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1. introduction

B On March 11t 2011, the Great East Japan Earthauake and
subseguent tsunami hit the north east area of Japan including the
Fukushima Dai-ichi nuclear power station (NPS).

B After the earthquake, Fukushima Dai-ichi unit 1, 2, and 3 in normal
operation are automatically shutdown by seismic SCRAM logic.

B However, due to subseguent tsunami of 15m height, plants lost
electric power and safety equipment.

B |n the end, three plants fell into severe accident, a massive amount of
radioactive materials are released to environment.

B |n this presentation, | will explain BWR plant desigh relating accident
progressions with reference to basic safety functions for nuclear
power plant (NPP),
and | will show you the Fukushima Dai-ichi accident progression
chronologically and our investigation activities.
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1. Damage Caused by GEJE
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1. Tsunami attack to the Fukushima Daiichi NPS

Height of the #4 R/B is 56.4m from nominal sea surface

‘_{—”—l
S—

9 TOKYO ELECTRIC POWER COMPANY

©2012 The Tokyo Electric Power Company, INC. All Rights Reserved. 3



1. introduction

B On March 11t 2011, the Great East Japan Earthauake and
subseguent tsunami hit the north east area of Japan including the
Fukushima Dai-ichi nuclear power station (NPS).

B After the earthquake, Fukushima Dai-ichi unit 1, 2, and 3 in normal
operation are automatically shutdown by seismic SCRAM logic.

B However, due to subseguent tsunami of 15m height, plants lost
electric power and function of safety equipment.

B |n the end, three plants fell into severe accident, a massive amount of
radioactive materials are released to environment.

B |n this presentation, | will explain BWR plant desigh relating accident
progressions with reference to basic safety functions for nuclear
power plant (NPP),
and | will show you the Fukushima Dai-ichi accident progression
chronologically and our investigation activities.
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2. Basic safety functions for NPP

e controlling the power (shutdown)
e cooling the fuel (cooling)

e confining radioactive material
(containment)

Basic Safety Principles
for Nuclear Power Plants
75-INSAG-3 Rev. 1

INSAG-12

INSAG

http://www-pub.iaea.org/MTCD/publications/PDF/P082_scr.pdf
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2. Energy generation by nuclear fission

When fissile isotope, such as U235, collides with neutron and captures it, nuclear fission
occurs. Fissile isotope split into two small isotopes, such as Kr85, 1131, etc,, and two or
three neutrons. Isotopes generated after fission event are called fission product (FP).
These fission events release about two hundred million eV (200 MeV) of energy for
each fission event.

/ nuclear fission \
Fission product O neutron

Kr85, 1131, etc.

fissile isotope
such as U235

SN " neutron

Nneutron

D)
="
\ Energy generatioy
o (200MeV/fission)
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2. Nuclear chain reaction and criticality

Nuclear chain reaction

The state that nuclear fission continuously occurs by the neutrons generated previous fission events.
Criticality

When a nuclear chain reaction of fissile material is self-sustaining, the state is said to be in a criticality,
in which there is no increase or decrease in power, temperature, or neutron population.

-----------------------------------------------------------------------------------
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3. “Controlling the power” (shutdown)

« Controlling the power means “terminating the chain reaction.”

)
A ‘
\\ neutron /

* After “terminating the chain reaction”, o
there is no energy generation by nuclear fission.

 What is the heat required to be removed after shutdown ?
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3. Decay heat : energy generated after shutdown

Decay heat

Fissile nucleus with large atomic humber contains
many neutrons. For example, atomic number of
uranium two three five is ninety two, but number
of neutrons is one hundred and forty three. This
is why fission products have many neutrons
compared to stable isotopes and are relatively _ 139 |
unstable. Therefore, fission products decay to

stable isotopes with releasing some energy. This (1 Bdecay}
energy discharged from FP is called decay heat. B
—Continuous removal of the decay heat is u:ﬂssion product
=Y (2

required after shutdown.

/ Example of decay (beta decay) \

A neutron transform into positron and electron.
—Nuclei comes closer position to the light blue area

@®: stable isotope

The number of neutron (N)

. the area of stable isotopes

Y ] ] ] |
fission product stable isotope beta ray Atomic number (P)

\“!(unstable) /
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4. “Cooling the fuel” (cooling)

Cooling the fuel means 10
‘removal of the decay heat.” _9
Continuous removal of the decay heat E 8
is required after shutdown. ‘jé
©
25
Decay heat is decreasing monotonically; >4
— O second after shutdown > about 5.5% of core power o3
— 1 minute after shutdown - about 3.4% of core power 8 2
— 1 hour after shutdown - about 1.3% of core power 1
— 1 day after shutdown : about 0.5% of core power 0

— 1 year after shutdown
— 2 years after shutdown

In Fukushima Dai-

many equipments for “cooling the fuel”,
Operable under high pressure condition

— RCIC (unit 2,3)

Operable under only low pressure condition

— CS : Core Spray system (motor driven)

- about 0.03% of core power - - - = = = E
- about 0.01% of core power > 3 S § § § g
L L XX <
s S & 8 8 5 8 3
ichi BWR plants, there are
— IC (unit 1) : Isolation Condenser (passive cooling system)
. Reactor Core Isolation Cooling system (turbine driven)
— HPCI : High Pressure Coolant Injection system (turbine driven)
— LPCI: Low Pressure Coolant Injection system (motor driven)
©2012 The Tokyo Electric Power Company, INC. All Rights Reserved. 10
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4. Impact of Loss of AC or DC power

SBO is the condition that both loss of offsite

Loss of AC power : SBO(Station Black Ou% SRV \
Drywell(D/ W/—\ :f

power and function failure of D/G
at the same time. Only DC power is available.

* Motor driven pumps were NOT operable.

- DC power is used to control the turbine
driven pumps, valve operation, and
measurement instrument.

—RCIC, HPCI, IC are operable under SBO

Loss of AC and DC power : Total SBO

- Total SBO is the condition that both AC and
DC power are NOT available.

- All RPV injection systems became out of
control or never start up.

* Measurement systems can NOT work.

—QOperator can NOT operate any system
and can NOT know plant condition
until restoring AC or DC power.

—T——

%

L4
RHR sea water
pump

SBO
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4. Passive Cooling system operable in unit 1

Isolation Condenser : IC

- Desighed to use during reactor core isolation
(Isolation means main steam isolation valve
is close position.)

» Operable in DC only condition

- High pressure steam will be condensed in
the heat exchanger, then condensate water
go back to RPV.

- Steam generated in shell side is discharged
to environment.

- Operable for 8 hours

* Designed to remove the decay heat
5 minutes after SCRAM.

—|f the decay heat decrease to less than decay
heat 5 minutes after SCRAM, RPV pressure
decrease due to overcooling.
operator controlled the RPV pressure by
opening/closing operation in unit 1.

-

Steam discharge
to environment

PLR piping

/
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4. Turbine driven RPV water injection system

Reactor Core Isolation Cooling system . RCIC

- Desighed to be used during reactor core isolation Hieh pressure steam generated
(Isolation means main steam isolation valve by decay heat will be provided to turbine

is close position.)

* Operable in DC only condition

- Designed to remove the decay heat
15 minutes after SCRAM.

—|f the decay heat decrease less than decay
heat 15 minutes after SCRAM, BRPV water

level increase.
High Pressure Coolant Injection system : HPCI

MSIV

MSL

FOW turbine

pumé;_):‘jj

* Designed to be used in medium and small
break LOCA

- Operable in DC only condition S/C

- Injection ability is ten times larger than RCIC,
because HPCI have to makeup more water
in LOCA condition.

—More steam was consumed to drive turbine.
It is difficult to control the RPV water level
g.r;d RPV pressure not in LOCA condition.

CST
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4. |_oss of Ultimate Heat Sink : LUHS

/ i SRV \
rywell (D/W)
- Decay heat removed from RBPV will be |Q|

transported to Suppression Chamber(S/C)
through Safety Relief Valve(SRV).

- Energy stored in the S/C wiill be released to
the sea by means of heat exchanger in RHR
(Residual Heat Removal system).

MSIV

» LUHS means the condition in which the
decay heat could not be removed from S/C.

* I[N case of LUHS, even if we could continue
cooling the core, decay heat remains inside
the PCV boundary.

—Temperature and pressure of the PCV
increase gradually.

=

In unit 1, accident progression was so fast
that we don’t need to consider LUHS.

On the contrary, LUHS played an important RHR sea water
role for the accident progression for unit 2/3. pUme

LUHS

eee
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5. "Confining radioactive material” (containment)

v “Confining radioactive material” means
maintain the integrity of containment.

After loss of “cooling the fuel”

o fuel overheating

* break of the physical barrier

e release of radioactive material

v I we lose the cooling function, we can not
avoid release of radioactive material lodine Cheristry
Primary System Water

because of the decay heat.

v' From next slide, | will show you how we
lost the function of equipments for Sinks
“cooling the fuel.” He Bum

v And | will explain key topics to understand
the accident progressions from our
iNnvestigation activities.

Hydrogen
Recombiner
(Active/Passive]

Flow through Prim
System Breaks

wugh Safety Valve .
Condensation

Hydrogen Ignit
Fission Produ
Corium-Wat

Diffusion at

Corium-W:
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Unit 1 Accident progression
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0. Chronological accident description of unit 1

3/11 14:46

— Earthquake : Reactor was automatically shutdown.
Decay heat was continuously generated.

— Loss of off-site power : However, DG was automatically started.
Therefore, AC and DC power were available in this period.

14:52 — 15:34

— IC cooling : Reactor was cooled by IC with start-stop operation so that RPV cooling
down rate did not exceed 55 degree-C/hr. Unit 1 was operated to achieve cold shutdown.

15:37
— Tsunami hit : AC and DC were lost. IC was not in operation at this time.
After tsunami hit
— We could not restart due to loss of DC. RPV water inventory decrease due to boiling.
Around 18:00 (from MAAP calculation)
— Core uncovery : Starting fuel heat up
Around 18:40 (from MAAP calculation)
— Reactor core damage : Peak clad temperature became above 1200 degree-C
Around 3/12 05:40(from MAAP calculation)
— RPV bottom damage : Corium (melted fuel) slumping to PCV pedestal

After core damage
— Radioactive materials were released to environment

eee
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o. RPV water level in unit 1

*) The analysis results after the RPV rupture do not mean w ater levels are kept constant

10 : : : : :
Reached TA:\F ———— Water level inside shroud (MAAP5.01)
8 |- ’a’rbh’n’d’ ié’d’d ’Oh’l\’/lé;éﬁ’l’l’ ”””””””””””” = Dow ncomer w ater level (MAAP5.01) -
— — — — Water level inside shroud (MAAP4)
6 *************** FiéééﬁéaiBiAiF ********************** — — — — Dow ncomer w ater level (NlAAP4) -
around 20:20 on March 11 —— 0 Measured w ater level (Fuel range-A)
4 R/ r —o—— Measured w ater level (Fuel range-A) B
’g A Measured w ater level (Fuel range-A)
g ¢  Measured w ater level (Wide range)
q>) 2 77777777777777777777777777777777777777777 | | | | N
Q l l l l
T l l l l
-0(_—5'0 ___: _____  m m m m = e m m m om m ' m om m m m |
=
o
Q-2
©
O
@
-4
'6 | | |
RPV rubtured i i i
8 1 1 1 1
-10 l l l 1
3/11 12:00 3/11 18:00 3/120:00 3/126:00 3/12 12:00 3/12 18:00 3/130:00 3/136:00 3/1312:00
Date/time
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©. Reactor Water Level

Reactor Water Level(m)

aee
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— — Vertical length
—In-shloud water level (calculated) A Of plplng In PCV
5 —o—Fuel range (A) water level (measured) B
+Fue| range (B) water level (measured)
A | S J: ,,,,,,, :L ,,,,,, J: ,,,,,,, |4|_ reference level
| | | | [
,,,,,, k Reference
3 | | | | (a) +ref. leg(7036.8mm) leg Reference leg
3 3 3 3 TAF+1479mm 7036.8 mm
2 | | | |
""&&F&é&“"’:’“'jf;’“"" ‘—I l I
! R N _| < - Variable leg
| %3 | | / | ¥ 3332 mm
. B | ,'I - Variable leg
| O@%’ | K LT| AP
1 : ! : [I
“‘%% | 4
5 i p e R Ttz (g) +r;ef leg(7036.8mm)—variable leg(3332mm)
: : : ; TAF-1854mm
3 | | | )
4 3 3 3 RPV water level is measured by comparing the
(a) ;The lower tap}(outlet] water level in reference leg.
" TAF-5557.8mm |/ , ,
analatas L RS LR Therefore, if we lost water in the reference lesg,
o o 1o 3,12 o . s RPV water level would be overestimated.
12:00 18:00 0:00 S;Ot(i 12:00 18:00 0:00
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©. Reactor Water Level

Reactor Water Level(m)
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— — Vertical length
—In-shloud water level (calculated) A Of plplng In PCV
5 —o—Fuel range (A) water level (measured) B
+Fue| range (B) water level (measured)
P A | J: ,,,,,,, :L ,,,,,, J: ,,,,,,, | reference level
,,,,,, k Reference
3 | | | | (a) +ref. leg(7036.8mm) leg Reference leg
3 3 3 3 TAF+1479mm 7036.8 mm
2 | | | |
--‘-E&r&égf-'-ﬁ“-jﬁ---"' ‘—I l I
! R N _| < - Variable leg
| %3 | | / | ¥ 3332 mm
. B | ,'I - Variable leg
| O@%’ | K LT| AP
1 : : : [I
“‘%% | 4
5 i p e R Ttz (g) +r;ef leg(7036.8mm)—variable leg(3332mm)
: : : ; TAF-1854mm
3 | | | )
4 3 3 3 RPV water level is measured by comparing the
(a) ;The lower tap}(outlet] water level in reference leg.
" TAF-5557.8mm |/ , ,
analatas L RS LR Therefore, if we lost water in the reference lesg,
o o 1o 3,12 o . s RPV water level would be overestimated.
12:00 18:00 0:00 SaOt(L 12:00 18:00 0:00
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©. Reactor Water Level

Reactor Water Level(m)

i - e Vertical length
— In-shloud water level (calculated) A PCV Of plplng In PCV
5 —o—Fuel range (A) water level (measured) B
+Fue| range (B) water level (measured)
P A | J: ,,,,,,, :L ,,,,,, J: ,,,,,,, ' | reference level
,,,,,, k Reference
3 | | | | (a) +ref. leg(7036.8mm) leg l Reference leg
3 3 3 3 TAF+1479mm 7036.8 mm
2 | | | |
-— -'Egﬁr&@--'-'ﬁ"- T ‘—I ' I
! R . LI & - Variable leg
%Q | | / |y 3332 mm
. B | ,'I g/) Variable leg
3 % 3 / LT| AP
1 | | [I
3 |
Ll==— ————— e P T 2T () +r;ef leg(7036.8mm)—variable leg(3332mm)
: : : ; TAF-1854mm
3 | | | N
4 | 3 | RPV water level is measured by comparing the
(a);The IoWertap}(outIet] water level in reference leg.
- TAF-5557.8mm K ) .
St e B R ST RS Therefore, if we lost water in the reference lesg,
S . 1o 3,12 . . s RPV water level would be overestimated.
12:00 18:00 0:00 6:00 12:00 18:00 0:00

date
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o. RPV pressure in unit 1

10 ‘ ‘ : :
Gaseous leak started fromiin-core instrumentation tube (assumed) | | |
Gaseous leak from gaskets of RPV pressure (MAAP5.01)
fl’anges Oin Ma|n Steam |ineS - — — —=RPV pressure (MAAP4)
| re Support Plate damaged

; (f O Measured pressure (Reactor-A)

8 Y T —o—— Measured pressure (Reactor-B)
2 1 | |
Q | | |
= | | |
£ 6 | | | i
= l l l
o l l l
S l l l
(79} | | |
U) | | |
= : : |
Q l l l
> 4 : : |
a | | |
o : : |
RPV ruptured i i i
2 | 1 1 1
Pressure i i i
decfeased | | |
upon IC start-up — l ‘ ‘

O |
3/11 12:00 3/11 18:00 3/12 0:00 3/126:00 3/12 12:00 3/12 18:00 3/130:00 3/136:00 3/1312:00

.(o). 0 Date/time
TOKY . e s et s e

TEFPCO
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o. PCV pressure in unit 1

1.6 ; : 1
D/W pressure (MAAP5.01)
14 ****** Gaseous leak started fromilh=core "~~~ """~~~ ~ S/C pressure (MAAP5'01 ) -
instrumentation tube (assumption) — — — —D/Wpressure (MAAP4)
— — — —S/C pressure (MAAP4)
12 |- _|Gaseous leakfromgaskets of franges :
' on Main Steam lines (assumption) D/W pressure measured (B)
RPV ruptured —<—— S/C pressure measured (A)

D
810 |l Gaseous leakage fromPCV (assumption) ., . |
& S/ICvent | i
) ] : | |
v08 | B Y NG S SR AU N b
=2 (M ! | |
0 | | |
U) | | |
o | | |
Q_ | | |
S06 R oo Ao e -
g | |
o : o - =
-~ | 7
04 t---—---—----——- BN SRR Platedamaged - - - - - N - A A /M. ‘
02 |- NNl N
0.0 | | |
3/11 12:00 3/11 18:00 3/12 0:00 3/126:00 3/12 12:00 3/12 18:00 3/13 0:00 3/13 6:00 3/13 12:00

eee Date/time
() T[Jl\.lu w1 UV VLD uavin ruv s
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O. Estimation of the status of unit 1

'

W

v
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O. Discussions on damage by Earthquake

- Due to the earthauake, Fukushima Daiichi NPS lost all external povver.\
AC power was secured by EDG.
g - About after 50 minutes, Unit1-3 went into both SBO. y

Some insists it is not clear whether SBO in unit 1 was caused by tsunami
or earthquake.

Ex. “The tsunami was, therefore, not the cause of the loss of the power in system A of Unit 1, which
occurred at 15:35 or 15:36[155] according to the NAIIC hearings.[156]” from NAIIC report.

We think SBO was caused by tsunami for the following reason.

During recording time(14:42 15:17) of the transient recorder(TR),
EDG had started up and operated normally.
(—No data was recorded after 15:18 until the arrival of the tsunami)

vFrom the time of end of recording data to the tsunami arrival time,
there had not been any big aftershocks

v All calculated values of EDG are below the evaluation criteria
IQ” May 2013, the data recorded by TR for another purpose was found.,

€9 TOKYO ELECTRIC POWER COMPANY
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6. State of start up and operation of EDG (~15:17)

End of recording 15:17

8000 -
ffffffiff¥§fpkfffffffffff;ff;fffff?:E;f;ffffff:::i*;ffEiffff
— 6000 ::::::i::i:ﬂ[::::::::::::i::j:::::j”t::i:::::::::i,t::t}::::
I e | E e S e e o st S B o T
%% 4000 ¢+ of o e
= e EDG (1 A) \/o]tage :i::‘j::
> 2000 R B B—
ffffffgfff?:,fffffffffffffff;fffff?EE;f;ffffffffffifffflffff

oL-—— . ‘ . ‘ o ‘ I
8000 I S SO S O S B RO
o S |

< 6000 : -1 o _
© ,”,L,”,”,”J”,l,”J”LL,”,”,”,”,”,L,LJ”,H,”,”,”,W,”L”,L,”LJ ,,,,,,,
& 4000 - v RS
E ::]‘:::::::::,L,,:::‘; EDG (1 B) VO]tage ,*,,:::I{::::
2000 e —
o B N R R R R R N

0 ‘ ‘ ‘ ‘ — | " a

3/11 3/11 3/11 3/11 3/11 3/11 3/11 3/11 3/11
14:40 14:45 14:50 14:55 15:00 15:05 15:10 15:15 15:20

The transient recorder recorded that EDG(A) (B) had operated normally until
recording stop time. In addition, aftershocks with seismic intensity 4 occurred

six times and with seismic intensity 3 occurred twice during the recording time.
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0. State of EDG operation (Time around Tsunami arrival)
Er d of recording ‘1‘5:37 |

la¥aVaVal

OUVUVU

7000 —
6000 |
5000 | |
4000 |- /

I

OV VYV V &V SV VOOV oOoOSoOY T Y

Switchgear . Outline drawing

station On loss of
Startup external power,
transformer Voltage of Bus

-| EDG 1A Voltage

Voltage [V]

3000

2000 |1~
1000 | j
0 —oo<o—
8000
7000 e
6000 | |
5000 1 | Bus 1C Voltage
4000 [ —— —— T
3000 |
2000 | |
1000 |
0
14:45 1450  14:55|| 1525 1530  15:35

il
il
il
il
i
T
i
H
| 4[:]4 _ |
i
H
H
i
i
"]

Emergency-bus
(6.9kV)

Z
X

C
7)

98]

-

7

>

Voltage [V]

I
Tk b mm e

R

D/G 1B D/G 1A

Data after 15:17 were recently confirmed

Voltage data at 15:37 shows EDG 1A at rated voltage, Bus 1C at O V
— Bus 1C lost its function earlier than EDG 1A

eee
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6. State of EDG operation (Time around Tsunami arrival)

37

FaWaVaWal
oUVUV

7000 F

End of recording 15:

6000
2000 |
4000 r
3000 |
2000 |
1000 ~

0

Voltage [V]

7YY S

o9

EDG 1B Voltage

8000

h M

0

7000

1l
L _ 4[]4 _
Il
1
[
!
4

| | | | | | | |
b I B o O o O o O o O e B o o O e e O v B s B
J

1l

LJI_‘II_‘II_‘IL‘ILJI_‘II_‘II_‘II_‘ILJ

6000
2000 [

4000 |

Bus 1D Voltage

3000
2000

Voltage [V]

1000 |

0

14:45 14:50 14:55

15:25 15:30 15:35

I e g Ty 1~ R R -

Switchgear
station

t

Startup
ransformer

Outline drawing

On loss of
external power,
voltage of Bus

Emergency
(6.9kV)

bus

Data after 15:17 were recently confirmed

Voltage data at15:37

Both EDG 1 B and Bus 1D at rated voltage
It is not clear which lost function first, EDG or Bus.

-
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6 EDG 1A 1B Current data

200 o]

EDG 1A Current | = | OCS (A) Startuo ]

—
(&)
o

erete st

e

Current [A]
o
o

o1
o

0 = =
200 T
| EDG1BCurrent | | CCS (B) Startup
150 — 1 S
Ldﬁlal}auﬁcf::f:::bﬁ”

Current [A]
o
(@)

(o)
o

14:45 14:50 14:55 15:00 15:05 15:10 15:15 15:20 15:25 15:30 15:35
EDG 1A:0A because the bus voltage is O

EDG 1B:Voltage decrease 15:37

m—>Load equipment of EDG stopped due to the tsunami
TQ TOKYO ELECTRIC POWER COMPANY
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0. Function loss time of equipMment by the tsunami

Above
sea level

Tubine

O [M/C(D) Reactor bldg
X

CCSW pump
X (A)~ (D)

o All CCSW pumps were stopped between 15:36-15:37.

—Equipment was gradually affected from seaside by the tsunami.
« M/C 1C Voltage is 0 V, likely being damaged by tsunami water.
 D/G maintained normal voltage.

eee
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0. Progression of tsunami flooding event

Around 1535

The tsunami pass through tide gauge
at 1.5 km offshore

l

15:36~15:37 Function loss of CCSW pump (Outside)
Function loss of M/C 1C
Alter 19:37 v'Function loss of followings
>D/G 1A
>D/G 1B
>M/C 1D

ace
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»Direct current power source

* Tripping time of EDG is after the arrival of the tsunami
and it was after 15:37.

IC POWER COMPANY
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0. Summary of the loss of function of EDG

Findings from transient recorder data recently confirmed.

vBoth EDG(A) and EDG(B) had been keeping the rated voltage until just
before the tsunami arrived.

v After the tsunami had arrived, the voltage of bus (C) of alternating
current diminished earlier than that of EDG(A).

v'Sea water pumps tripped between 1536 and 1537

As we have reported so far

- EDG at unit 1 had kept their function just before the tsunami.
SBO at unit 1 was caused by the tsunami.

€9 TOKYO ELECTRIC POWER COMPANY
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Unit 2 Accident progression

TOKYO ELECTRIC POWER COMPANY
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(. Chronological accident description of unit 2

3/11 14:46

— Earthquake : Reactor was automatically shutdown.
Decay heat was continuously generated.

— Loss of off-site power : However, DG was automatically started.
Therefore, AC and DC power were available in this period.

14:50 — 15:41

— RCIC injection : Reactor was cooled by RCIC, even though RCIC was tripped several
times due to RPV water level too high.

15:37

— Tsunami hit : AC and DC were lost. RCIC had been in operation since 2 minutes
before loss of power. RCIC continued injecting the water to RPV with no controlling.

Around 3/14 9:00
— RCIC operation was terminated due to some reason
After termination of RCIC
— RPV water inventory decreased due to boiling.
Around 17:00 (from MAAP calculation)
— Core uncovery : Starting fuel heat up
Around 19:20 (from MAAP calculation)
— Reactor core damage : Peak clad temperature became above 1200 degree-C
After core damage (can NOT specify from MAAP calculation)
— RPV bottom damage : Corium (melted fuel) slumping to PCV pedestal
— Radioactive materials were released to environment

©ZU1Z2 I1he I10KyO tlectric Fower CLompany, INC. All KiIgnts Reserved.
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Core damage begins

If we assume normal

operation of RCIC, RPV
pressure trend can not

be reproduced.
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(. CV position after loss of DC power

Normal operation with
constant flow rate

Downward force ¢
by | Centering spring
upper spring <«

Upward force by
lower spring —

I solenoid

‘/
=
=
. =
Electromagnetic 4 D
force at NULL ]|
voltage I

Closing direction

of CV

Opening direction

of CV

L
N

Loss of

Pilot piston D C p ower
.

Behavior of pilot piston
after loss of DC power

Downward force I
by
upper spring

Upward force by

Centering
1 / .
4 spring

lower spring

solenoid

X

/
——
——
[——
—

VYT T

There is no
electromagnetio—l

Force.

CV will be
at fully open
position.

l/

Pilot piston

After loss of DC power, flow rate of uncontrolled RCIC
will gradually increase.
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(. Status of RCIC operation in unit 2

10
-~ Measured water level (Fuel range-A) |
reference water =
8 o Corrected water level (Fuel range-A) | ”””” level container \
6 "w\‘ (@ “.‘w‘ﬁ:”w @ .“' SO l l : IIIIIIIIIIIIIIIIIIIIIH‘Q§ |\/|SI—
—_— 4 | (I — = ‘ q: ﬂ
E ' b ] "
S I B
)
% 0 F : | : - vm AP | %
2 high RPV pressure & piping at ref. w-
g 2 BT - L - e -8 container side :
: U R TR SR - s ||
T e e e ol Sy reactor side ‘
| i i | i | After correction, values of
6 R AR SRR REEE ARRRE measured water level agree with
33 ; ; ; ; ‘ maximum water level. Actual
M water level may be higher than
10 ii i i i i that. Therefore, Two phase fluid

311 312 312 313 313 314 314 3ns WIll flow into RCIC turbine.
12:00 0:00 12:00 0:00 12:00 000 12:00 0:00

Date / Time
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(. RPV water level in unit 2

10

R¢:IC injectifon RCIC steam supply
| halted (assumption) halted (assumption)

i o S .

SRV opened

—— Water level inside shroud (MAAP5.01)
—— Downcomer water level (MAAP5.01)
- - = Water level inside shroud (MAAP4)

Reactor water level (m)

| | \ - - = Downcomer water level (MAAP4)
4t —1+— Measured water level (Fuel range-A) -

© Corrected water level (Fuel range-A)

Reached TAF
around 18:10 on March14

N
T
.’R
1

d
O e i -_———— - —-—- - ———— = ———_— = == = — = = =
TAF | | |
2| -
ohF R
Tl i TS \ :
S S . _ _ReachedBAF/ | [ [
| . around 18:55 | |
l .~ on March14 | l
8 | l l l Seawater injection l l
started
10 1 1 l ! !
3/11 3/12 3/12 3/13 3/13 3/14 3/14 3/15 3/15 3/16 3/16 3/17 3/17 3/18 3/18

12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00

Date / Time
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(. RPV pressure in unit 2

10 T T T T T
SRV opehed ‘ ‘ ‘ ‘
RCIC manually started up | o —0—Measured pressure (Reactor-A)
Seawater injection
l Swiched RCIC started - - - RPV pressure (MAAP4)
water source 1 | ——RPV pressure (MAAP5.01)

o | l | A
~ l l l l l
N l l l l l
Q | | | | |
IEI | | | | |
© 6 l l l l l
a l l l l l
2 | | | | |
N | | | | |
O] l l l l l
= | | | | |
3 | | | | |
(V)] | | | | |
U) | | | | |
o L l l l l l
S 4 RCIC injection | | | ‘ ‘
5 naled 3 DR
5 I (assumption) 1 1 1 1
8 RCIC iniecti e d q Gaseous leak from D/W ; ; ;

injection rate decrease started (assumption) ‘ ‘ ‘
o (assumption) (due to the turbine RCIC steam supply ( ption) l l l l
efficiency degradation after halted (assumption) _ 1 l l 1
2 [ downcomerwatelevel |
reaching MS line (e
notsine . %
Hunting osciliation due to ~:§
battery depletion 4R

0 :

3/11 3/12 3/12 3/13 3/13 3/14 314 3/15 3/15 3/16 3/16 3/17 3/17 3/18 3/18

12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00

Date / Time
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(. PCV pressure in unit 2

1.0 \ \ ‘

—D/W pressure (MAAP5.01)
——S/C pressure (MAAP5.01)
- - - D/W pressure (MAAP4)

- == S/C pressure (MAAP4) l

—o— Measured pressure /W) | S RVopened 77777777777777777777777777777777777777777777777777
—o— Measured pressue (S/C)

08 |-

Hez:at removalffrom S/C started
by the water which flowed into the
torus room (assumed)

PCV pressure (MPa[abs])

0.2t d Malfunction of
Hunting osciliation SIC pressure
o!ue to battery deple§on indicater
0.0 ‘ ‘
3/11 3/12 3/12 3/13 3/13 3/14 3/14 3/15 3/15 3/16 3/16 3/17 3/17 3/18
12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00

Date / Time
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(. Estimation of the status of unit 2
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Unit 3 Accident progression

TOKYO ELECTRIC POWER COMPANY
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3.

Discussion on RPV water level trend

Reactor water level (m)
H

2

o Fuel range (A)

o Fuel range (B)

o Narrow range

o Wide range

o Wide range (corrected)

o Fuel range (corrected)

— Water level inside shroud(analysis)
— Downcomer water level(analysis)

************************

R

HPCI started
automatically
at 12:35

-5

HPCI stopped I
manually at 2:42 |

3/12 3/12 3/12 3/12 3/12 3/12 3/13 3/13 3/13 3/13 3/13 3/13 3/13
6:00 9:00 12:.00 15:00 18:00 21:00 0:00 3:00 6:00 9:00 12:00 15:00 18:00

Date/Time

®RPV water level is too high compare to the measurement values.

®|n this calculation, HPCI injection was continued until manual termination by operator.

aee
€9 TOKYO ELECTRIC POWER COMPANY

TEFPCO

©2012 The Tokyo Electric Power Company , INC. All Rights Reserved.

44



8. RPV pressure trend during HPCI operation

10

—0— Measured pressure (Reactor-A)

- Upper limit of operating design

Pressure
ower limit of operating design

Upper I|m|t

3/12 19:30
0.92MPa

HPCI design
, | operation range

Reactor pressure (MPalabs])

0

3/12 3/12 3/12 3/12 3/12 3/12 3/12 3/12 3/13 3/13 3/13 3/13 3/13
0:00 3:00 6:00 9:00 12:00 15:00 18:00 21:00 0:00 3:00 6:00 9:00 12:00

Date / Time

eee
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8. Discussion on RPV water level trend

Reactor water level (m)
H

2

o Fuel range (A)

o Fuel range (B)

o Narrow range

o Wide range

o Wide range (corrected)

o Fuel range (corrected)

— Water level inside shroud(analysis)
— Downcomer water level(analysis)

measured until 20PM

************************

I ——— 4 fe —TAF

HPCI started
automatically

at 12:35

e e
|
|
|
|
|
|
|
|
|
|
|
|
-
|
|
|
|
|
|
-
|
|
|
|
|
|
|
|
|
|
|
|

—— e —

-5

HPCI stopped I
manually at 2:42 |

3/12
6:00

3/12 3/12 3/12 3/12 3/12 3/13 3/13 3/13 3/13 3/13 3/13 3/13
9:00 12:.00 15:00 18:00 21:00 0:00 3:00 6:00 9:00 12:00 15:00 18:00

Date/Time

®|t is highly possible that HPCI had lost the function to inject enough water to RPV before
manual termination.

®|t is highly possible that accident progression is faster than this former MAAP calculation.
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8. Chronological accident description of unit 3 (1/2)

3/11 14:46

— Earthquake : Reactor was automatically shutdown. Decay heat was
continuously generated.

— Loss of off-site power : However, DG was automatically started.
Therefore, AC and DC power were available in this period.

e 14:50 - 15:37
— RCIC injection : Reactor was cooled by RCIC, even though RCIC was tripped
several times due to RPV water level too high.
o 15:37

— Tsunami hit : AC power was lost but DC power was available. RCIC was kept
In operation with operator’s control.

« 3/1211:36
— RCIC operation was terminated due to trip signal “exhaust pressure high”.
o 3/1212:35

— HPCI was automatically started due to RPV water level too low.
RPV pressure decreased because HPCI consumed much steam.

Around 20:00

— HPCI could not inject enough water due to lack of RPV pressure to drive
turbine.

® € TOKYO ELECTRIC POWER COMPANY
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8. Chronological accident description of unit 3 (2/2)

» After degradation of HPCI RPV injection
— RPV water inventory decreased due to boiling.
o 3/1302:42
— HPCI was terminated manually by operator.
* Around 02:30 (from MAAP calculation*)
— Core uncovery : Starting fuel heat up
* Around 5:10 (from MAAP calculation®*)
— Reactor core damage : Peak clad temperature became above 1200 degree-C
« After core damage (can NOT specify from MAAP calculation)
— RPV bottom damage : Corium (melted fuel) slumping to PCV pedestal
— Radioactive materials were released to environment

) TOKYO ELECTRIC POWER COMPANY
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8. Calculation result reflecting the state of
HPCI operating status

We conducted MAAP analysis, taking into account HPCI operational state.
We assumed that no cooling water was injected into the reactor after 20:00 on 3/12.

- T o mm mm mm mm Em Em Em Em Em Em Em

10 —®—Actual measured value (wide area) @ Actual measured value ( fuel afea A) 10
© Corrected actual measured value (witeeDowncomer water level
8 - In-shroud water level (MAAP) — Actual measured value (reactor pressufe 4)
.-~ -analysis Conditions - . RPV pressure (MAAP) ‘ |
/ \ 6 | | SRV 14
! \ ! | | _¥Y Depressurization

v'At 20:00 on March 12, reactor pressure fell : e 47 T 660 0 NG N N 17 ®
below HPCI design condition IMPag to about 1 & ; 6_5
0.8 Mpag. We assumed that no cooling water : 2y I Ny A e { | R 16 S
was injected into the reactor after that time. ) ; ~

, . . I > 0 == =—— =— : | — 5 o

v'In this HPCI operation condition, steam @ TA Loss of HPCI L | 5
supply to the turbine continued and HPClwas | — > | 44 water injection 9 4 O
working, but all of the discharge flow went back : % BAF (ass‘u m t‘lon) 8
to CST. I 4 - - - e T 3 5
3 S

v'After the HPCI's manual shutdown, reactor I 5 B
pressure began to increase. I 5 6 r 2 5
I
X S - 1@
\ % ~ .
S e 7 e e
-10 0

3/12 3/12 3/12 3/12 3/12 (GHBVIEA30IR/13  3/13 3/13 3/13 3/13
6:00 9:00 12:00 15:00 18:00 21:00 0:00 3:00 6:00 9:00 12:00 15:00

aee
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8. Calculation result reflecting the state of

HPCI operating status

- Result analysis -

1) TAF reached

About 2:30 on
3/13

2) Maximum
reactor
temperature

1,200°C reached

About 5:10 on
3/13

3) Maximum core
temperature

2200°C reached

(Fuel melting)

About 5:30 or

3/13

4) RPV damaged

About 7:10 on
3/14

10 —&— Actual measured value (wide area)* — Actual measured value ( fuel area A)]
© Corrected actual measured value — Downcomer water level (MAAP)
8 ,,,,, ]
—In-shroud water level (MAAP) — Max. reactor temperature (MAAP)
3) 1,200°C reached ]
4 e
E
~ 2
[3)
=)
<@
|-
Q2
e
@®©
=
-
O .
>
(]
@®©
D3
o
-10

3/12 3/12 3/12 3/12

3/12  3/12

4000

3600

3200

2800

h 2400

== 2000

1600

F 1200

1 800

400

0

3/13 3/13 3/13 3/13 3/13 3/13
6:00 9:00 12:00 15:00 18:00 21:00 0:00 3:00 6:00 9:00 12:00 15:00

—~

Max. reactor temperature

Core melt started before RPV water level reaching to BAF.
Steam generated by decay heat enhanced zirconium-water reaction
and massive energy generated by zirconium-water reaction invoked the core melt.

i
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8. RPV water level in unit 3

Reactor water level (m)

10

-10

HPCI staﬁed up

RCIC tripped HPCI injection‘stopped (assumption)

l 1 - HPCI manually stopped

|

SRVs opened

Reached TAF

******************* - - - Water level inside shroud (MAAP4) N

‘ Seawater injecfibﬁfsftbbbédf R, —1—Measured water level (Fuel range-A) | |

Seawater injection resumed

R/B explosion |
Seawater injection stopped

— Water level inside shroud (MAAP5.01)
——Downcomer water level (MAAP5.01)

- - = Downcomer water level (MAAP4)
—o— Measured water level (Wide range)

o Corrected water level (Wide range)

Seawater: injection fstarted
RPV ruptured

Seawater injfection stdpped
Seawater injection resumed

around 2:30 ‘ ‘ 1
on March13 . \ BAE
———————— = A —— e e e T T — e — — = = —a
Reached BAF/ Ay | o | | |
around 9:10 ; : . ; ; ; ; ;
on March13 1 1 \\- l l l 1 1
Freshwater injection started T 1 1 1 1 1
| | Seawater injection resumed | |

| around 7:10 on Marchl14

Seawater injec#ion stopp:ed

3/11
12:00

TEFPCO

3/12 3/12 3/13
0:00 12:00 0:00

aee
€9 TOKYO ELECTRIC POWER COMPANY

3/13 3/14 3/14 3/15 3/15 3/16 3/16 3/17 3/17 3/18 3/18

12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00 .
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8. RPV pressure in unit 3

10 1 l l l
HPCI manually ‘ ‘ ‘ ‘
RCIC tripped stopped —RPV pressure (MAAP5.01)
HPCI - - - RPV pressure (MAAP4)
started up SRVs opened —O—Measured pressure (Reactor-A)

Reactor pressure (MPa[abs])

0

3/11 3/12 3/12 3/13 3/13 3/14 3/14 3/15 3/15 3/16 3/16 3/17 3/17 3/18 3/18
12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00

e8e Date / Time
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8. RPV pressure in unit 3

10 L+ 10 ‘ ‘
HPCI manually “" | |
RCIC tripped stopped o l l
. | |
HPCI e | |
started u ** } l
1 P ‘SR\;S opened ! w
. | |
° 5| 8 | i |
Q0,5 L] | |
CJ T :

&
L
L
L
L]
L]
L]
L]
[]
L]
L]
L]
[l
[]
[]
[]
[
[
[
[]
[
[]
[]
=
[]
[]

Reactor pressure (MPa[abs])
Reactor pressure (MPa[abs])

4
2 ,,,,,,,,,,,,,,,,,,,,,
0 —_—
311 312 312 313 313 "*e3[14
12:00 0:00 12:00 0:00 12:00 0:00."~..
.....
[@leEl :
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8. PCV pressure in unit 3

1.0

S/C ispray started S/C spray stopped : : : :
| SIC spray started | —D/W pressure (MAAP5.01)

D/ spray started -S/C spray stopped S/C pressure (MAAPS.01)
| - = - D/W pressure (MAAP4)

D/W spray stopped | - == S/C pressure (MAAP4)

o8 | 7777777777777777777 - ——SIC vent valvt:efopened 7777777777777777777777 —0—Measured pressure (D/W) |-
| ‘ —o—Measured pressure (S/C)

SRVs opened-S/C vent T S/C vent \/:alve opened

O

S/C vent valve opened

S/C vent iS/C vent valve
,opened
‘(assumption)

valve opengd

Q
N

0.6

PCV pressure (MPa[abs])

04 i 77777777777777
<
3 QO
. “v‘
o4 S/C vent valve closed ol
02 ¢ L & (assumption) %o
" S/C vent yalve closed (assumption) ! 'ﬂi‘. o )
il S/C vent valve closed (assumption) | | i = : .
1 S/C vent closed (assumption) ; ; 1
SI/C vent valve closed )t o
00 | ! ! ! | | | O |

3/11 3/12 3/12 3/13 3/13 3/14 3/14 3/15 3/15 3/16 3/16 3/17 3/17 3/18 3/18
12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00

Date / Time
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8. Estimation of the status of unit 3

o
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9. Neutron monitoring result (near main gate)

0.1 ‘ Neutron
009 | | =Neuton | detected
= o Gamma Y-
> — [ : E
(g 0.08
§ 0.07 . .
é 0.06 | °® o
< s i3 3
"é 005 B : %0 o E o ;‘ ‘
D 0.04 AR e
Som| £
- | - :
9 002 B i-.
® 0.01
=Z T T
0
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O. The timing to detect neutrons

Second period to detect in the midnight on
March 14

First period to detect in the morning on
March 13
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O. The timing to detect neutrons

First period to detect in the morning on
March 13 coincides with the onset of

core melt at Unit-3
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Second period to detect in the midnight on
March 14 coincides with the onset of

core melt at Unit-2
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O. Origin of measured neutrons

The neutrons observed near the main gate were released in the course of fuel melting at Units 2
and 3, and may have been generated by the spontaneous nuclear fission of actinides.

The concentration in soil sampled in the pcm
station's premises was similar to that preceding
the accident. However, based on the detection

of actinides with relatively short half-life, such
as Cm-242 and Cm-244, we believe these may
have been originated in the Fukushima Daiichi

K NPS accident.

Neutrons on route (1) inside the reactor were measured
directly.

>< Unlikely due to shielding

Delayed neutrons on route (2)-1 deriving from the
collapse of discharged fission products (Br-87, etc.)
were measured.

Because of their short half-life, by this time
X delayed neutron precursors had become
sufficiently decayed.
On route (2)-2, we measured neutrons deriving from the

spontaneous nuclear fission of discharged actinides
(Cm-242, etc.).

- The timing coincided with that of fuel melting.

- Possible given the detection of actinides in sampled soll

thought to come from the Fukushima Daiichi
NPS accident.

®®@ve also estimate the Xe detected in gas within the PCV to have derived from spontaneous nuclear fission by Cm).
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10. Summary

» Unit 1 was lost the cooling just after tsunami
arrival. Therefore, accident progression was so
Tast.

e« Unit 2 was lost the cooling due to loss of
function of RCIC. However, unit 2 RCIC

continued the cooling more than 7Ohr without
AC and DC powver.

« Unit 3 was lost the cooling, not by the HPCI
manual termination by operator, but by lack of
driving force of HPCI before manual termination
due to RPV pressure decrease.

e YOou can see our activities in the latest

iNvestigation report.
http://www.tepco.co.jp/en/press/corp-com/release/2014/1240140 5892.html
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