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Yeon-Sik Yoo'
Abstract

These days, the interest on LBB (Leak Before Break) design becomes to be rising in the
viewpoint of the cost reduction and structural integrity for the commercialization of
FBR plants. LBB design enables plants to be shut down safely before occurring
unstable fracture by detecting the leak rates even if a crack initiates and penetrates a
wall thickness. It is necessary to assess crack growth and penetration behavior
considering in-service conditions under operation temperature, leak rates considering

- the detector capability and unstable fracture quantitatively for LBB assessment. The
governing service loading of FBR can be identified thermal expansion stress and
thermal transient stress because the operation temperature is higher than that of LWR
and the liquid metals contain higher heat transfer coefficient than water. On that reason,
the use of 12Cr type ferrite steel in the primary cooling system is investigated for
reducing stress in the design of large-scale FBR. This study deals with LBB assessment
when the primary piping components of FBR which consist of 12Cr type ferrite steel
are subjected to a series of transients, and the results envisioned the use of 12Cr type
ferrite steel for FBR components,

! Structural Mechanics Research Group, Advanced Technology Division, Oarai Engineering
" Center
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1. Introduction

These days, the interest on LBB (Leak Before Break) design becomes to be rising for the
commercialization of FBR plants. As a result of that, studies on LBB behavior of structural
components have mainly performed in the design step in the viewpoint of cost reduction and
structural integrity. LBB design enables plants to be shut down safely before occurring
unstable fracture by detecting the leak rates even if a crack initiates and penetrates a wall
thickness. The present LBB assessment flow and the definition of considerable cracks are
represented in Fig.l and Fig.2 respectively. It is necessary to assess crack growth and
penetration behavior considering in-service conditions under operation temperature, leak rates
considering the detector capability and unstable fracture quantitatively for LBB assessment. A
fracture mode may be justified comparing between the detectable crack length from leak rates
assessment and the critical crack length from unstable fracture assessment. The flow suggests
that LBB behaviors come into exist and the fracture mode corresponds to a partial penetration
if a detectable crack length is smaller than a critical crack length. In addition, the penetrated
crack may be an object for LBB assessment in place of a detectable crack if a penetrated crack
Ieﬁgth is greater than a detectable crack length from the detection capability. After LBB
behavior is shown, coolant leakage may be evaluated quantitatively by assuming a detectable
crack shape to be a semi-ellipse. According to the above flow, a series of LBB assessments
were made on the primary piping components of FBR which consist of 12Cr type ferrite steel
in this study, and the results envisioned the use of 12Cr type ferrite steels for high temperature

structural components.



JNC TN9400 2001-120

2, Theory

2.1 Creep-fatigue crack growth assessment :
Creep-fatigue crack growth may be evaluated from the following relations by neglecting the
interaction between creep damage and fatigue damage.

da/dN =(da/dN); +(da/dN), | (2-1-1)
Where,

(da/dN); =Cp (AT )™ (2.1.2)

(da/dN), = C, (AT )" (21.3)

J integral range under a fatigue loading, AJ;, may be dragged by applying an elastic-plastic
correction factor, f;, to elastic J integral range, AlJ.. The following relation was adopted as a
method to calculate A J in this study [1].

Ay =f, M, ' (2.1.4)

3
Gref E- ‘Eref

fop = + (2.1.5)
i 20),2-1'.*'}-.‘:@e O ref

aref = Fnet .(.pm Oy + Py ‘O'b) (2'16)

Where, O . is reference stress, and Fy; is represented by 1 for membrane component and 2/3
for bending component as a net-section shape factor. pn and py, are a membrane and a bending
stress correction factor respectively and the proposed values of both are 1.

Meanwhile, creep J integral range, Al during a holding time, ty, may be calculated from
following relations in this study [1]:

AT, = [T @)t | (2.1.7)

Where,
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J'®)=f.@)J, : (2.1.8)

fo(t) is a creep correction factor which may be obtained from applying a fully-plastic solution
to creep regime. '

fo-tlem® | | 219)

c-ref

O cref 18 Creep reference stress at initiation of holding time and may be divided into following

cases :
i
o, cr
o =0, " L Oy < ,
coref T (a,ef ) of =7y (2.1.10)
Ocref =Cref Cref 20y
Where,
a .
Pp=p1+p; (?) DP1=p, =02 (2.1.11)

p: and p; are correction factors to account for heterogeneous stress distribution under small
scale yielding condition.

Stress relaxation for creep-fatigue crack growth assessment may be calculated by considering
an elastic follow-up parameter for creep, g, of which the value is adopted as 3 and following
relations in this study [1]:

E-de, (2.1.12)

darelax =
¢

Where,

de, = Jf”" & (F)dt | 2.1.13)

The generalized stress relaxation process which may be divided into two-steps during a
holding time, as are the first relaxation step from O c..es t0 O s and the second relaxation step
from O o1 10 O 1.pes, is illustrated in Fig.3 [1].
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2.2 Coolant leakage assessment
Elastic COD for evaluating a detectable crack may be represented as following relation [2]:

5 4c0'

SV, (c/b) | | (.2.1)

e

Where,

v, (c/b) = —0.0711- 0.535(c/b) + 0.169(c / b)? ~0.090(c /b)*

(2.2.2)
+0.020(c/B)* ~1. 071—-m(1 c/b)

O's is nominal stress perpendicular to a crack, ¢ is a half of crack length and b is a half of pipe
- perimeter.
Coolant leakage considering through-wall crack may be calculated as following relation:

Q=pV-S ‘ (2.2.3)

Where, 0 is coolant density and S is crack opening area which may follow the next relation
by assuming that crack opening shape is an ellipse.

S=m-c % _ _ (2.2.4)

Coolant leak velocity, V, may be obtained from the following relations [3]:

v | 2p ' (225)
15+ fe@Q+rke +A-r)kg)
p * Dh
fr =96/Re Re = 2000 (2.2.6)
fr =0.508Re™" Re > 2000 B
Re =28 22.7)
H
D, = 7 /2 5 (2.2.8)
1+1.464(3 / 2¢)M5
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(9 8 <0.0142 |
ke =10011167% -1 0014226 <0.06 (2.2.9)
0 0.0600 < & |
19 § < 0.0534
_ -1.60 _
kg =10.1845 1 0053455 <0347 (22.10)
o 0347 <6

Where, p is internal pressure, fr is friction coefficient, /£ is dynamic viscosity and t is pipe
thickness. Dy, is an equivalent diameter, K and K ¢ are friction correction factors, Re is
Reynolds number and r is stress ratio of membrane stress to entire stress.

2.3 Ductile unstable fracture assessment
A critical crack length may be comresponded to a minimum crack length satisfying the

' following relation [3].

Zo, 204 _ (2.3.1)

Where, Z is a load multiplier for ductile crack extension and 0 ¢is a flow stress that may be
generally adopted as the average of yield stress and ultimate strength.
Net-section stress, 0 ,, was determined considering an elastic follow-up parameter, of which

-the value was adopted as 3 in this study.

E EP
E Orer =T
el B S G | (2.32)
-1 EP __E ref a
qP Sref Eref

Where, 0 is an elastic reference stress. The elastic reference stress may be determined
from the following relations in the case of a pipe with inner radius, R;, subjected to a
membrane and a gross bending stress [4].

E - O'bg 7 .
Olep == 234
Y @34



JNC TNS400 2001-120

§ +sin6 = 2cos("—'"-§ +9}' g =c/R, (2.3.5)
Opg 2

After all, a critical crack length may be evaluated by considering a load-multiplier Z that is
affected by a crack size, and the correlation between net-section stress and elastic reference
stress from the above equation.
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3. Assessment conditions

3.1 Assessment model :

The assessment model referred to a design data of large-scale FBR structures. The schematic
model is illustrated in Fig.4. Thermal expansijon stress and transient stress due to high
temperature and thermal transient were calculated elastically by FEM analyses. FEM model
in Fig.5 was constructed by 2-dimensipal heat transfer elements with S-modes and
3-dimensional thermal conduction elements for thermal conduction analyses and 3-dimensinal
solid elements with 20-nodes for structure analyses. The number of degree of freedom was
over 65559 and the analysis code was FINAS (Finite Element Nonlinear Structural Analysis
System) [5]. |

In order to analyze the thermal transient stress, the structure analysis referred to the results of
thermal transient analysis considering the variation of the heat transfer coefficient per each
step. .

The materials used in a design of large-scale FBR are HCM12A that is sort of 12Cr-Ferritic
steel as piping components and sodium as a liquid metal. The representative materials
properties of HCM12A and sodium at 550°C are shown in Table 1.

Where, E is Young’s modulus, U is Poisson’s ratio and K is thermal conductivity. C is
specific heat, @ is thermal expansion rate and Pr is Prandtl number.

3.2 Loading condition

As the loading condition, Plant Condition [ of normal operation and transients such as Plant

Condition I of Manual Trip (MT) and Power Loss (PL), or Plant Condition Il of Pump

Stick (PS) were treated in this study. The schematic loading condition was illustrated in Fig.6.

The variation of coolant temperature is considered to be one of the most important factors to

control loading conditions of the piping structure at transients. Figure 7 shows the variation of
_coolant temperature and flow rate according to time at each transient. Besides, the referred

flow rate was 9.08 X 10? kg/sec. at steady-state in this study [6].

Heat transfer coefficient, h, of coolant was calculated coﬁsidering the variations of coolant

velocity and temperature in each step. The method to calculate heat transfer coefficient is as

follows:
h=Nu-x/D, (3.2.1)
Nu =0.5+0.025P°8 (3.2.2)

Pe =Pr-Re (3.2.3)
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Re=V-D,/u ‘ (3.2.4)

Where, Nu is Nusselt number, and Pe is Peclet number.

D; is inner diameter of a pipe and V is the velocity of coolant. Seban-Shimazaki’s equation
was used to calculate Nu number in this study. The variations of heat transfer coefficient
according to time at transients obtained from the above method were shown in Fig.8.
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4. LBB assessment

4.1 Assessment procedure
A penetrated crack length, G, may be calculated from creep-fatigue crack growth assessment
considering the severest Ioading condition of Plant Condition I ~ II. An initial crack size
for creep-fatigue crack growth assessment may be concluded by adding the safety margin of 2,
to detectable limit of UT (Ultrasonic Testing) at PSI (Pre-Service Inspection), which generally
is considered as a semi-elliptical crack of which depth and length correspond to 20% and
100% of a wall thickness respectively. As the piping mxﬁponents of FBR have been operating
under the high temperature and low internal pressure, the main loading parameter contributing
to the unstable fracture is seemed to be thermal stress to the axis direction, thercfore an initial
crack was regarded as a circumferential crack in this study.
A detectable crack length, Cy, is usually evaluated conservatively with considering the loading
condition of Plant Condition I . The detectable crack length refers to an inner (or an outer)
surface crack length obtained from the relation between inmer crack length and outer crack
length after penetration with concluding an outer (or an inner) crack length that corresponds
to a leak rate, 200g/h. Where the leak rate, 200g/h, is a value considering the safety margin of
2, to the detection capability, 100g/h. In addition, COD (Crack Opening Displacement)
relating to the detectable crack length was calculated elastically in this study. As the result, the
evaluated detectable crack length was larger than reality, which meant conservative evaluation.
On the contrary, COD for a leak rate is generally evaluated to be small as possible by
considering the plastic behavior properly for conservatism. Thermal expansion stress used in
the assessment should be an axial component due to thermal expansion moment,
A critical crack length, C., may be cvaluated comsidering the severest loading condition of
Plant Condition I ~ II. As margins, 1.5 to the primary stress and 1.1 to the secondary
stress were used to the considerable stress components, and the present assessment method is
based on the concept of the net-section collapse criteria. Z-factors concerning the effect of a
material ductility prior to reaching limit load at the net-section collapse on a large scale piping
were extrapolated from the data of JISME [7].

4.2 LBB assessment

As an object of LBB assessment considering a circumferential crack, Y-piece that corresponds
to a structural discontinuity and expected to bring about severe stress variation at transients
may be chosen. Another object was set to Elbow, which may be treated as an important object
of defect assessment. The stress components used in LBB assessment including each transient
state were shown in Table 2.

Where, stresses due to thermal expansion moment, Quvg, were concluded to be divided into
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each transient because the temperature of coolant behaved differently at initiation of each
thermal transient. Stresses due to thermal transients, Qp, corresponded to the maximum
increments of bending components obtained from stress distribution through the wall
thickness. Py, Pygs and Py w are stresses due to internal pressure, S1 seismic and dead weight
respectively, and these values referred to a design data [8]. A plate model was applied for
determining the penetrated crack length. The membrane stresses consisted of the stresses due
to pressure and each thermal expansion moments, and the bending stresses consisted of the
stress variations due to each transient. The holding time was 703 hr corresponding to 427
iterations / 40 years that is based on the design data of FBR plants. Moreover, the siress
- relaxation was considered during the holding time at 550°C. As coefficients for fatigue crack
growth, C; = 1X1077, m¢ = 1.83, and for creep crack growth, C. = 1X10"*, m, = 1.01,
which are material data of Mod.9Cr-1Mo ferrite steel were adopted. The assessment results
may be illustrated in harmony with a master curve as Fig.9 according to a parameter about |
stress ratio.
Stresses at determining the detectable crack length were composed of stress components due
to thermal expansion moment, internal pressure and dead weight. Coolant leakage assessment
makes it possible to produce an outer (or an inner) crack length corresponding to detectable
leakage. A detectable crack length may be determined by using the above crack length and the
characteristics on creep-fatigue crack growth after penetration. In this study, however, the
effect of creep on crack growth after penetration was neglected, thus the detectable crack
lengths were determined by fatigue crack growth behavior only.
Critical crack length assessments were performed by composing the severest stress states at
Plant Condition I ~ Il including each transients. The membrane stress corresponds to
stress component due to internal pressure only and the bending stresses correspond to stress
components due to thermal expansion moment, dead weight and S1 seismic. The assessment
“tesults of penetrated crack length, detectable crack length and critical crack length were
summarized in following Table 3.
From results summarized in Table 3, Elbow and Y-piece including a circumferential crack
show LBB behavior enough under transients.

~10-
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5. Discussion and Conclusion

This study dealt with LBB assessment with referring to a design data of large-scale FBR
structure and LBB characteristics of large-scale piping structure were well represented. The
main results from this study are as following:

- The penctrated cracks and the detectable cracks were evaluated comsidering creep
behavior of ferrite steel and the detection capability according to property of liquid metal
respectively.

* The critical cracks obtained from the net-section collapse criteria were compared with the
above evaluated cracks, and L. BB assessments were done.

Meanw}ule, LBB margin which is defined as C./Cg4 or C,, Cp may be often used as a standard

to decide LBB behavior. If LBB margin is over 1, that is to say, it is generally considered that -

LBB behavior is realized. The following ones may be discussed considering LBB margin.
Power Loss is seemed to be the severest state of transients from the present results.

* LBB margin on Elbow was close to 31 at each transient. These results means that a
circumferential crack growth in Elbow is not so severe if a critical crack length is
evaluated from net-section collapse criteria. As Elbow is closely related to buckling
modes, buckling assessment under a circumferential or an axial crack may be considered
for structural integrity.

In the case of Y-piece, as the penetrated crack lengths at transients were larger than the
detectable crack length, LBB margin may become to be Ce/Cp and its value was 8.
Unstable fracture assessment gave a little conservative result in this case, because the
critical crack lengths reach to at most 26.5 degree at Power Loss despite LBB behavior.
Z-factor used for unstable fracture assessment which was obtained from the representative
data for ferrite steel is considered to be a main reason for conservatism. In order to mitigate
' the conservatism of present assessment, Z-factor needs to be equipped newly by constructing
FAD (Failure Assessment Diagram) about 12Cr type ferrite steel.
The effect of creep time was excluded in present assessment, except for the penetrated crack
length assessment. The RS procedure indicates that large safety margins are required in a
non-time-dependent LBB judgment because creep time has a detrimental effect on high
temperature LBB behavior [9].
Some margins may be considered to each step in LBB assessment. Margin of 2, which was
added to the detection capability, was applied for the penetrated crack and the detectable crack
assessment. Morcover, for the critical crack assessment, margins of 1.5 and 1.1 were
considered to the primary stress and the secondary stress respectively. Another margin,
although not taken into account in this study, may be added to crack length with considering
the scattering on crack growth behavior under creep and fatigue tests.
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Table 1 Materials Properties of HCM12A and Sodium at 550°C

HCM12A
Temp. E v K C a X107 0
() (GPa) | (Wm*K) | (J/kg'K) (kg/m®)
550 166 0.306 33.70 910 11.3 7860.0
Sodium.
Temp. K X107 Pr 0
) (Wm'K) | (m%sec) (kg/m®)
550 64.6 2.74 0.0044 820.25

Table 2 Stress components used in LBB assessment

P | Qpg Qs Pog s Py w
(MPa) (MPa) (MPa) (MPa) | (MPa)
MT | PS | PL | MT { PS | PL
Elbow 2.0 123 | 1263 | 135 | 278 | 2.87 4.0 1.69 20
Y-piece 3.5 157.0 | 165.4 | 176.0 | 1224 | 129.0 | 1541 | 2.44 20

Table 3 Assessment results of penetrated crack length, detectable crack length and critical

crack length
G | Cu | Ce
(mm (deg.)) (mm (deg.)) (mm (deg)

MT PS PL MT PS PL
Elbow 25.0 24.8 26.7 31.0 974.8 972.4 966.1

(2.3) (2.3) (2.5) (2.87) (90.2) ~ (90.0) (89.4)
Y-piece 33.9 35.5 35.8 25.6 335.1 3129 286.4

(3.1) (3.3) (3.3) (2.37) (31.0) (29.0) (26.5)
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Break
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Fig.1 LBB assessment flow

Actual Crack

Fig.2 Description of considerable cracks for assessment
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Fig.6 Schematic loading condition
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Fig.7 Variation of coolant temperature and flow rate at transients
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Fig.8 Variation of the heat transfer coefficient at transients
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Fig.9 A master curve of creep-fatigue crack growth
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