reactor wall in operation area
confirmed for Unit 4

15.00 81.20 All personnel evacuated and only 50 remain

to operate plant.

6:51:00 15.29 88.05 Radiation dose at site boundary around
main entrance exceeds limit value.

8:11:00 15.34 89.38 Radiation dose at site boundary around
main entrance exceeds limit value.

15.38 90.32

9:38:00 15.40 90.83

10:00:00 15.42 91.20 Radiation dose on 400 mSv/h on inland side
of Unit 3 and 100 mSv/h on inland side of
Unit 4.

11:00:00 15.46 92.20 Fire in Unit 4 reported to spontaneously
extinguish.

12:00:00 15.50 93.20 Large release starts and continues into
Wednesday.

16:17:00 15.68 97.48 Radiation dose at site boundary around
main entrance exceeds limit value.

23:05:00 15.96 104.28 Radiation dose at site boundary around
main entrance exceeds limit value.
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— Small H2 explosion in torus room only (seems unlikely) and/or

— Core melt relocation within RPV resulting in
« Steam "spike” and/or
 Core penetrates failed lower head and drops into water in reactor cavity
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March 17, 2011 Tepco image of damage to Unit 4.
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Frame from video taken on March 16 by SDF helicopter overflight. Unit 3
11.4.29 California Institute of Technology 81
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Frame from video taken from SDF helicopter overflight. Unit 4
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Frame from video taken from SDF helicopter overflight. Unit 4
11.4.29 California Institute of Technology
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BEE—REICETIAHAT—ILHOREEDOH
(Reported 17 March by Japan's Ministry of Economy, Trade and
Industry)

Most Recent
Irradiated Fuel | Unirradiated Additions of
Capacity| Assemblies |Fuel Assemblies| Irradiated Fuel

Unit 1 900 292 100 Mar-10
Unit 2 1,240 587 28 Sep-10
Unit 3 1,220 514 52 Jun-10
Unit 4 1,590 1,331 204 Nov-10
Unit 5 1,590 946 48 Jan-11
Unit 6 1,770 876 64 Aug-10

11.4.29
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RAERD RSP EFEIRINL . BEFRZH<.

NAS 2006

Boraflex Panel in
Steel Wrapper

™~

Baseplate

Flow Holes (4)
(Through the rack
support footing) - .
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10000000 . R
| s o
Actinides are U, 1 1 —a— Actinides |
Pu, Np, Am | —— Fission products
—e— Total
é‘ 100000 -
3
S 10000
S
2
& 1000
100 </
Active cooling needed——"
for first 3 years. 10 b———— ——— :
oY < & & & &
s 'b'spo 3 S @*o -89*

Time since discharge from reactor
Safety and Security of Commercial Spent Nuclear Fuel Storage: Public
Report http://www.nap.edu/catalog/11263.html
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Cladding: C
Gap Region: C, |, S, Cs, Se, Tc

Enriched Rim \\

/ Spent
\ Fuel

g-particles /

metallic
Fuel Grains: I?\;‘:)Clgll:agéd&
(U, An, Ln)Ozi 1’_C, R’h L]

(Ag, Cd, In,

Fission Gas 4 Sn, Sb)

Bubbles:

Xe, K, | Precipitates:
\/ Rim: Rb, Cs, Ba,
Grain Boundaries: enriched Zr, Nb, Mo, Tc
C, IS, Cs,Se, Tc in Pu

Elements, December 2006; v. 2; no. 6; p. 343-349; DOT:
10.2113/gselements.2.6.343
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Zr + O, 2> ZrO,
+1260 kJ/mole Zr

Parabolic rate law

%mQ = K,exp(—FE,/RT)
m = mass of O,/area
Diffusion-controlled if

starved for O2

Decay heat and oxidation

heating cause cladding
failure (rupture) at 850
- 950 C.

In (W210 (mg Ozlcmz)zlsec

-12 -

T

lJ:é

%

=

10—

MONO-TETRA GONAL \g
PHASE CHANGE OF &
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NUREG/CR-0649 Spent Fuel Heatup Following Loss of Water During Storage
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NUREG/CR-0649 Spent Fuel Heatup Following Loss of Water During Storage
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1000 Ci/km2

100 Ci/km2
-15
= 3.BMCi total
?5 40 tonne spent fuel
10 25 40 55 70 85 100 115 130 145 160 175 1890 205 220 235 250
- 150
-100
50 E
=
o ‘E’ 35MCi total
g
50 5 400 tonne spent fuel
-100
150

25 75 126 175 225 275 3256 375 425 475 525 575 B25
Downwind (km)

Alvarez et al Science and Global Security 11,1-51, 2003
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These results are
controversiall
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Thursday, March 17, 2011

6:15:00 17.26 135.45 Unit 3 - Pressure of suppression pool
increased, considered venting.
9:48:00 17.41 139.00 Helicopters drop water on Unit 3 roof until
10:01.
11:30:00 17.48 140.70 Workers return, restart water injection in Unit
3.
19:05:00 17.80 148.28 Water spray on Unit 3 from high pressure
trucks from ground until 20:09
Friday, March 18, 2011
14:00:00 18.58 167.20 Water spray onto unit 3 by 6 fire engines of
SDF until 14:38
14:45:00 18.61 167.95 Water spray onto unit 3 by US Military fire
engine
Saturday, March 19, 2011
0:30:00 19.02 177.70 Water spray onto unit 3 by Tokyo Fire Dept
until 1:10
14:10:00 19.59 191.37 Water spray onto unit 3 by Tokyo Fire Dept
until 3:40 on 20 March.
Sunday, March 20, 2011
11:00:00 20.46 212.20 Unit 3 PCV pressure rose to 320 kPa then fell.
15:05:00 20.63 216.28 Seawater injection into Unit 2 SFP via cooling
line. Continues until 17:20 40 tonne water
injected.
15:46:00 20.66 216.97 Power center electricity restored on Unit 2.
18:30:00 20.77 219.70 Unit 4 SFP water spray until 19:46 by SDF.
21:36:00 20.90 222.80 Water spray onto unit 3 by Tokyo Fire Dept

until 3:58 on 21 March.

11.4.29
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Monday, March 21, 2011
6:37:00 21.28 231.82 Unit 4 SPF water spray by SDF until 8:41
8:58:00 21.37 234.17 Radiation dose at site boundary around main entrance
exceeds limit value. Only large fluctuations beyond 0.5
mSv/hr will be reported as new events from now on.
10:37:00 21.44 235.82 \Water spraying on common spent fuel pool started, ended
at 3:30 pm
15:37:00 21.65 240.82 Electricity connected to common spent fuel pool
15:55:00 21.66 241.12 Grayish smoke from Unit 3 refueling area continuing until
17:55
21.75 243.20
18:22:00 21.77 243.57 Light gray smoke from Unit 2 refueling floor area.
Continued to 07:11 22 March, decreasing amount, white
color.
Tuesday, March 22, 2011
10:35:00 22.44 259.78 Unit 4 power center electricity on.
15:10:00 22.63 264.37 water spray on Unit 3 from Tokyo and Osaka Fire Dept until
16:00
16:07:00 22.67 265.32 Injection of 18 tonne seawater to Unit 2 SFP
17:17:00 22.72 266.48 Water injection by concrete pumping truck into Unit 4 fuel
pool, 50 t/hr until 20:30
22:46:00 22.95 271.97 Lights turned on in Unit 3 control room
Wednesday, March 23, 2011
2:33:00 23.11 275.75 Seawater injection into Unit 1 RPV through feed water
system in addition to fire lines. Flow rate increased to 18
m3/h
9:00:00 23.38 282.20 Unit 1 Switched to feed water system only. Flow rate is 11
m3/h
10:00:00 23.42 283.20 Core temperature 400C in Unit 1
10:00:00 23.42 283.20 Pumping water into Unit 4 fuel pool until 13:02
11:03:00 23.46 284.25 Pumping 35 tonne of seawater into Unit 3 fuel pool until
13:20
16:20:00 23.68 289.53 Black smoke belching from Unit 3 building. Not observed at
11:30 pm or 04:50 next day.
Thursday, March 24, 2011
5:35:00 24.23 302.78 Injecting 120 tonne seawater into Unit 3 SFP until 16:05
10:50:00 24.45 308.03 White fog-like steam from roof of Unit 1 reactor bldg.
11:30:00 24.48 308.70 Lights on in main control room, Unit 1.
13:28:00 24.56 310.67 Unit 3 water spray on SFP until 16:00
18:02:00 24.75 315.23 Unit 3 fresh water injection to core started

11.4.29
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17 March NHK/Getty/AFP
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2011F3H 25H (%)

6:05:00 25.25 327.28 |[F4SHRERBZARBESZAD, FEEHILDEKEA (108520
7FET)
10:30:00 25.44 331.70 [F2SHRERFABBEGEAD, BKIEA (12851957 FT)
13:28:00 25.56 33467 |B3DBE~DKDER (165007 % T)
15:37:00 25.65 336.82 |B1BHEREFIFENTE~DEKDEIARE
18:02:00 25.75 339.23 |[F3BEERFRENBRE~DEKDTIARLE
19:05:00 25.80 340.28 [AVHY—FRUTEIZES, FaSBEREARBESZ~DKD
iEA (22850773 F T)
20115F3H26H (1)
10:10:00 26.42 35537 |F2BE~NEKERIEEDE AR
16:46:00 26.70 361.97 |[F25HE FEHZEDSA+EDIT5
2011%3A278(H)
12:34:00 27.52 381.77 RAVIU—FRUTEIZEAEIBHEADKDETE
15:30:00 27.65 384.70 [F1, 25 DN EDKERE F151H0.4 mSv/h, F258 >1000
mSv/hr in unit 2.
16:55:00 27.70 386.12 P P—FROTEIZEBEIEEE~ADKDERE
20115%3H28H(A)
12:00:00 28.50 405.20 [3B1, 2, 35D I—EVEEDERIDKIZSLANILIRSTRENER
BlEh5.
17:40:00 28.74 41087 [F3omOEKITEBIVTDOEISBROIE AN I —IL DTF—
R ) ~IKZF%EN(3A31H08KF4077 F T).
20:30:00 28.85 413.70 [B3BHEDIFDICEENEEFEI R T2 E>TKEEA
20115E3H29H(X)
8:32:00 29.36 22573 |- B EEmaihoJ 20, B8 BOFRD~NDIKEAN
TUEZS.
11:50:00 29.49 429.03 [B45H FEHZEDSM+EDT5
14:17:00 29.60 431.48 PVO)—FRUTEIZEAEIBEFRFARBEZ~DKDE |
(18851877 FE T)
16:45:00 29.70 433.95 |2 BOEKITBIAVTDOHRISROETAMHE I —IL OTF—2
R ~IKZEFEE (4A 18018551973 F T)
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BELE-REFMOETAREGLEEER

KEFHOETHBRE(REAY) 3A178 3:07pm
http://www.youtube.com/watch?v=0Q4TqMZq-rsé&feature=player detailpage

HGICKSEITHADKIK 3A19H 4:58pm
http://www.youtube.com/watch?v=v8 Tdsbd-ApU&feature=player detailpage

F4SHADRK tEANCDERE 3A22H 0:56am
http://www.youtube.com/watch?v=Hs2 AUmmUcKQ&feature=player detailpage

BREIEAUNOBRE 38238 5:00
http://www.youtube.com/watch?v=mI2vYcxcl6éA&feature=player detailpage

BREIEAUNLDBREIZDOLNT, NHKIZ&SaAV~ 3A27H
http://www.youtube.com/watch?v=wAEixbcPhG44&feature=player detailpage

MEEE (SEH)
http://cryptome.org/eyeball/daiichi-npp/daiichi-photos.htm
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Hli#1Z=E 3A23H
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Tepco March 23
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F2ESWOHME 37268
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RATEHRIEISE LG

* http://www.nisa.meti.go.jp/
* http://www.tepco.co.jp/index-j.html
* http://www.iaea.org/
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FHIR(AH6BRR)

BEE—RFARBFROINRIEIEDH TRZITH S, -
LAEA April 6

This will not lead to a sustainable condition. We want to
restore power and rebuild the cooling system, but such efforts
are hampered by the stagnant water,We have to find a way out
of the contradictory missions” of the incoming water and the
removal of contaminated water

(CHIZE, AR <ELNDDZETIEAGL. ERZMBIELS
N RT LEBRELELIZUVLD, TR IEINT B DD
DNTULELY. FKEFLEKDEEEVDHNELVDRIREZEZE
AWEDNMTRTSAEZR DT NIEXGESAE0N. )
HERE#MICED, BEFHALE REE ALUEEKDE
B=R0Dtk+F. 3A30H




%\% =ATDFEIR(EAA6BERR)

IAEA IZ&L 515 http://www.jaif.or.jp/english/
éb&é'l #&li;‘abh\b http://www.nisa.meti.go.jp/english/

T T T T T

RPV temperature stable RPV temperature stable

Core and fuel integrity Damaged

RPV temperature high but

RPV & RCS integrity stable

Containment integrity No information Damage suspected Damage suspected

AC power available - power
to instrumentation —

AC power available —

AC power available — power AC power available — power . .
power to mstrumentation —

AC Power L to instrumentation — Lighting  to instrumentation — Lighting C .
Lighting to Central Control to Central Control Room to Central Control Room Lighting to Central Control
Room Room
Water level of RPV
Pressure of RPV Increasing Stable Stable
CV Pressure Drywell Decreasing trend _
S -
Water injection to CV No information No information No information
resh water spraying Freshwater injection to the Freshwater 1nJe.ct10n.V1a Fresh water spraying
Spent Fuel Pool Status completed by concrete . . Fuel Pool Cooling Line completed by concrete
Fuel Pool Cooling Line . .
pump truck and Periodic spraying pump truck
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FIDDRIEIL? AL LTWNADH?

Damaged core
material may slump

to lower head. \ 3

Now becomes much
more difficult to
cool.

If temperature is
sufficiently high,
melting may take

-

place.

11.4.29

wallornia instuwte o1 1 ecrnoiogy

If core is molten, it
can dissolve RPV
steel and penetrate
lower head.

A portion of the
molten core could

/ then fall to bottom

of the reactor
cavity.

If that happens,
core will wind up
eating into concrete
"basemat” and
possibly through
primary containment

)
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B
— Cores are severely damaged

— Some core material may have moved to lower
head

— Difficulty getting sufficient water into reactor
to keep reactor vessel and core cool

» BRRWNEDXIGR
1. Keep vessel depressurized
2.Vent to keep containment depressurized
3.Restore injection in a controlled manner
4 Inject boron

5.Flood containment to delay/prevent lower head
failure

NUREG/CR-5869 Hodge et al CONF-921007—31 ORNL
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Hodge et al CONF-921007—31 ORNL
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Hodge e’r al CONF-921007—31 ORNL
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Drywell Skirt | Failure Mechanism Time to
Flooded? VenTed Failure (hr)

N Penetrations

N N Bottom head creep rupture 10
Y N Bottom head creep rupture 13
Y Y Melting upper vessel wall >20

Drywell can only be flooded up to vents. "The mass of the
BWR internal structures is large..nevertheless, decay
heating of the debris pool and the associated upward
radiation would be relentless and, after exhaustion of the
stainless steel, the only remaining internal heat sink above
the pool surface would be the carbon steel of the vessel

wall."
Hodge et al. CONF-921007—31 ORNL
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REACTOR

E
PIPE
WETWELL PP
TRAPPED
AIR SPACE

Hodge et al CONF-921007—31 ORNL
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N MEX

Used to reduce primary
containment pressure to
avoid failure and associate
release

Design pressure
400 %Pc?

Failure pressure (estimated)

1000 kPa

Vent through filters to stack
Carefull High pressures will

failure duct work and

contaminate reactor building.

Primary initially inert,
environment will be
steam/N2/H2 after severe
accident

« Venting paths

18-inch torus vent path,
18-inch torus supply path,

2-inch drywell vent to
SBGT,

Two 3-inch drywell sump
drain lines,

6-inch ILRT line from
drywell (does not fail
ducts)

18-inch drywell vent path,
and (fails ducts)

18-inch drywell supply

path. (fails ducts)
NUREG 1150

California Institute of Technology 119



NURDLLA

T0 ' ' A = AIR OPERATED
REACTOR BUILDING STACK RE « RADIATION ELEMENTS

PLANT Fl = FLOW INDICATOR
STACK : FT = FLOW TRANSMITTER

REACTOR M = MOTOR

BUILDING

EXHAUST

FANS ) $8GTS

N2 MAKEUP

LIQuID N,
STORAGE

Nay PURGE

@ sUPPLY z SUTLY
Steam
.1 Vapornze: Vagporizer

vacuum

e

FILTER ] # |

CHARCOAL

FILTER CaD
REACTOR BUILDING SYSTEM
VENTILATION
EXHAUST

Fig 4-31 NUREG/CR-2726 LWR H2 Manual 1983

11.4.29 California Institute of Technology
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o HHERULTEHEM?
- KFEDEEZZ/IMRIC
— —RIBMBEBRZRD=H
o JHBEBKEEFIF (BWRsS) [EEXREBHIFAVNT HIEAKEIND

— Suppression pool expected to "scrub out” some fission
products - but bypasses standard air filtration

— Success depends on accident progression, venting timing

— Need to chose vent path carefully, make sure valves close (!)
after completion

— Need to protect operators from release

« REAMGRRIRBREFEZDNGLLGDIRIZETIT 25

Dallman et al Nuclear Engineering and Design 121, 421-429, 1990.
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18 in. BUTTERFLY

KVALVES/
PIPE-TO-DUCT
Ao Ao TRANSITION

e

18 1in VENT PIPE

{(10F 2} ——

—
W = 82 Ib/s (37 2 kg/s)

AN

_/ \- P = 30 psia
MA = (021 MPa)
P =75 psia AT FLOW MA = (O 41
{0.52 MPa} RESTRICTION
T = 302°F

(423 K) LEGEND

MA = MACH NUMBER
\WETWELL P = STATIC PRESSURE

T = TEMPERATURE
Ao = AIR OPERATOR

Fig. 3. Venting at elevated pressure would fail ventilation
system ductwork in the torus room.

Harrington et al 1988, Kelly 1991,
US NRC Generic Letter 89-16, Sept 1989.

Flashing of
suppression pool
water leading to
Loss of "net positive
suction head" and
failure of RCIC pump

Filling reactor
building with hot
steam, H2 and
possibly, fission
products.

US NRC recommended
all US Mark I BWRs
install a hard vent
line to avoid venting
directly into the
reactor buildings
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NUREG 1150 4.3.1 The estimated mean
failure pressure for Peach Bottom's
containment system is 148 psig, which is
very similar to that for large PWR
containment designs. However, its small
free  volume relative to other
containment types significantly limits its
capacity to accommodate noncondensible
gases generated in severe accident
scenarios in addition to increasing its
potential fo come into contact with
molten core material. The complexity of
the events occurring in severe accidents
has made predictions of when and where
Peach Bottom's containment would fail
heavily reliant on the use of expert
judgment to interpret and supplement
the limited data available.

4.4.2 An important consideration
in determining the magnitude of
building decontamination is
whether hydrogen combustion
occurs in the building

and whether combustion is
sufficiently energetic to fail the
building.
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mEIEREA [EEL =35 S~ core damaged but
does not fail RPV. Plant contaminated, has to
be cleaned up enough to repair key systems,
allow human entry and dispose by dismantling
(TMI). If too damaged or contaminated,
requires entombment in place (Chernobyl).

. MHIENTELES- molten material melts
through RPV and drops to bottom of primary
containment vessel, failure of containment,
possible steam exp[osion, generation of gases
due to core-concrete interactions. Requires
enfombment and long term custody o
unconfined core.
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Environmental Radiation Level — Tokyo

L Sv/hour
0.6
3 2 —_ == I8
214 mm(220kmiE ) CORAMIE
05
0.4
0.3
0.2
usual value band
01—\ — V ” .‘ \\\//—-\¥ |
0 6 12 Il8 0 6 12 ;8 Io 6 12 18 0 6 12 ;8 0 6

14/03 15/03 16/03 17/03 18/03

http://www.mext.go.jp/component/a_menu/other/detail/__icsFiles/afi
eldfile/2011/03/19/1303902_1818_5_2.pdf
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— 51Tk (Kr)-85
~ F+/2(Xe)133

EELPLTNEIR

— IAH#F(I)-131,132 Fhm=113E
— 19 L(Cs)-134, 136, 137 @hsm=28 5%
— TILIL(Te)-127, 129, 132 @ =450

IRETIRDERR: B#RE v #R

— 137Cs > 137Ba+y + e~ (0.97 MeV) t12.= 30
REIGERR ﬁﬂﬂlﬂféf’h\ofﬂﬂﬁk,ﬁ‘é BT E IR E

— BIT- 5 BiXe+y+e (117 MeV) t,,= 8d
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AKW_FUKUSHIMA-I-131
20110315-100000
Plume (units m*-3), Release: 0.10E+19 Units

B 000 e o1 [l 1100 2 j1or 21002 0z 4 R 4100 R0 S0 s

120°E 140°E 180°E

http://www.zamg.ac.at/

Continuous source term.

Global circulation model

Bounding assumptions
about chemistry

120°E 140°E 160°E
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AKW_FUKUSHIMA-Cs-137
20110315-100000

Plume (units m*-3), Release: 0.10E+18 Units
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AKW_FUKUSHIMA-1-131
20110402-000000
Plume (units m*-3), Release: 0.11E+19 Units
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Model results based on a release of 10!7 Bq per day at Fukushima
since 12. March 2011 08:30 UTC. In the model, dry deposition
(contact with the ground) and wet deposition (to wash out the
particles) are fully considered. The input comes from the European
center for medium-term weather forecast. The dispersion model is

FLEXPART version 8. http://www.zamg.ac.at/
Sacramento/California | Charlottesville/Virginia
B Messung B Modell | W Messung 8 Modell
EPA 22 March - == || e
analysis of SF E ifﬁiiﬁi ‘??ZZ
. @ 0060
air samples = & i I l i i sunll
1,00£+00
uBq/m3
Tage ab 16.3. Tage ab 16.3.
Cs-137 48
Hawaii » Stockholm/Sweden
Te-132 277 Messung B Model : Messung B Modell
I-132 244 1:00;0; 100000
1,006+04 “;'z‘;‘;
I-131 | 2516 | o !
1:()()!,'01 I h
1.00€+00 1 2 3 4 5 6 7 8 9

1 2 Tage ab 16.3.
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« ZAMG (Austria) numerical simulations
— Weather forecast from the ECMWF global circulation

model
« 25 km horizontal, 91 vertical levels, 12 min fime step

— Lagrangian particle dispersion model FLEXPART V. 8
— Adjusted source term to match selected CTBT station

data
.$?<%65LHS @ %E.;%%FE“ 20HR T e/igll?ﬂ th_F 1% 28R
I-131 1016 +o 7 x 10%7 1.8 x 1018 9 x 1020
Cs-134 ? 5.0 x 1016 -
Cs-137 1015 to0 7 x 1016 8.5 x 1016 1.3 x 1018
it >7.7 x 10V 9.4 x 1018
ZAMG 30 March 2011 | UNSCEAR 2000 | UNSCEAR 1982

(RS Jh#S 32— av g ERLI- LT, R TEAS RS
MEDEZHHATEHS DI ﬁ&tﬂz@%*ﬁ%‘)’éﬁoflﬂéo THEER
A RERTO R EERS. Gh . 4/122B0RER. &
SRICLHHEHBHELTRIEE. )
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//;NAVIS:&A Ground Based and Aerial Monitoring Results FUKUSHIMA DAIICHI
y A : Data from (March 30 - April 03) JAPAN

e T

>12.5 mR/hr

2.17 -12.5 mR/hr
1.19 - 2.17 mR/hr

0.25 - 1.19 mR/hr

0.03 - 0.25 mR/hr

< 0.03 mR/hr

Highest monitoring reading at Fukushima
Daiichi Power Plant control center:

100 mR/hr (3/31/2011 2:00 AM JST)

Past 24 hour high reading:

84 mR/hr (4/03/2011 7:00 PM JST)

138MJ'0"E d 04169'%05011 234'0 JST V 140"' " ; » o 141'(‘)‘0"E 142°00E 143°00"E
NugeRJITcCErsi?adtgghts go:!d Measurements 30Mar_03Apr2011 Results UNCLASSI FI ED NUC|ear InCIdent Team DOE NIT

Contact (202) 586 - 8100
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¢« SIMmTHOIE( mR/h =10 usSv/h)
¢« FAT30 mR/h(300 uSv/h)LLF

- FEEMMELME,

— I\ 59 RI(E 0.1 ~1uSv/h

« (0.7 uSv/h = 6.2 mSv/yr M)
o 40kmDSVMAITIE, MEEORBEIMNDELESNSLANILEZ—ELT
TE->TLVS,

o 3/19LIRE. ST EME D KELZETIEELY,

http://blog.energy.gov/content/situation-japan/
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[micro Svih] * Change of a monitoring equipment
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On 28 March, deposition of iodine-131 was detected in 12 prefectures,
and deposition of cesium-137 in 9 prefectures.

Prefecture of Fukushima

23000 Bg/m? for iodine-131
90 Bq/m? for caesium-137.

Other prefectures

1.8 to 280 Bq/m? for iodine-131
5.5 to 52 Bq/m? for caesium-137

In the Shinjyuku district of Tokyo
< 50 Bq/m2iodine-131 and cesium-137 was

No significant changes were reported in the 45 prefectures in gamma
dose rates compared to yesterday.
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On 5 April, low levels of deposition of both iodine-131 and cesium-137 were detected in 5
and 7 prefectures respectively. The values for iodine-131 ranged from 12 to 70, for cesium-
137 from 3.6 to 41 becquerel per square metre.

Gamma dose rates reported for 6 April showed no significant changes compared to
yesterday. Since 23 March, values have tended to decrease. Gamma dose rates were
reported for 45 prefectures to be between 0.02 to 0.1 microsievert per hour. In one
prefecture the gamma dose rate was 0.16 microsievert per hour. These values are within or
slightly above the natural background of 0.1 microsievert per hour.

As of 4 April, iodine-131 and cesium-134/137 was detectable in drinking water in a few
prefectures. All values were far below levels that would initiate recommendations for
restrictions of drinking water. As of 6 April, one restriction for infants related to I-131
(100 Bq/l) remains in place as a precautionary measure in only one village of the Fukushima
prefecture.

On 6 April the TAEA monitoring team made measurements at 7 locations at distances of 23
to 39 km South and Southwest of the Fukushima nuclear power plant. The dose rates ranged
from 0.04 to 2.2 microsievert per hour. At the same locations, results of beta-gamma
contamination measurements ranged from 0.03 to 0.36 megabecquerel per square metre.

FE &I EEHHH
http://www.iaea.org/newscenter/news/tsunamiupdate01.html
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) Ak

Radionuclide Group (kg)

Noble Gases (Xe, Kr) 361.8 s g G @
Halogens (1, Br) 14 slightly

Alkali Metals (Cs, Rb) 207.8 larger reactor
Tellurium (Te, Se) 33.2 operating at lower
Alkaline (Ba, Sr) 154.1 enrichment
Platinoids (ru, Pd, Rh) 234.3

Early Transition (Mo, Tc, Nb) 263.7

Lanthanides (La, Nd, Pr, Sm, Y, Pm, Eu, Am, Gd ) 485.7 SAND2007-7697
Cerium (Ce, Pu, Zr, Np) 1213.1
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Detected in soil near reactors

Possible sources
— Fallout from nuclear testing

— Dispersed out of fuel by venting/explosions
« By-product of U-238 absorbing neutrons
* MOX fuel (6% of fuel assemblies in unit 2 contained plutonium)

— Environmental contaminant from waste

Not a health hazard - levels comparable with worldwide distribution of
Pu from nuclear testing although significantly higher than previous
samples at site.

Preliminary analysis of 238/(239, 240) ratio indicates origin is fission
by-product from normal reactor operation - another indication of
breach of containment.

Isotope ratio inconsistent with MOX fuel composition, solid waste,
ordinary soil, or nuclear weapons testing

Exceeding small amounts and further testing/confirmatory independent
analysis is needed.
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« Three Mile Island Unit 3 (1979)
* Chernobyl Unit 4 (1986)
« Fukushima Daiichi Units 1, 2, 3, 4 (2011)




A)—<AILE(TMI) 245 4P

e March 28, 1979
* 900 Mwe PWR
* Concrete containment

« Initiating event was interruption of
feedwater
« Loss of coolant from stuck open relief
valve o |
* Core badly damaged, nearly melted damage ———] @ g I / caviy
through lower head R L
« Hydrogen generation, explosion inside b gon e 1
containment —
Minimal release of radioactivity wer 11| i =1 (.
— 20 person-Sv committed dose e i 0l
_ 3.7 x 101784 (10 Mci) total f’f’;ﬂjz;
— 3 x 107 Bq (8 Mci) of Xe-133 rvstado iR

| L — Crust

: E n; BT V)\n
— 1.8 x10' (57 KCi) Krypton-85 ‘%@w
— 5.5 x 10" Bq (15 Ci) of Iodine-131
— 3.8 x 10 Bq (40 microCi) Cs-137

q

Wright, Advances in Nuclear Science and Technology, Volume 24, 283-
314, 1996
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TMI-2

REACTOR BUILDING

Pressurized Block Safety
relief valve valve '

COOLING TOWER

relief tank

Reactor coolant pump

Primary “—SecondaryJ

(non nuclear)

http://www.nrc.gov/reading-rm/doc-collections/fact-sheets/3mile-isle.html
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Feed water interrupted
Reactor scrammed
ECCS pumps started/stopped
— block valve closed, had to be opened by hand
Heat exchangers boiled dry (2 minl)
Pressure increased, relief valve opened automatically
— Stayed stuck open for 2 hours
ECCS pumped restarted then manually shut down
— system appeared to be "solid"
Core uncovered for at least 1 hr
— 50% degraded, 20% in rubble bed at bottom of RPV
— Hydrogen generation of 300-400 kg corresponding to oxidizing 45% of Zircaloy
Water and H2 dumped into containment from PORV
H2 (8%) burn in containment - 200 kPa pressure rise < 450 kPa design pressure
(Henrie and Postma 1981 and 1987)
Gaseous and volatile FP released accidentally and deliberately into atmosphere

14 year clean-up process, core removed & stored at INEL by 1990, 2.8 Mgal of
contaminated water processed by 1993, required 1000 workers on site & $973
million
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(PWR)

CONTAINMENT BUILDING
ATMOSPHERIC SAFETY VALVE
VENT VALV%
ELECTROMATIC
RELIEF
VALVE

CONDENSATE STORAGE BOLATION —l

VALVE
% Capscity) i
STEAM b

GENERATO

AUXILIARY
FEED PUMPS

PRESSURIZER

(% Capacity

TURBINE

(Full
Capacity) TO OTHER
STEAM GENERATOR

REACTOR

REACTOR
Ccoo

CONDENSER

CONDENSATE MAIN FEED
POLISHERS E PUMP :| ,

CONDENSATE BOOSTER

PUMP PUMP i

CONTAINMENT
SUMP PUMP

o
stp'

LWR H2 Manual NUREG/CR-2726
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v
P

PRIMARY WATER t = 2.8 hours
T7o7] SECONDARY WATER P = 1200 psig
ELECTROMATIC 5 STEAM

RELIEF VALVE (ERV)
L] STEAM/HYDROGEN

(\ , RELIEF BLOCK

LOOP A LOOP B

LWR H2 Manual NUREG/CR-2726
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REACTOR BUILDING PRESSURE |psig)

32

28

24

16

12

IEERNTODIKZELRGE

—
— HYDROGEN BURN
-
——
—
| 1 | | 1 1
0 2 a 3 5 10 12 14

TIME AFTER TURBINE TRIP {(HOURS!

LWR H2 Manual NUREG/CR-2726
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il - 1000 Mwe RBMK-type reactor:
L — Graphite-moderated, water-

s cooled, no containment structure
or pressure vessel

. 26 April 1986

« Criticality accident caused by
multiple factors including ]Poor
desi?n, willful disregard o
regulations, ignorance of reactor
physics by operators

« Explosion and fire completely

destroyed reactor, created
large plume of contamination

. Re%uir'ed resettlement of
350,000 people
« 600,000 “liquidators” involved in

cleaning up site and building
containment structure.

11.4.29 California Institute of Technology 149
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Remaining molten
core materials
(~200 tonne)
enclosed in
concrete
“sarcophagus”
400,000 m3 of
concrete and 7,300
tonnes steel

Deteriorating and
cannot be repaired.

100-yr cover
building to be
installed in 2013

150



INCREASED RADIATION DOSE ACROSS EUROPE - 3 MAY 1986

Dose - multiples
of normal rate

Il No detecable
rse

10+ -
~
<+

2
5-10
10 - 20
20 - 40
40 - 100

~
I\J'\J ’

Species Half-life Released Ar;\oum'

MCi Bq
85Kr 10.8 yr 0.89 3.3 x 1016
133Xe 5.2 dy 176 6.5 x 1018
131T 8 dy 49 1.8 x 1018
134Cs 2 yr 1.4 5 x 1016
137Cs 30 yr 2.3 8.5 x 1016
90Sr 29 yr 0.27 8 x 10%°

11.4.29 California Institute of Technology

CAESIUM DEPOSITION

185 -555
kBq m=2

>3700 kBgq m-?

1480 - 3700 37 - 185
kBq m? kBq m*

Bl 555 - 1480 B <37 kBq m-*

kBq m2

SOURCE: UNSCEAR

Cs-137 fallout
»37 kBq/m? contaminated
»>555 kBq/m? restricted

UNSCEAR 2000
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10 mSv - 30 km
exclusion zone,
116,000, all relocated

5O0mSyv - Strict
control zone, 270,000,
some relocated

100 mSyv -
“Liquidators”, 200,000

5 mSv - general
population, 6,500,000

Main contaminants are
Cs-137 and Sr-90

— 30 year half-life

Collective dose
commitment (2056) is
600,000 person-Sv

Tliness
— 28 immediate deaths

— 237 acute radiation
syndrome

— >4000 thyroid cancers
from Iodine-131
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« RUY—TAILE- 25
— 1PWR, reactor pressure vessel, containment building
— Loss of coolant accident, 50% core damage, hydrogen explosion in containment
— Pressure vessel, containment intact
— Small release, no contaminated exclusion zone
— Complete cleanup
o FIIL/TA)-45H
— 1RBMK reactor, no pressure vessel and weak containment
— Core and reactor building destroyed by critical disassembly
— Release of substantial fraction of FPs including refractories during explosion/fire
— Large contaminated zone (up to 100 km), reactor entombed
- BEE—- 1451
— 3 BWR reactors and 4 spent fuel pools, SBO
— 30-70% core damage to 3 reactors, suspect RPV and PCV damage
— At least 4 hydrogen explosions, severe damage to reactor buildings
— Spent fuel fire suspected
— Plant highly contaminated, substantial release of volatile FP
— Extent of contaminated zone 20 km




Web D15

«  http://www3.nhk.or.jp/nhkworld/

*  http://www.nisa.meti.go.jp/english/

*  http://www.tepco.co.jp/en/index-e.html
*  http://www.jnes.go.jp/english/index.html
*  http://www.jaif.or.jp/english/

*  http://www.igea.org/
*  http://www.unscear.org/

*  http://www.zamg.ac.at/

«  http://www.world-nuclear-news.org/
«  http://www.nei.org/

*  http://www.new.ans.org/

*  http://www.nucleartourist.com/

*  http://www.nrc.gov/

«  http://blog.energy.gov/content/situation-japan/
«  http://www.epa.gov/radiation/

*  http://www.ncrponline.org/

«  http://en.wikipedia.org/wiki/Timeline _of the Fukushima I nuclear accidents
«  http://enwikipedia.org/wiki/Fukushima I nuclear accidents
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. - -
* Seismic hazard
10 percant chance of an eanthquake /
occurring in the next 50 years.

Very  High Moderate Low
Jagh

NY Times
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« 23 are BWR Mark 1 containment type

U.S. Commercial Nuclear Power Reactors—Years of Operation

WA
4 MT ND
OR
D sD
WY
NV NE
ut co
CA
KS,
AA
av M2 M
AA
HI
AK

Years of Commercial

Operation
A 09

A 1019
A 2029
A 3039

Source: U.S. Nuclear Regulatory Commession

US NRC
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Reactors

0
10
42
52

Browns Ferry Nuclear Plant, Unit 1
Browns Ferry Nuclear Plant, Unit 2
Browns Ferry Nuclear Plant, Unit 3
Brunswick Steam Electric Plant, Unit 1
Brunswick Steam Electric Plant, Unit 2
Cooper Nuclear Station

Dresden Nuclear Power Station, Unit 2
Dresden Nuclear Power Station, Unit 3
Duane Arnold Energy Center

Edwin I. Hatch Nuclear Plant, Unit 1
Edwin I. Hatch Nuclear Plant, Unit 2
Fermi, Unit 2

Hope Creek Generating Station, Unit 1
James A. FitzPatrick Nuclear Power Plant
Monticello Nuclear Generating Plant, Unit 1
Nine Mile Point Nuclear Station, Unit 1

AL
AL
AL
NC
NC
NE

MN
Ml

Oyster Creek Nuclear Generating Station, Unit 1 NJ

Peach Bottom Atomic Power Station, Unit 2
Peach Bottom Atomic Power Station, Unit 3
Pilgrim Nuclear Power Station

Quad Cities Nuclear Power Station, Unit 1
Quad Cities Nuclear Power Station, Unit 2
Vermont Yankee Nuclear Power Plant, Unit 1

California Institute of Technology

Ml
Ml
Ml
IL
IL
VT

12/20/1973
8/2/1974
8/18/1976
9/8/1976
12/27/1974
1/18/1974
2/20/1991
1/12/1971
2/22/1974
10/13/1974
6/13/1978
7/15/1985
7/25/1986
10/17/1974
1/9/1981
12/26/1974
7/2/1991
10/25/1973
7/2/1974
6/8/1972
12/14/1972
12/14/1972
3/21/1973

5/4/2006 12/20/2033
5/4/2006  6/28/2034
5/4/2006 7/2/2036
6/26/2006 9/8/2036
6/26/2006 12/27/2034
1/18/2014
10/28/2004 12/22/2029
10/28/2004 1/12/2031
2/21/2014
1/15/2002 8/6/2034
1/15/2002 6/13/2038
3/20/2025
4/11/2026
9/8/2008 10/17/2034
11/8/2006 9/8/2030
10/31/2006  8/22/2029
4/8/2009 4/9/2029
5/7/2003 8/8/2033
5/7/2003 7/2/2034
6/8/2012
10/28/2004 12/14/2032
10/28/2004 12/14/2032
3/21/2012
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