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1. Background and Objectives

® JNES is engaged in the technical support for the
regulatory activity for Monju, the Nuclear and
Industrial Safety Agency (NISA).

® The major areas of the supportive work are
Inspection and Safety analysis .

® To the safety analysis, JNES has been developing the
own tools for several years.

® Our reset big activity is the effectiveness evaluation of
the proposed accident management (AM) of Monju by
using PSA.

® The developed tools for the PSA are not only computer
codes but also the decision method for the balancing
points of event trees.

® This presentation presents the outline of each tool.
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Process of severe accidents of LMFBR and JNES’s Analysis tools

) Plant response phase E) Core disruption phase HEl)CV response phase
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2. Computer codes
2.1 For the plant response phase(1)

NALAP-II code

Functions: Plant kinetics of the primary and secondary loops

Sales point: A function to evaluate the degree of high-
temperature creep of the location by SCDF (Structural
cumulative damage factor, D_).

® D =2 (At/t), (1)
where,

At;: computation time step (s),
t.: creep failure time (s).

In eq. (1), t. depend on the material, temperature and pressure. I
is calculated by using the Larson-Miller Parameter.

It was considered that the location will fail when D_=0.2~1.(
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2.1 For the plant response phase(2)

[ACTOR code]
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2.2 For the core disruption phase (1)

ARCADIAN-FBR code

Functions: Neutronics for degraded core
Sales point: The combination of
(1)a deterministic calculation part

to provide the various reactivity coefficients
and those spatial distributions

and

(2) a Monte Carlo calculation part

to provide reference results against the
deterministic calculations and to evaluate

approximation effects employed in the
deterministic calculations
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Constitution of ARCADIAN-FBR
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2.2 For the core disruption phase (2)

APK code

Functions: Reactivity evaluation by solving 6-group point
reactor kinetics equations to debris beds of some
temperature

Sales point: Simple using one point temperature

Validation: Comparison with SAS4A
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2.3 For the CV response phase
AZORES code

Functions: To analyze

various reactions
caused by the sodium
and core materials
leaked through a failed
coolant boundary.

Sales point: Radioactive

12

materials behaviours to
the environment are
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Example of CV response calculated by AZORES
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3. Phenomenological Relation Diagram : PRD
Probability decision method for the blanching
points in event trees (ET)

® Objectives of PRD: To eliminate the subjective
decision for the probability of blanching points in
ETs.

® Procedure:

(i) Constructs an event tree from the top event
(an event considered at a branching point of an
phenomenological event tree) to lower events.

(2) Function gate is settled to calculate by a
certain function with lower events.

(3) To lower events the probabilities are to be give
by any method as much as possible. The
probability distributions are transferred to the
upper events.

14
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-PRD Appoach for the top event of acceleration -

Incidence probability
distribution

4 N

Top event
F @Z; [ Acceleration: a]
\_ )

Y,

Conditional
branch

To be calculated by a certain function with
lower events as inputs. The details of

Events (outputs from the function gate) calculation are indicated in the adjoining
Probability distributions are given to ||-Events are composed of blue fames.
events that are considered to have a | |several events. This case — L
margin of uncertainties. represents thdat Fevents Function gate [Motion equation: F=ma]
Distributions to be given are defined 2[35232?5%&5@ to
by “the probability distribution |
function.”

Events
[Force: F]

Sub-PRD
[Mass: m]

i~

To be expanded in detail in a lower PRD

The probability distribution function
to be given to a certain variable:
Example)

U[1,10]: A uniform distribution
between 1 and 10

N[10,5]: A normal distribution with
the average value of 10 and the
standard deviation of 5
[L,U]=[0,100]: Lower limit — O;
Upper limit - 100 ]

Probability
distribution
function

Bottom event
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Evaluation procedures of ROAAM used LWR and PRD

ROAAM PRD
I_l_l

(1) Selection of the dominant factors and development of diagram regarding
the concerned phenomenon

e Select the dominant factors of the concerned phenomenon, break them down into low-order events, and relate them to each other.
e Develop the reciprocal relations among the lower-order events into a diagram

(2) Establishment of parameters of the dominant factors and
introduction of probability distribution

e Parameters, which describe the concerned phenomenon, are classified into three categories including deterministic (D),
probabilistic (P) and intangible variables (I).
e Establishment of the probability distribution regarding the P parameter of the developed lower-order events
e Establishment of the value based on engineering judgment regarding the I parameter

(3) Supplementary use of deterministic findings

e Establishment of the representative value of the lower-order events (D parameter) by using analysis based on the analytical
codes, supported by a simple correlation equation
e Establishment of the representative value of the lower-order events (D parameter) supported by the empirical findings

l

(4) Evaluation of branching probability regarding the concerned phenomenon

e Evaluation of the branching probability of the concerned phenomenon, tracing the functional relation
upwards using the Monte Carlo method and others

Both methods seem basically identical.

16
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® With the developed integrated analytical tools,
one-through evaluation for severe accidents
including FP release ratio became possible to
LMFBR. The tools were used for the effective
evaluation of AM for Monju.

® Now, further efforts are being made to make
analyses more realistic for the Monju with an
advance core and the Japanese demonstration
LMFBR.

® These improvements are very helpful in
constructing data-bases of the Emergency
Response Support System (ERSS) for Monju by
conducting more reliable analyses to the
conceivable scenarios after initiating events.

17
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® Many thanks for your audience.

18
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Characteristics of PLOHS

® After the reactor shutdown, the plant temperature
increases slowly but monotonously both in the primary
cooling system (PHTS) and in the secondary cooling
system (SHTS).

® Many plant locations will fail due to the high-
temperature creep.

® Among several conceivable accident scenarios, the
containment vessel by-bass (CVBP) would be most
important event due to the high probability and the
high potential of large scale FP release to the
environment.

® We evaluated the frequency of PLOHS/CVBP in this
study.

19
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FP leak passes in PLOHS/CVBP

CcV

4 SHTS
( <* Annulus ac SG
[ [Na burn — aerosol } — \

generation pressure increase | pubemm ] NS

»

: CVBP
/ Na leakage \ case
g }
Na/Concrete reaction

PHTS )
_—"|Hydrogen generation
. }

KPressure increase j

In the case of PLOHS/CVBP, some early failure in SHTS is postulated.

When some interface between PHTS and SHTS failed, FP from the molten fuel will

- run through PHTS and SHTS piping.
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Boundaries of IHX that have a high potential of
first failure in PHTS

Diameter: 700mm

Thickness: 1.5, 2.0mm GOVEr gas
Material: SUS3316 be"ows

[
IHX ! L4 Bellows >, I
IHX bellows ./’*’ﬁ‘ ‘i
S0+ it i
| h— |
= 1= |
bt 3] Y |
i A A
| U/ il
. "‘ PraliEs _ :

Eas ..} EX NS : |
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) g 5o’€f§minm v |
i > i
Ta”"’,"_ ;- I- i : TR n :
“\% /] Bottom head |
- [

‘ - S Heat transfi
e (interface woe :
between “
PHTS/SHTS) j
Diameter: 2190mm :
Thickness: 25mm |
Material: SUS304
Bottom head

PHTS coolant outlet
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PLOHS
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An vent tree of PLOHS

CVBP

Power Leakage from the |Eearlier secondary |Failure in some areas
supplies shield plug of RV |[system failure of promary system
(a)
0.25
(b)
(c)
0.96 (a)
0.75 (d)
(b)
0.044

The probabilities of branching point (a), (b), (c),(d) are obtained through present
analyses.

22
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2. Analyses to obtain the probability of the
branching points

Failure mechanism Objects for analysis | Analysis code
High—temperature creep Vessel, Piping NALAP-II
Buckling Bellows and bottom ABAQUS
Tensile/ (or breaking) stress head of IHX FINAS

/

Thermal—hydraulic Analysis

Structual Analysis

23
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2.1 Thermal-hydraulic Analysis
FBR plant thermal-hydraulic analysis code NALAP-II

® NALAP-II has been developed in JNES.

® For the present study a function was added to evaluate
the degree of high-temperature creep of the location:

SCDF (Structural cumulative damage factor, D_).

® D =) (At/t), (1)
where,

At: time step (s),
t.: creep failure time (s).

In eq. (1), t, depend on the material and it is calculated by
using the Larson-Miller Parameter.

It was considered that the location will fail when
D_=0.2~1.0.

24
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Specifications of proto-type LMFBR plant and

locations where high-temperature creep was
evaluated

(@) Spec. of LMFBR (b) Locations of plant evaluated high-temperature creep
Thermal power 714 MW . . .
—LNumber e er 3 Location D (inner dia.) | t (thickness) D/t Material
Primary heat transfer (mm) (mm)
e RV cylindrical wall 7100 50 142 | SUS304 stainless steel
inlet/outlet 397/520 °C Reactor outlet piping 788 11 72 | SUS304 stainless steel
oW At tor 05;/?1 ::: Reactor inlet piping 591 9.5 62 | SUS304 stainless steel
e ation pumn | One unit por loos IHX vessel cylindrical wall| 2940 30 98 | SUS304 stainless steel
“I:::mber of unit 3 IHX heat transfer tube 19.3 1.2 16 SUS304 stainless steel
o Vertical pa_rallel flow with !
Tve no sodium surface IHX DTS GG 540 9.5 56 SUS304 stainless steel
Setionda(rsyHl-:_ssa)t transfer 325/529 °C piping
’meerature at IHX 3700 t/h EV cylindrical wall 2900 50 58 2.25Cr-1Mo steel
inlet/outlet s
Flow rats ,.08/0.1 Mps ::Lec“'er heat transfer 45 2.9 16 | SUS304 stainless steel
ain_circulatiion pump neé unit per 1oop
By-pass of the secondary

Aucxiliary cooling system | cooling system with one . . 20% cold-worked modified

ry cooling syst ._irio“,’l‘:r s loon Fuel pin cladding 5.56 0.47 11.8 516 stainless steel

® The locations with large value of
D(diameter)/t(thickness) were chosen for the present
calculation of SCDF.

25
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2.2 Structual analysis ABAQUS 3-d analysis to IHX bottom head
- Buckling critical stress and fracture critical stress -

The buckling of IHX bottom head became marked
at the end of calculation: Temperature: 838.7°C;
Pressure: 0.89MPa)

300 \ \ \ \
Stress-pressure relationship equation
in IHX bottom head
250 - o (MPa)=0 xax (P-0.1)
a=89.89,
P(MPa): Primary system pressure <
6 : A margin of uncertainties in an
200 approximate expression
T Probabil‘ity variak‘)le (0.95~1.05) /
3150 ‘ (200000s, 846°C, 100MPa)
- |
% Fracture critical stress (o)
S s e
T 100
= Buckling critical stress (0 ). — N e
O (I‘\EAM‘ nnnoA~ nnh\\;
0 e Results of ABAQUS-based analyses (buckling) T
0
800 810 890 900

IHX exit temperature (°C)

The obtained stress-pressure relation curve encountered with the
buckling critical stress line and the fractional critical stress line at one
point, respectively. The IHX bottom head is expected to fail at the
condition between the two points.

26
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The results of FINAS 2-d analysis to IHX bellows

- Yield stress and tensile stress -

Deformed IHX bellows (Temperature:
750°C; Pressure: 0.388 MPa) (The results
of the FINAS 3-d calculation

IHX bellows (SUS316) buckling critical stress and fracture critical stress

400

\ \ \
IHX bellows stress-pressure
350 | relationship equation
o (MPa)=¢ xax(P-0.1)
a=136.25
E 300 \ Tensile (or breaking) P(MPa): grr(iergsaayrlesystem
= 250 Iress SMPa) ___®:A margin of uncertainties
in an approximate
§ T~ expression (0.95~1.05)
D 200
@ T~
T B (198000s, 843°C,
© 150 _ —
T )(leld stress / | 139MPa)
© 100 W,\
60 | Mwﬂmegoooa 828°C. 97.4MPa)
WWW
0
700 720 740 760 780 800 820 840 860 880 900

IHX outlet temperature of primary-system sodium

The obtained stress-pressure relation curve encountered with the yield stress
line and the tensile stress line at one point, respectively. The IHX bellows is

r7expected to fail at the condition between the two points.
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3. Discussion
Pressure range for failure of I?l;_ld:[as components

3 H
2.6MPa

2.5

N
\

Pressure(MPa)
-t
ul

1 1.117MPa| '
0.961MPa] A
0.5
0 RV cylindrical | |RV outlet piping| [IHX cylindrical| RV inlet piping [THX bellows | [IHX bottom head | .
wall wall Names of components

Five locations (RV cylindrical wall, RV outlet piping, IHX cylindrical wall,
IHX bellows and IHX bottom head) fail at the pressure between 0.77 to

2.3 MPa) .
28
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Time range for failure of PHTS components

240000 J
220000 :" 2110005 | 2085005. etissssedessseressessssssaesanneaan,
1204000s f * :1197000s | |199000s
200000 — =
1980005 | [1g40004):: 4 19%005
180000 1187000s . | 187000s
160000
. Fract
% 140000 s of e comntl}ig;;ent
— Ime
GEJ 120000 On attainment of SCDF=0.2 i ; |
— Buckling
100000 commencement
time
80000
60000 Range of fracture time : 187000s~211000s
Reactor pressure outlet Na temperature : 861°C~899°C
40000 Primary system cover gas pressure :0.77MPa~2.32MPa
20000
cylindrical outie Cylindrical ‘IHX bellows\ IHX bottom
wall pPIpIing wall head

The five locations fail at a narrow time period (between 52hr to 59hr) .

Thus, it will be hard to say the failure order in these locations.

In PSA, it will be reasonable to assign the equal probability of first failure to
these locations, that is 0.2.
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4. Conclusion

(i) A model to analyze the high temperature creep progression
by introducing the calculation function of SCDF was added to

the LMFBR plant thermal-hydraulics code, NALAP-II.

(ii) The model was applied to the PLOHS event of the typical
proto-type LMFBR. The results indicated that the evaporator
made of 2.1/4Cr-1Mo steel in SHTS firstly failed when the
system temperature exceeded 800 °C. The main plant
components and piping made of SUS 304 stainless steel
failed when the system temperature exceeded 870 °C.

(iii) In addition, detailed structural analyses were performed by
using ABAQUS and FINAS codes and the temperature and
pressure histories to the locations where the buckling and
the tensile stresses are the causes of failure.

(iv) Comparing the failure time information of each location, it
was concluded that the probability of CVBP was 0.2 to the

plant.

30
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Appendix —-additional information

These numbers were assigned
from present study

Power Leakage from the |Eearlier secondary |Failure in some areas
supplies shield plug of RV of promary system

ves 1
no 1
0.25

PLOHS |

system failure

0.75

0.044

(a) Evaluated provability of the branching points

(b)) {
0.8
1.0
0.2
0.0

1.00E-07

1.00E-08 |-

1.00E-09

1.00E-11

CFF Frequency (1/RY)

1.00E-14

1.00E-10 |

1.00E-12 |

1.00E-13 |-

Loss of RV isolaiton RV failure by RV failure by CVBP Retained RV
annulus failure hydrogen sodium integrity
function burning burning

Terminal conditions of containment response process

(b) Results of trial evaluation of CFF to each level-2 scenario

Present trial evaluation shows that the frequency of CVBP is one order smaller than
that of retained RV integrity scenario. However, the frequency is more than one order
larger than that of other scenarios.

31
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Flow network of the NALAP-II
code for RV and PHTS
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Fig.5 Flow network of the NALAP-II code for RV and PHTS
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Temperature and the Mises stress behavior of IHX bellows
(Stress with the maximal element of equivalent creep strain: the center
of plate pressure)
® (The results of the FINAS-based two-dimensional elasto-plastic

large=scale deformation and creep analysis)
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Temperature and the Mises stress behavior of IHX bellows
(Stress with the maximal element of equivalent creep strain:
the center of plate pressure)

(The results of the FINAS-based two-dimensional elasto-plastic
large=scale deformation and creep analysis)

1600 |—e— Mises stress 9000
__ Circumferential stress
1400 |—— Stress in the meridian 800.0
direction
Temperature Temp
1200 [—°— 7000 €ratu
/0/ re
Strigoo P 6000 (©)
ess /
mrﬁ) 80.0 500.0
60.0 400.0
40.0 I 300.0
20.0 200.0
,___.—0——‘%
00 r::: — e ::W 100.0
-20.0 0.0
0 10000 20000 30000 40000 50000 60000
Time (s)

36



c
9
=

©
N

c

©

)

—
@)

>
=
D

©
w
>

)

(.

o)

c
L

—

©
2

3)

=]
Z

c

©

Q

©
e

iating events frequency

between JAEA and JNES

Comparison of

e ]

Al

About s HHUUL S

About 28

times

:
\

e
s>

times

|

ssfiueyn JURISUEL J3U10

dl3 suigany

J13]BMpaa) JO S507

3dn|iey wWaishs 1oddns

2184 MO JUE|00D AJepLUODSS U] Ul SSE5.03D v

SLIOOOUMN, Lo 3AL0D

]

paiio) WISISAS JUE 00 LB AJEpUDIas 4O S507

SAlEA, M2RYD WRIsAs
IR O0D Uie Adewld BUISop Ul axesil v

SUCOOUMY LUCIGa2aALIOD

JAE

times

1.0E+01

1.0E+00 —abouts

1.0E-0
1.0E-0

{\

1.0E-03

1.0E-04

1.0E-05

1.0E-06

paoJo) WalsAs Jue0od ulew Adewd Jo 5507

dLg
dwind uoReNoJR WalsAs JUR00D UleWw AdeLUlg

adnydry agny J36ueyoxa 1eay Jojedausb wesls

abeyes| ubisap — Walshs
Jue0oD aoupUzUeUl Adewpd aup woy 2BeyeaT

abexes| ||ews - sbeyea| JUROOD AIEPUODRS

abexes| ubisap — Walshs
JueooD 3oueUsUiell Adewud aup woy abexea

abexea| ||pws — WysAs
JUE[OOoD 2oUeURUIEUl Adewud aup wol 2bexea

abexea| ubizap - (|2ss24
pdenb aLp spisino) sbexes| JUR00D AdeLUld

abexea| WS - (|2s53A
pJlenB aLp apisino) abexes| JUR00D Adewllig

sbexea| ubissp
- (jassan paenb aop un) 2bexes) Jue000 AdeUdUd

sbexyea| ||pLS
- {2352 paenb aup ul) sbexes| Jue000 AdRLILG

adnjiey B3| pjoo WalsAs 1ue|0oD UleLl Adellld
adn|ey |2y g0
f31A008 31 2A13150d JO LUORJSsU]T

N0 pe|g

37

37



c
9
=

©
N

c

©

)

—
@)

>
=
D

©
w
>

)

(.

o)

c
L

—

©
2

3)

=]
Z

c

©

Q

©
=

4. Results of PSA

4.1 Effects of AM measures to kee

p the RV coolant level

Before AM Measures

%

LIRS

KRR

QRIS
QIR

'O
X

'O

'O

TS
o

o

e
X

o

<

%S
XX
o

RS

I3,

LS
RIS
2RI,

200
QIS
2RI
R
QIIRIIRIIIIIIEIIIIIKRIRIAILRIRIKIRIKIIIIIIIUEIIKIKKKKKKKKK
RIS RRRIIRIRIIRILLLRRRRRRIIIIRRIIIIILILRRRRR

<2
SR -

<2
%%

<2
%%

B T T s T e e e oda
RIS
IR

2RIIIAIEKAKKKRIKEEEKEKKK,
ot

009 %% 9.9.9.9.9.9.0.9.9.0.9.0.9.9.9.9.9.9.9.9.9.9.9.0.9.9.0.9.0.0.9.9
D0 000 0 %0 0 200 202002620 02620 %0260 %6260 %6260 %20 0% 20 X0 %0

1900000009690 % %% %% %% %%
000%0%0% %% %622 % % % Yo% %0 s

QIR
QSIS
SRR

onnooooooooooooooo
300NN

3R0RRIRRIRINKIOE

After AM Measures

107

/

Dam
age
Freq
uenc

ies
Reac

Core

fof

All los 1
FBHES et

En

leak
ea %e?ow
owing 1
m the prima
olant syst

Doubl
ol
main cor

cooling
system

=
EES
Tor
Y
Sk
Fig=
X
s O
) c
= ©
a c
c [}
o whd
£ £
2, 0
ho E
A
5
o
cERQ -
a2 =5
2508
¥8ac
¥ 0 E
2
>
65 &
5 S2>0
0 = o+
soEg
Lo a=
o
o
So2 s
£z
£oST
St
E=22
o

38



<%>]NES Japan Nuclear Energy Safety Organization

4.2 Effects of initiating events frequency

O Loss of reactor shutdown functions

1.0E-06 H Loss of functions to maintain a proper reactor coolant level
O Loss of decay heat removal functions

O All relevant events

Frequency
(/ry)

1.0E-07

1.0E-08

1.0E-09
JNES JAEA JNES JAEA

before AM after AM
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4.3 Effects of choosing common cause failure

(In the PSA of JAEA, common cause failure is considered between the main reactor
shutdown system and the backup reactor shutdown system)

1.0E-06
Frequency
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1.0E-08
1 0F-NQ9 .

O Loss of reactor shutdown functions
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O Loss of decay heat removal functions
O All relevant event
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4.4 Contribution of initiating events to CDF
(b) after AM (by JNES)
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4.5 Comparison of estimated
CDF between JNES and JAEA
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