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Fabrication of Sphere-Pac Fuel and Vipac Fuel for Irradiation Tests
(Collaboration Project among JNC, PS| and NRG)

Yutaka TOMITAO O Yoshiaki SHIGETOMEL [ Yoshiyuki KIHARA
Advanced Fuel Recycle Technology Division, Waste Management and Fuel Cycle Research Center, Tokai Works
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O JNC has carried out the collaboration project’ Research and Development of Advanced Sphere-pac Fuel”with PSI
(Paul Scherrer Institut) in Switzerland and NRG (Nuclear Research and Consultancy Group) in the Netherlands. The
purpose of this project is to obtain data for vibro-packed fuel fabrication and irradiation test (thermal behavior). In this
project, three types of fuel segment (sphere-pac segment, vipac segment and pellet segment) were fabricated in PSI. Irra-
diation tests in the HFR (High Flux Reactor) were started in January 2004 and are still in progress. 20%Pu-MOX
spheres and 5%Np-20%Pu-MOX spheres were fabricated by the internal gelation process for sphere-pac segments. It
was the first time fabrication of Np-MOX spheres succeeded. It also showed that the optimization of the filling condition
of non spherical granules should be examined further through fabrication of vipac segments.
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History of 20 years Demonstration of Pu-U Co-Conversion Process Using a Microwave Heating Direct Deni-
tration Method
- Operational Experiences and Developments at the Plutonium Conversion Development Facility -

Takashi HOSOMAU [0 Kouji ICHIGED O Yoshiharu TAKAHASHI

Reprocessing Operation Division, Tokai Reprocessing Center, Tokai Works
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[ Plant operation and related developments to demonstrate microwave heating direct denitration method (MH method)
for Pu U co conversion process have been carried out safely in the INC at the Plutonium Conversion Development Fa-
cility since 1983, and the results have been applied to the Rokkasho Reprocessing Plantt] RRPOin the JNFL. This
method had been developed to meet the resistivity for proliferation of nuclear weapons on demand of U.S. government
in 1977.

0 This report summarizes the progress of international agreement, outline of the facility, history of operations, quality
of processes such as material balance and powder properties, experience of contamination, development of process equip-
ment such as a ceramics denitration dish and a reusable MOX canister, development and/or study of preventive main-
tenance and material accountancy / safeguards, scientific study of MH process, application of PSA method to the
process equipment, participation to the study of innovative short process, and transfer of technologies and skills to RRP.
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Plutonium, Uranium, Conversion, Ce Conversion, Nonproliferation, Resistivity for Proliferation, Safeguards, MOX,
Mixed Oxide Powder, Denitration, Microwave, Operational Experience
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Study of LBB Assessment Methodology
~ applied to a 12Cr Series Ferrite Steel
Piping Structure for FBRs
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O Application of the LBB concept has an important role in realizing reasonable design of FBR plants with assurance of
safety. As key technology for commercialization of FBRs, an innovative structural design with thin-walled and large-
diametric pipes made of 12Cr series ferritic steel is planned to be adopted to enhance the plant economy. The LBB as-
sessment of such structures necessitates improved evaluation methods with regard to coolant leak rate, unstable frac-
ture conditions and applicable failure modes. In order to cope with this, an advanced method has been developed in this
study featuring:d i renewed surface resistance correction against flow through penetrated cracks for reasonable leak-
age assessment under low pressure[] iilJintroduction of two-parameter method in unstable fracture for consideration of
material resistance to crack growth of 12Cr series ferritic steel and] iiiCadditional buckling assessment function in de-
termining the critical crack length to extend capability for elbow structures. The applicability of this method has been
verified through the LBB assessment on typical 12Cr series ferritic steel pipes.

goooo
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Leak-Before Break, Safety Design, FBR, Thin Walled and Large Diametric Pipe, 12Cr Series Ferritic Steel, Creep Fa-
tigue, Leakage, Ductile Unstable Fracture, Buckling, Surface Resistance Correction

1. Introduction important role to play in implementing the rational
0 The leak before break (LBB) concept has an design of fast breeder reactors (FBRs) with an ade-
quate margin of safety. The low pressure condi-
tions in FBRs, and the use of ductile materials,

goooo .

have the advantage that the risk of unstable frac-
goooooooooooo
goooooood ture in key structures can be virtually eliminated.
mcrooooooooo
0OoLwBBOODOOOOD H H i H
Son For example, guillotine breaks in pipes can be pre-

eor vented by detecting the leakage that occurs at the

through wall stage of a crack that opens under

JO0dibO@OodoO0ooOob0dO0 booooobooooobooooboOooo . . .
ooo these conditions. Consideration of these LBB char-
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acteristics can enlarge the degree of design free-
dom with respect to materials, piping layouts and
safety measures against leakage, thus leading to
improved plant reliability and economy.

O In applying the LBB concept to FBRs, it is essen-
tial to consider their design characteristics, as
shown in Fig.1. The liquid metal coolant, with its
high boiling point, means that FBR plants operate
at high temperature and low pressure. Creep de-
formation due to high temperatures requires creep
- fatigue crack growth predictions in defect assess-
ments, and those evaluation methods are provided
in the present guidance [1]. Generally, low pres-
sure is an adverse condition for leak detection,
and careful consideration is required to determine
the appropriate leak evaluation techniques for the
LBB assessment of FBR structures.

0 Meanwhile, commercial scale FBR design is
proceeding. An innovative structural design will
be used, with thin walled, large diametric pipes
made of new materials such as 12Cr series ferrite
steel, in order to reduce costs [2]. Unstable frac-
ture of this material should be carefully assessed,
because it has lower ductility than the conven-
tional austenitic stainless steel.

0 The geometrical characteristics of thin walled
and large diametric piping systems may introduce
buckling as another failure mode in addition to un-
stable fracture, especially at an elbow with an axial

crack.

0 Taking into account the above design character-

istics of commercial scale FBR plants, the follow-

ing issues are addressed in this paper:

(i)Oeakage evaluation under low pressure condi-
tions

(ilCunstable fracture assessment, taking into ac-
count a material's resistance to crack growth

(i)[the possibility of including buckling as an LBB
assessment category in thin walled and large
diameter elbow structures

Based on these considerations, this paper pro-

poses a prospective LBB assessment methodology

applicable to FBR piping structures.

2.LBB Assessment Methodology for FBR Pip-
ing Structures

2.1 LBB Assessment Flow

0 The LBB assessment flow in an FBR structure
with a postulated crack can be constructed based
on the LBB definition. Figure 2 indicates that LBB
behavior arises and the fracture mode corre-
sponds to partial penetration when a crack with a
length detectable by leakage evaluation is smaller
than the critical state crack length. The length of
a crack caused by creep and fatigue is naturally de-
duced to be smaller at penetration than the detect-
able crack length, for crack growth under plant
operating conditions. The critical crack length can

FBR Design Considerable Factors [[ R&D Issues J]
Characteristics for LBB Assessment ~

Due to Sodium Coolant

1
I
’ Low Pressure |

Low Leakage

Precise Considerations

| in Leakage Evaluation

i
‘ High Temperature | :

o

Creep-fatigue

Creep-fatigue Crack

|
I Growth Evaluation (Rev.)

Due to Cost Reduction

Pipe Length

12Cr-series Ferrite Steel

Minimization

Loop Number

against Thermal Stress

Thin Walled and Large

Unstable Fracture
Evaluation

Minimization

Diametric Structures

Bucking Evaluation
in Elbow

Fig.1 Influence Factors of FBR Design Characteristics on LBB Assessment
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Evaluation : 2C,

]

Detectable Crack
Length Due to
Coolant Leakage
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Evaluation : 2C,

Critical Crack

Length Due to

Failure Mode
Assessment : 2C,,

[[ Leak Rate Assessment J]
C

Fig.2 Current LBB Assessment Flow

be obtained from fracture assessment, consider-
ing material and structural characteristics.

2.2 CreepFigfatigue Crack Growth Evaluation

O Creep is a meaningful damage factor, together
with fatigue, for crack growth in FBR structures
subjected to high temperatures. Generally, creep
fatigue crack growth may be evaluated from the
following equations, which neglect the interaction
between creep and fatigue induced damage:

da/dN =(da/dN), +(da /dN),
Ada /AN ), =C, x (AJ, )"
(da/dN), =C;x(AJ, )" 1)

Where, da and dy denote the increments of crack
growth and number of cycles, C; and m; denote
the coefficient and the exponent in Paris' law of fa-
tigue crack growth, and C. and m. denote those
for creep crack growth. A J denotes the 3 integral
range in a cracked structure, and various studies
have been performed for evaluating the parameter
Jin an elastic plastic region [1, 3].

O An initial crack size for creep fatigue crack
growth evaluation may be determined by adding a
safety margin of 2 to the detection limit of ultra-
sonic testing (UT) at the pre service inspection
(PSI). From the safety factor and the capability of
UT in FBR structural components, an initial semi
elliptical circumferential crack whose depth (ao)
and length (2C,) are 0.2 and 1.0 times the wall

thickness (t) is assumed to be located on the inner
surface in the case of a straight pipe.
In order to obtain the crack length at penetration
(2C;) from crack growth evaluation, cyclic
stresses throughout the lifetime should be consid-
ered. These stresses are induced by the following
loading conditions in FBR plants:

- Internal pressure,

- Thermal expansion and

- Thermal transients
Under these loading conditions, internal pressure
and thermal expansion have their maximum val-
ues in the normal operating state, and thermal
transients occur as transient events.

2.3 Detectable Crack Evaluation at Leakage
O Considering that coolant leaks out at the outer
crack surface after penetration by the initial crack,
it is necessary to evaluate an outer crack length
corresponding to a threshold leakage. In the case
of FBR structures, the threshold leakage is known
to be 200 g/h, which results from the detection ca-
pability of 100 g/h and the safety factor of 2 [2].
Figure 3 indicates that a detectable crack length
(2Cy) at the inner surface can be evaluated from
crack growth behavior after penetration, and the
outer crack length corresponding to a leakage of
200 g/h.
O As it is usual for the detectable crack length to
be evaluated under normal operating conditions
over a certain period, the corresponding loadings
are considered to be these:

- Internal pressure,

- Thermal expansion and

- Dead weight
[0 Based on the above evaluation procedure, this
study deals with some aspects of the present leak-
age evaluation method, as follows:

2.3.1 Coolant Leakage Velocity
0 Coolant leakage from a through wall crack, Q,
can be calculated as follows:

Q = pxVxS (@)

Where, r, and S denote coolant density and crack
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Crack for Leakage Evaluation

%

C.
g R
t
90 = 9/
6, A
200 g/h Detection
at Outer Surface g
// / »

ﬁ 4

Detectable Crack Length at Inner Surface

Fig.3 Definition and Evaluation Method of Detect-
able Crack at Leak

opening area respectively. Coolant leakage veloc-
ity, V, can be evaluated from the following equa-
tion [1]:

V= 2p
\Ip{1.5+fb,(1+rkc +(1- r)kB)t} (3)
D,

n

Where, p is internal pressure, fr is the friction coef-
ficient, and D. is the equivalent diameter of the
crack opening area. The parameter r is known as
the stress ratio, which is the ratio of membrane
stress to combined membrane and through wall
bending stresses. However, the effect of through
wall bending stress on crack opening is certainly
different from that of membrane stress [4, 5], and
thus the following parameter, r', which is called
the crack opening ratio, is proposed as an alterna-
tive in this study:

=g @

Where & m is the crack opening displacement
(COD) due to membrane stress, and db is the
COD due to through wall bending stress. The cor-
rection factors ks and ke of Eq. (3) represent the
degree of resistance to leakage flow of a crack sur-
face subjected to a particular stress history [1].
They are called surface resistance correction
factors.

2.3.2 Resistance Correction on Crack Surface
O A leakage threshold value of 200 g/h is actually
a very low quantity which may merely represent
seepage. Under low pressure conditions, the sur-
face resistance correction factors in Eqg. (3) are
considered to be significant for the evaluation of
low levels of leakage, and therefore they are exam-
ined in detail in this study.

O Figure 4 illustrates how leakage velocity in-
creases as the COD becomes large and the sur-
face resistance weak. As indicated in this figure, it

Flow Path (= Crack Surface)

|:> M |:> Coolant leakage is very little

(a) Great Surface Resistance and Small COD

VAVAVAVAN
= AAAN

Coolant leakage is greater
than that of case (a)

(b) Same Surface Resistance with (a), but Larger COD

NN

|:> Coolant leakage is greater
than that of case (b)

(c) Same COD with (b}, but Smaller Surface Resistance

Fig.4 Correlation among Coolant Leakage, Sur-
face Resistance and COD at Outlet
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is clear that the surface resistance correction fac-
tors, ke and kg, in Eq. (3), are the product of crack
opening behavior for minimum size cracks at the
outer surface, and are related to the stress history.
However, the stress relating to the COD of the
outer crack surface when leakage is detected is
generally irrelevant to ke and ks since the stress
for COD evaluation not always the same as the
stress history. The effect of the surface resistance
correction factor on coolant leakage velocity was
investigated simply in Fig. 5, using an example
where only ke was considered. Figure 5 indicates
that ke should be treated as a function of the COD,
taking stress histories into account.

O In what follows, ke and ke are studied in cases
where a structure is subjected to fatigue loadings
with a stress ratio (Min. stress / Max. stress) of-
1.0.

(1) Stress history and crack opening behavior in

which only ke is considered

0 The factor kc is affected by surface roughness
due crack growth that is controlled by membrane
stress [1]. It is thought that most normal operat-
ing conditions of nuclear plants are represented
by this case. The fact that ke may be considered
the sole representative correction factor for sur-
face irregularity means that the characteristic of

3.0E+06 r
| —— ke=f(§ at outer surface)
- Previous Study -
2.5E+06 | — - ke=f(S§ due to stress history) 4
Present Study - ya
L T s
2.0E+06 |
=
<
g |
g 1.5E+06
>
1.0E+06 |
5.0E+05 |
0.0E+00
0 0.01 0.02 0.03 0.04

6ouf (m m)

Fig.5 Effect of Surface Resistance Correction Fac-
tor on Coolant Leakage Velocity (p = 0.182
MPa, Q = 200 g/h, DO = 1270 mm, t = 15.9
mm)

crack opening due to through wall bending stress
is not apparent in the overall stress histories. Fig-
ures 6 (a) and (b) show the aspects for which only
ke can be considered. In addition, these cases are
expected to have an r' of 1 since crack surface
variation due to through wall bending stress does
not appear from the stress histories.
(2) Stress history and crack opening behavior in
which only ke is considered
O The factor ks is a shape correction factor due to
crack surface generation and related variables,
and is controlled by through wall bending stress
[1]. A typical case in which only ke is considered
is shown in Fig. 6 (c). In general, such a through
wall bending stress controlled case is expected to
have an r' of 0.
(3) Stress history and crack opening behavior in
which both kc and ke are considered
O This mainly deals with the case in which a crack
opening is due more to through wall bending
stress than to membrane stress, but in which the
characteristics of the crack surface due to both
stresses are significant. Figure 6 (d) shows a rep-
resentative situation, and both ke and ks should be
considered together in Eq. (3). It is clear that the
resistance correction term is influenced by the
variable r' in this case, regardless of the COD of
the outer crack surface at the point when leakage
is detected.
O From the considerations above, it is judged that
the surface resistance correction factors are signifi-
cant parameters for low leakage evaluation, so sys-
tematic research on them should also be
performed experimentally.

2.4 Structural Failure Mode Assessment

O In LBB assessment, it is clear that one of the
most important concerns is to evaluate the crack
length at the structurally critical point (2C.) in a
pipe. This study treats the ductile unstable frac-
ture of a circumferentially cracked straight pipe
and the buckling of an axially cracked elbow as
critical points to be considered as part of the load-
ing and structural characteristics of an FBR.
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Crack Surface O Case of d m > 6 b

Fig.6 Crack Opening Behaviors According to Stress Distributions

2.4.1 Ductile Unstable Fracture

O Generally, the failure mode in LBB assessment
is double ended guillotine breakage due to plastic
collapse, or ductile unstable fracture. In the case
of comparatively small diametric piping struc-
tures, consideration of the net section stress due
to plastic collapse has often been adopted as an ef-
fective fracture assessment method. However, the
plastic collapse concept is considered to produce
an unreasonable crack length for thin walled and
large diametric structures such as FBR piping sys-
tems, in which ductile unstable fracture may pre-
cede plastic collapse. Therefore, it is thought that
the twe parameter method of R6 [6] or the tear-
ing modulus concept [7], which considers the frac-
ture behavior of a crack tip, is suitable for
evaluating a critical crack in the FBR structure.

This approach is especially important for evaluat-
ing the fracture behavior of 12Cr series ferrite
steel, with its low ductility.

O For these reasons, the twe parameter method
of R6 was adopted as a representative fracture as-
sessment method for FBR piping structures in this
study. Figure 7 concisely shows the assessment
procedure by the R6 method of the relationship be-
tween K., which is a parameter relating to fracture
toughness, and L., which is related to the harden-
ing characteristics of the material. In this figure, a
crack is initiated at point P and grows along path
PC under cyclic loading. At path PC, crack stabil-
ity is judged, based on the material's resistance to
crack growth. When the stability judgment path
(XY in Fig. 7) penetrates the failure assessment
curve (FAC) obtained from material properties
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FAC X
Unstable Fracture Occurrence

P : Crack Growth Initiation

XY : Stable Crack Growth

YZ : Supposed Crack Growth
CO : Path to Failure

Fig.7 Ductile Unstable Fracture Assessment
Method by Two Parameter Method

and other information, it is considered that the
structure has stable crack growth. However, if the
judgment path does not penetrate the FAC but
meets with it only at a certain point (as shown by
the path CO), unstable fracture is considered to oc-
cur at this point as a critical state and the path CO
corresponds to a path to failure (PTF). Using the
PTF and the FAC of R6, a critical crack in the
structure can be evaluated by the above assess-
ment procedure.
0 The following loading conditions contributing to
unstable fracture are considered:

- DF1 times internal pressure,

- DF2 times thermal expansion,

- DF1 times dead weight and

- DF1 times S1 seismic
DF1 and DF2 are design factors for the primary
and secondary stresses in the unstable fracture as-
sessment.

2.4.2 Buckling Assessment

O Since FBR structures have thinwalled and large
diametric piping systems, another critical failure
mode may be buckling. Although buckling does
not induce a double ended guillotine break, it is
certain that the buckling mode impairs the durabil-
ity of piping structures. A representative object for
the buckling assessment is elbow structures.
When an elbow has a circumferential crack on its
intrados or extrados surface, buckling is generally
expected to precede unstable fracture. In this
case, the buckling mode is considered to comple-
ment the structural critical state assessment from

the viewpoint of safety design. Meanwhile, al-
though an axially cracked structure is considered
not to undergo unstable fracture, it must be an ob-
ject of buckling assessment. Considering that a
great stress acts on the crown surface of an elbow
under normal operating conditions, an elbow with
an axial crack on its crown surface can be quali-
fied as a main object for the buckling assessment.
O Generally, buckling assessment can be per-
formed by using the limit load concept. The condi-
tions which bring about buckling are as follows

[8]:

M, =M,xh, 5)

For an axial crack;

M, >M,

cr

h, =1-0.15 (%) (6)

For a circumferential crack;

M, >M, +M,

h, =1- 0.2137(%)- 0.0485(C/} ) - 1.0559 (%)3
(M

Where, M, denotes the plastic collapse moment
and M; and M, are global bending moments due
respectively to primary and secondary stresses.
The parameters C and D denote half crack length
and pipe mean diameter.
O Although the critical crack length can be ob-
tained from the above Eq. (5)- (7), it is consid-
ered that the significance of this assessment is to
compare the critical moment at a detectable crack
with the moment components contributing to
buckling.
O Loading conditions for the buckling assessment
are as follows:

- 1.1 times thermal expansion,

- 1.5 times dead weight and

- 1.5 times S1 seismic
The '1.5" and '1.1' are design factors for the pri-
mary and secondary stresses in the buckling as-
sessment.

3. Application Example
0 LBB assessment was applied to a 12Cr series
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ferrite steel piping structure with the two looped
primary hot leg system referred to in the FBR de-
sign data in this study [2]. From the result of
stress analysis using the finite element method
(FEM) with normal operating conditions, the as-
sessment objects were identified as the Y piece
and the elbow crown of the piping system. Based
on the present methodology, the respective crack
lengths were obtained for the LBB assessment.

3.1 Geometry, Loading Conditions and Material
O Figure 8 shows a schematic drawing of the LBB
assessment object and the normal operating condi-
tions, with a holding period of 703 hr at 550 O [2].
As a thermal transient state, manual trip was se-
lected in this study. Figure 9 shows the variation
of coolant temperature and heat transfer coeffi-
cient (h) with time at the thermal transient. The as-
sumed flow rate was 9.08x 10° kg/sec at the
steady state [2]. The method for calculating the
heat transfer coefficient is shown in the following
equations [9]:

R3700 4370 Unit : mm

Elbow
:p=0.105MPa 7 X
%j// IHX

/.,4 ————————————————— E (550 C)

i Pipe Dimension’
- HIL Pipe : D,=1270, t=15.9
i - Supporting Pipe : D,=1524, t=15.9
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: ~H~I:50C

|
|
|

Displacement
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F %
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Fig.8 Schematic Drawing of LBB Assessment Ob-
ject and Normal Operating Condition of the
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Fig.9 Loading Condition at Thermal Transient

h=Nuxk/D,

Nu =5 +0.025Pe **

Pe =PrxRe

Re =V xD,/ u 8)
Where Nu is Nusselt number, Pe is Peclet num-
ber, D; is pipe inner diameter and V is the coolant
velocity. Seban Shimazaki's equation was used to
calculate the Nu in this study.
O The material is HCM12A (0.10G 12Cr 0.4Mo
2W 1Cu 0.2\ 0.05Nb), which is recognized to be
eligible for use in large scale FBR piping struc-
tures as a type of 12Cr series ferritic steel, and the
coolant is liquid sodium. The material properties
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of HCM12A and sodium under normal operating
conditions are shown in Table 1.

0 Complete material data for creep fatigue crack
growth and fracture assessment were not avail-
able, so the C¢, m¢, C ¢, mc shown in Eq. (1), Jic
(fracture toughness) and 3 R curve (material resis-
tance to crack growth) of Mod.9Cr 1Mo ferrite
steel were used in this study, because it was con-
sidered to show a similar fracture behavior to
HCM12A [1].

3.2 Stress Analyses by FEM

0 The finite element analyses (FEA) were per-
formed elastically at steady state with normal oper-
ating conditions and at the thermal transient. An
FEA model for the steady state was constructed
by a shell element, and the other model for ther-
mal transient analysis was composed of an axisym-
metric element with the assumption that stress at
the thermal transient was distributed axisymmetri-
cally. The stress analysis results at steady state
and at the thermal transient are shown in Fig. 10.
On the basis of the steady state analysis, a Y-
piece with a circumferential crack and an elbow
with a circumferential crack on the intrados sur-
face and an axial crack on the crown surface were
selected as the LBB assessment objects for this
study. The stress components for evaluating each
item are laid out in Table.2, where P denotes the
primary stress and Q denotes the secondary

Table 1 Material Property of HCM12A and So-

dium at 550 C
HCM12A
E v 0y (o K C a )
O GPall OMPal | OMPal |OW/mKO|OJkgKD | x 10° |Okgm’0
an| 0mo ann| jan| Mm ann| Do | [Dm

Sodium
K p x 107 pr p
0 W/mKO [0 m¥secd Okg/im’D
m 0D | 0D | 00md

E : Young's Modulus C : Specific Heat

v : Poisson's Ratio o : Thermal Expansion Rate
ov : Yield Stress p : Density

oy : Tensile Strength u : Kinematic Viscosity

K : Thermal Conductivity Pr : Prandtl's Number

Hot-Leg Pipe Pa
Elbow Crown I
% ‘I, % t 209721860,
= 195062185
Supporting Pipe Te040207)
. 1665742777
Elbow Intrados
151083083
p—
12176369
107104000
1T 32444306
Ll
Y-Piece

(a) Stress Analysis Result at Steady State (Stress Intensity)
Pa

oz,
v

Outer Surface ™™

v

Inner Surface

Na

(b) Stress Analysis Result at Transient State (Axial Stress)

Fig.10 Stress Analyses Results

stress. In Table 2, other stress components except
for stress analyses obtained by the present FEA
were taken from reference [2].

Table 2 Stress Components Used in LBB Assess-

ment
Y-Piece Elbow

(Circumferenti-| (Circumferenti- ( Axiillbg\rlvack)

al Crack) al Crack)
P (MPa) 0 om mfin
Qv (MPa) mEafin mm ]
Qs (MPa) om Mm 0o
Pogw(MPa) 0m om 0
Pogs (MPa) om om mm

Pm : Stress Due to Internal Pressure
Qug : Stress Due to Thermal Expansion
Qv : Stress Due to Thermal Transient
Puogw : Stress Due to Dead Weight

Pugs : Stress Due to S1 Seismic
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3.3 LBB Assessment results

0 Table 3 shows the evaluation results of the
cracks for the LBB assessment by the present
methodology. Crack penetration was assumed to
have occurred when the normalized crack depth
(a/t) reached 0.8, considering the yielding of the
outer surface during crack growth. In evaluating
the detectable crack size, the surface resistance
correction factor ke was assumed to be 10, refer-
ring to the result of Fig. 5 for a conservative evalua-
tion, and the COD solutions considering that both
membrane and through wall bending stresses
were used. Alternatively, in assessing the unstable
fracture of a circumferentially cracked structure,
DF1 and DF2 referred to those of the buckling as-
sessment. As the critical crack obtained from un-
stable fracture assessment was greater than the
detectable crack from leakage evaluation, it can be
said that LBB behavior was shown in these cases.
The ratio of Cr to Cq is generally called the safety
margin for LBB behavior.

0 The same judgment can be made on the elbow
with a circumferential crack from the evaluation re-
sults in Table 3. Meanwhile, considering that an el-
bow with a thin wall and a large diameter is likely
to have a buckling mode, the buckling assessment
with regard to Cq was performed on the present el-
bow. This showed a smaller safety margin for the
buckling mode than for unstable fracture, and
thus it is thought that the buckling mode may be-
come a complementary LBB assessment category
in this case.

Table 3 Crack Lengths and LBB Assessment
Results

Y-Piece Elbow Elbow
[ Circum. Crack0 |0 Circum. Crack[ |0 Axial Crack

Crack Lengths

C mmO mm mm Mm
Cdd mmQ m [ Crack Closure
Ccd mmO [1m rom O
LBB Assessment
Cul Cq mm m 0
Me / M1 or 0 oo mm®

Mcr / (M1+ MZ)

0 M in an axial cracked elbow was evaluated by Cill 68.1
mmUCIneglecting crack closure.

O In the case of an elbow with an axial crack, al-
though C, could be obtained from the present leak-
age evaluation methodology, the evaluation result
was omitted from Table 3. The main reason for
this was a prominent through wall bending stress
that induced crack closure on the inner surface.
Moreover, when an axially cracked elbow struc-
ture is subjected to a displacement controlled
load, the stress near the crown surface is very low,
as shown in Fig. 10, and in general the crack does
not grow. After all, it is considered that in these cir-
cumstances an axially cracked elbow is unlikely to
undergo unstable fracture. Therefore, it can be
judged that LBB behavior does not arise in this
case. However, considering that 12Cr series fer-
rite steel is a work softening material, if the stress
state of the elbow is close to the yield stress, crack
closure can be lost on account of the residual de-
formation during crack growth. In this limited
case, it is considered that the leakage can be de-
tected and therefore the buckling mode as a criti-
cal aspect is valid as an LBB assessment category.

4. Discussion

O Though LBB assessment is generally per-
formed on objects which are highly stressed un-
der normal operating conditions, another object
where potential crack growth may be anticipated
is considered to be a welded part that contains re-
sidual stress. It is difficult to claim that the resid-
ual stress is considered in evaluating C, since it is
not a cyclic stress component if the stress relaxa-
tion effect can be neglected under normal operat-
ing conditions. In evaluating Cs of a welded part,
however, if a crack penetrates the pipe wall, the ef-
fect of the residual stress may be considered for
evaluating the corresponding COD. However, if
the residual stress is distributed over the thick-
ness as a self equilibrated stress component in a
circumferentially cracked structure, its effect on
ductile unstable fracture is considered to be negli-
gible.

O Further consideration is given to the conserva-
tism of LBB assessment. Considering that LBB as-
sessment is based on the premise of comparing
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crack evaluation results to leakage, with fracture
as a critical condition, from the viewpoint of safe
design it is desirable to make the evaluation of the
former as large as possible, and the latter as small
as possible. This can be reflected in the conserva-
tism of the LBB assessment and the design factor,
with a good example being numbers such as the
1.5 or 1.1 used in the buckling assessment in the
above study. For unstable fracture assessment in
the FBR design standard, DF1 and DF2 should be
selected to evaluate a crack length as small as pos-
sible. The corresponding design factors for the
creep fatigue crack growth evaluation also need
to be obtained from statistical analysis of the scat-
ter of experimental data.

5. Conclusion

0 An advanced LBB assessment method has been

developed to evaluate 12Cr series ferrite pipes

with large diameters and thin walls by introducing
the following features:

(i)dThe surface resistance correction factors for
flow through penetrating cracks was improved
for reasonable leakage assessment under low
pressure,

(i) A twe parameter method was applied to unsta-
ble fracture assessment to take into account the
material characteristics of 12Cr series ferrite
steel, and

(i) [(Buckling assessment was introduced in deter-
mining the critical crack length to extend the
analysis capability to elbow structures.

O The applicability of the method has been veri-

fied by the LBB assessment of 12Cr series ferrite

steel pipes in a commerciat scale FBR design.

The implications of this assessment are:

- The crack length that is detectable by leakage
is sensitive to the surface resistance to leak
flow under low pressure conditions,

- The unstable fracture mode of commercial
scale FBR piping structures is elastic plastic
fracture which can be adequately analyzed by
the twe parameter method, taking material re-
sistance to crack growth into account, and

- Buckling occurs prior to unstable fracture in

the case of thin walled, large diametric elbow
structures.
O The present study has demonstrated the appro-
priate methodology for LBB assessment of com-
mercial scale FBR piping structures. To enhance
the method's reliability and applicability, the scope
and direction of future research are also shown by
this study to be:
- additional material tests to standardize 12Cr
series ferritic steel material properties,
- adequate treatment of buckling behavior in re-
lation to unstable fracture assessment, and
- elaboration of fracture mechanics parameters
in thin walled and large diametric structures
for crack evaluation.
O With complete availability of fracture mechanics
parameters and material data, the present method-
ology is expected to drive advances in structural
design technologies, leading to reliable and ra-
tional plant design for FBRs.
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Determination of Long Lived Nuclides Using Time Interval Analysis
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[J One method of rapidly and accurately distinguishing artificial long-lived nuclides such as plutonium from natural
short-lived nuclides such as progenies of radon without chemical separation is time interval analysis (TIA) based on dif-
ference existences of time intervals of radiation pulses between short and long-lived nuclides. The probability of extrac-
tion of short-lived nuclides is higher than long-lived nuclides within a given fixed time.

O Lower limit of detection applied to a probability theory was examined in this report adding to the principle of TIA the-
ory, measuring system and results of trial tests of subtraction of natural radionuclides such as Rn. The lower limit of de-
tection was evaluated as 10°~10"Bg/cm?®.
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Time Interval Analysis, Long-Lived Nuclides, Rapid Determination, Natural Radiation Material, Dust, Plutonium, Ra-
don, Lower Limit Of Detection, Probability Distribution
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