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1 INTRODUCTION

In a commercial LMFBR it is necessary to design systems rationally, in
accordance with the safety goals, while keeping construction costs to
a minimum. In the case of sodium leakage from the primary or second-
ary heat transfer systems, one of the most important design base
accidents, a large leak size is assumed at the prototype LMFBR stage,
resulting in an excessively large sodium leak safety system. For
‘example, both MONJU and CRBRP estimate the maximum leak size to be
0.25DT (D:diameter of piping, T:thickness of piping). When the proba-
bilistic fracture mechanics code is applied to LMFBR piping, the
probability of small and large leaks and a DEGB (Double Ended
Guillotine Break) can be estimated as a function of plant life time.
Valuable data regarding the maximum sodium leak size may be obtained
in this way.

One problem with the probabilistic fracture analysis of LMFBR piping
is the reliability of the results. Progress can be made by refining
the models employed and by improving the reliability of the data.
Therefore it is important to give priority to these aspects, taking
into consideration the fracture mechanics models which yield the most
effective information.

2 METHODOLOGY

This section outlines the modification and additions which were made

to the LWR PRAISE-B probabilistic fracture mechanics code (Ref. 1, 2,

3) to make it applicable to LMFBR piping. Basically, this code, assumes
that failure results from the growth of crack-~like defects introduced
during fabrication. The major modifications made to .the PRAISE-B
fracture mechanics model are as follows:

(1) initial crack distribution, (2) crack detection probability, (3)
crack growth characteristics, (4) sodium leak flow rate, (5) failure
criteria
Each of these is discussed below.
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2.1 Initial Crack Distribution

In this fracture mechanics model, the major difference between LWRs
and LMFBRs is the wall thickness of the piping.  The initial crack
distribution is sub-divided into crack depth distribution, aspect
ratio and crack existence probability. The way these are modelled in
PRAISE-B is also applicable to LMFBR piping.

Most probabilistic fracture mechanics codes employ the so-called
Marshall distribution for the conditional marginal distribution of
crack depth. The Marshall distribution is exponential, and is normal-
ized to the pipe wall thickness, which results in the following densi-
ty function:
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where p= mean crack depth, a=crack depth, h=wall thickness.

Also, the PRAISE-B aspect ratio distribution may be applied to LMFBR
piping, because of the lack of the information about the actual LMFBR
crack aspect ratio distribution

Cg P ARy
e ) e

AB V2w

where B=aspect ratio (equals b/a, b=half surface length of a semi-
elliptical surface crack), Pm, A=parameters for the marginal
distribution of the .initial crack aspect ratio, Cg=constant for the
distribution of initial crack aspect ratio

Finally, the crack existence probability is assumed to be 1.0 x 107"
/inch® (6.1 x 107%/cm®) in accordance with discussions in Ref. 1.

pB(B) =

2.2 Crack Detection Probabilities (Ref. 4)

PRAISE-FBR uses the following expression, which is the same as that
used in PRAISE-B, for the nondetection probabilities of surface flaws
in austenitic stainless steel weldments using ultrasonic inspection:

A
Pyp(4) = € + 0.5 (1 - €) erfc (y 1n G;;—))

where e=minimum nondetection probability, y=parameter in the
expression for Pyp, A=area of crack A%*=crack area having a 507 chance
of being found during inspection

2.3 Crack growth characteristics

(1) Fatigue
As the temperature is in the creep range, a modified Paris Crack
growth relation is used, as given below:

da

_— = m
aN Cl AKeff
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where AKeff=AK/(1-R)1/2. The scatter in the value of da/dN for a
given AK ¢¢ is accounted for by considering C; to be a random varia-
ble. As reported in Ref. 5, m can be taken to be three for the mate-
rial considered, and the distribution of C; can be described as a
lognormal function, with a median value, Csgp of 1.1 x 10~%. The
probability density function of C; is

1 C1
1 - 2n2 (1n C )
p(C1) = ———e 50
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where n=0.410
(2) Creep
The stresses near a crack tip in a body undergoing steady-state creep
are controlled by the parameter, C*., The uniaxial stress-strain rate
relation is of the form
é = A105

where A;=5.58 x 1072° for stress in MPa and strain rate in hr~!,
The similarity between this relation and the power law hardening
plasticity allow C* to be evaluated from corresponding J-integral
solutions. Under steady-state, the creep crack growth rates can be
correlated to the value of C*, in the form

da

£fa _ %0

ac - €3C
Using Saxena data (Ref. 6), m and C3 become 0.04 and 0.63. C*
solutions are interpolated for Ri/h=20 (Ri=inside radius, see Table 2)
from Ref. 8.
(3) Creep/Fatigue interactions
The crack growth considering creep/fatigue interaction is given by

‘;—; = C1 AK® + Cp AR®Mep?™™ + C3C#Mep
where th = hold time
The same equation can be applied to the b-direction. The 1st, 2nd and
3rd terms mean the fatigue effect, the creep/fatigue effect and the
creep effect. Ci and C3 are as given in the above equations. This
treatment is applicable to very long duration transients. A curve fit
to the experimental data of Ref. 5 provides a value for Cz of 1.0 x
10™%. The above equation agrees well with the experimental data given
in Ref. 5.

2.4 Sodium leak flow rate

The sodium leak flow rate is given below assuming that the crack is
idealized as a long, thin, rectangular region and that the steady-
state momentum equation relating the pressure drop across the pipe
wall to the friction force acting on the liquid sodium is satisfied.
P2 53 (2b) ap
W= —
Bulh €

where pp=liquid sodium density, pg=sodium viscosity, Sc=opening
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displacement, AP=pressure drop across the pipe wall
2.5 Failure criteria

PRAISE-FBR adds a tearing instability failure criterion. The tearing
instability criterion is stated such that failure will occur if

E dJ

Tappried ~ Tuar (T = oflo (da ) » ©

flo = flow stress)

and
J applied > Jqg

The J-integral solutions for complete circumferential and through-wall
cracks are obtained from information in Ref. 8.

3. ANALYSIS

PRAISE-FBR runs were performed on sample problems for a number of
different cases. Table 1 shows the parameters used for each case:
Table 2 shows the conditions used in the calculations:

3.1 Basic Analysis

(1) Crack extension from a given crack size

PRAISE-FBR can also calculate crack growth deterministically. An
initial crack size of a=0.125 inch (0.3175 cm) and b=0.75 inch (1.905
cm), was set, and then the crack extension was calculated. The
results are shown in Table 3.

(2) Leak probabilities

Leak probabilities were calculated under the same conditions given
above except that crack size distribution and nondetection probabili-
ty, were considered. The crack size distribution and nondetection
probability, were set to make the probability of a crack depth ex-
ceeding 0.125 inch (0.3175 cm) less than one percent. The results are
shown in Table 4, this corresponds to case 1 or Table 1.

3.2 Sensitivity Analysis

Sensitivity analysis was performed for the cases given in Table 1.
The results are shown in figures 1 - 4.

4, CONCLUSIONS

4.1 Basic Analysis

Creep effect dominates crack growth. Fatigue crack growth is small.
This is a result of the low stress and small number of cycles in-
volved, which are too low for significant fatigue crack growth.

4.2 Sensitivity Analysis

(1) The calculated leak probability is sensitive to the mean crack
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depth used (see Figure 1). This is because the stress intensity
factor is a strong function of crack depth.

(2) The calculated leak probability is not sensitive to the aspect
ratio of the cracks (see Figure 2).

(3) Nondetection probability is a sensitive factor (see Figure 3).
This is because the probability of nondetection of cracks changes the
distribution of crack depth.

(4) The data used in this report was measured in an air-environment at
1000°F (537.8°C). It is reasonable to expect that a sodium-environ-
ment will reduce crack growth due to both creep and fatigue effects.
Another calculation using Nikbin data was performed, and the results
are shown in Figure 4.

(5) A3 gpm (561000 gr/hr) sodium leak is taken to be the detectable
leak rate, and it is assumed that this will result in a plant shut
down. The cumulative leak probability is 7.76 x 10~7. Even if the
leakage would be happened, the leakage should be detected when the
leakage becomes 3 gpm (561000 gr/hr), whose corresponding break area
is about 0.04 cm?, and the probability of 3 gpm (561000 gr/hr) is 1.64
x 1078, Therefore, when it becomes necessary to assume a break area
for a certain conservative requirements, a smaller break area than
0.25DT may be assumed.

(6) The flow stress, critical depth of part-through crack, and criti-
cal half surface length of through-wall crack corresponding due to Jyg
and Tyar criteria are 37.23 ksi (256.7 MPa), 0.49 inch (1.245 cm) and
6.232 inch (15.83 cm) respectively, and in this case, Jyc and Tyar
criteria are more limiting than the critical net section. When criti-
cal net section is adopted as the failure criteria, the crack growth
stops after the leak rate exceeds the detectable leak rate, and does
not develop into a DEGB. However, in the case of the Jj¢ and TMAT
criteria, there is a small probability of 8.16 x 1072 (case 9 of
Table 1), that a DEGB may occur.

On the other hand, if the leak is not detected, the crack will
continue to grow into a through-wall defect and may eventually lead to
a DEGB, given sufficient time, even in the cases when critical net
section failure criteria are used. If a calculation 1s made, neglect-
ing leak detectlon, the DEGB probability is 2.66 x 1071*, and the
critical crack size, be, is 31 inch (79.43 em). 1In reality, however,
leakage can be detected when b is about 2 inches which corresponds to
the detectable limit of 3 gpm (561000 gr/hr). Therefore, the proba-
bility of a DEGB will be less than this value.

4.3 Recommendations for future work

The models reported herein provide the first step in the development
of a probabilistic fracture mechanics code for a LMFBR.

For the further improved analysis of LMFBR piping integrity, it is
recommended that numerous crack growth experiments should be carried
out under high temperature conditions and in sodium environments to
provide better growth characteristic data. Also non destructive in-
spection techniques should be developed and the initial crack distri-
bution should be better defined as the leak and DEGB probabilities are
very sensitive to these factors.
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1) ,2)

Table 1 Summary of parameters used in calculations
e Case 1 2 3 4 5 6 7 8 9
Parameter S
. ~0 625 cm o
Crack size S )
distribution | u=0.170 cm o o o o o o o
I B u=0.094 cm o
| 20% (B>5) o
Aspect ratio | 1% (B>5) o o o B o [) o o
0.01% (B>5) - °
€=0.005 o
* =
Nondetection _a*=0.635 cm S S
robabilit; €=0.005 ©o .o o o o o o
P ‘y | a*=0.127 cm
(Pre-service = —
inspection only) £=0.001 ©
| a*=0.127 cm -
. Critical net o o [e] [¢) o o o o
Failure .
criteria L.Section = =
=— JIC-TMAT - ] - o
Saxena's data o o o o ] o [e) o
greap chasactex Nikbin's data B o
istics _l 7

(Ref.

1) Case 1 is the base case.

2)

Table 2

Pipe geometry

(same as the 24 inch hot leg

plplng of Ref. 9)
Material
Stresses

Temperature
Pressure
i Plant lifetime
' The number of plant
shutdowns in the plant
lifetime

Table 3 Final crack size

Pipe radiuas
Wall thickness

SuUsS 304

Heat up stress
Shutdown stress
537.8 °C

0.168 ksi (1.16
30 years

150 cycles

(5 events/year)

11.5 inch (29.21 cm)

o" indicates the paramter used in each case.

Summary of calculation conditions

0.5 inch (1.27 cm)

5.0 ksi (34.5 MPa)
0.0 ksi (0.0 MPa)

MPa)

of an initial 0.125 inch (1.905 cm) crack

Effect of Fatigue alone

Effect of Fatigue and
Creep without inter-

Effect of Fatigue
and Creep with

actions Interactions
0.125004 inch 0.1505 inch 0.1627 inch
(O 38227 cm) (0 41326 cm)

(0.31751 cm)

Table 4 Cumulative Leak Probabilities

Effect of Fatigue|Effect of Fatigue| Effect of Fatigue and Creep with
alone and Creep without | Tpteractions
interactions .
Small leak (< 3 gpm)/Big leak (2 3 gpm)
6.66 x 10°1° 7.36 x 1077 7.76 x 1077 1.64 x 10°°
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Cumulative Leak Probability

Cumulative Leak Probability
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Cumulative Leak Probability

Comulative Leak Probability
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Cumulative leak probabilities as a function of time for base
conditions and for each parameter.
Figure 1, 2, 3 and 4 are for various mean crack depth, various
aspect ratios, various nondetection probabilities and the

NIKBIN's data, respectively.
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